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ABSTRACT

The present study focuses on the impact of lipid content (1.5, 13.8, and 26 % (w/w)) and-air
ineerporation—in and pretreatment of dairy concentrates (air incorporation by whipping prior to
spray-drying) on the physicochemical and technofunctional characteristics of dairy powders. Spray-
drying was performed according to the following conditions: 200 °C inlet air temperature and 85 °C
outlet air temperature. Physicochemical properties (particle size distribution, shape factors, moisture
content, water activity, and surface composition) of spray-dried powders were characterized in

order to explain their reconstitution properties and flowability.

The first part of the study revealed that changing the lipid content induced no significant difference
of powder reconstitution. It was evidenced that mean particle size of fatty powders was higher, thus
counteracting the negative effect of powder surface hydrophobicity on its reconstitution behavior.
Air incorporation in feed dairy concentrates did not significantly affect powder reconstitution
properties, even if surface lipid content and mean particle size were both decreased. Standard

wettability and dispersibility tests were not relevant to evaluate the reconstitution ability of
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investigated powders and all studied powders were classified as non-wettable and poorly

dispersible.

The second part of the study revealed that changing the lipid content induced a decrease in powder
flowability both in unconfined conditions and under high normal stress. Powders were cohesive due
to their low mean particle size and their surface lipid coverage, nevertheless feed concentrates
aeration induced an improvement of powder flowability by the decrease ef in surface lipid content.
The bulk density (BD) and the compressed bulk density (CBD) both decreased with the lipid
content, and the aeration of feed concentrates did not impact the BD but led to a decrease in CBD.
Last, the compressibility increased with the lipid content and the aeration of feed concentrates, as

the latter induced the formation of smaller particles.
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1. INTRODUCTION

Spray-drying is a widely used process in the dairy powder industry, as it allows the production of
large amounts of powders with a good yield. Powder technofunctional properties are affected by the
physicochemical properties of powders, which are strongly dependent from the drying conditions
and formulation of feeding concentrates (dry extract, lipid and protein contents, whey protein/casein

ratio, pretreatments, drying conditions, etc.).

The pretreatment of feeding concentrates by whipping, leading to air incorporation, seems—to-have
never—been has recently begun to be studied in the milk powder field [1]. Air incorporation is
mainly used for dairy matrices in the ice cream industry with the objective to monitor product
texture: whipping is used to produce a foam stabilized by dairy proteins and retaining fat globules
under the form of agglomerates at the surface of bubbles (i.e. at air/water interfaces); dairy proteins

also help to stabilize fat globule agglomerates [2,3].

Surface composition of milk powders is markedly dependent from the composition of feeding
concentrates. During the spray-drying of whole milk powder, lipids migrate to the surface of
droplets by buoyancy (resulting from differences between water and lipid density), high
hydrophobicity, and slow diffusion in water, and thus resultsing in an overrepresentation of lipids at
particle surface. Milk proteins slowly diffuse slewdy in water, but faster than lipids, resulting in a
lower protein content at particle surface. Lactose and minerals, due to their good water diffusion
ability and their hydrophilicity, are mainly found in the particle core. For low-fat powders such as

a skim milk powder, proteins are overrepresented at particle surface, because they are the least

hydrophtlie most surface active compounds of skim milk [4,5].

Technofunctional properties of dairy powders such as reconstitution properties (wettability,
dispersibility, and solubility) and flowability are crucial for the agri-food industry and consumers.
The phenomenon of powder reconstitution can be divided in four steps: wetting, sinking,

dispersion, and solubilization. The wetting step designates the displacement of the solid/air interface
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by the solid/liquid interface when the powder comes into contact with the liquid. The sinking step
corresponds to the penetration of water in the immersed particle, causing its swelling. Powder
dispersion states for the breakage of particle agglomerates into individual particles. The dissolution
1s the step where the granular structure disappears and the water-soluble components are solubilized
[6-10]. Wettability is the ability of powders to immerse without stirring [7]. Powder wettability is
sensitive to several powder physicochemical parameters, especially particle size: the smaller the
particles, the longer their wetting time, then the poorer the powder wettability. Moreover, powder
surface composition also affects the wetting time: an increase in the proportion of surface lipids is
often deleterious for powder wettability [11-13]. Powder dispersibility corresponds to the
dissociation of particle agglomerates into single particles. For dispersibility indices lower than 95
%, the powder is considered as non-dispersible: for example, the dispersibility index of whole milk

powder (containing 26 % lipids) is around 90 % [6,7,13].

Solubility represents the ability of particles to dissolve into water and corresponds to the complete
loss of granular structure [6,7,9]. Like wettability, solubility decreases with surface lipid content or
mean particle size. Powder reconstitution depends on powder physicochemical properties: chemical
composition (protein, lipid, lactose, and minerals) and physical parameters such as particle size and
shape distributions [11,12]. Furthermore, the reconstitution behavior is affected by temperature,

stirring conditions, mineral content of the water solvent, etc. [ 14,15].

Powder flowability represents another big challenge for industrials: it is of utmost importance for
the control of the handling and transport of powders in pipes and hoppers. Powder flowability is
very dependent from powder physicochemical parameters: the flow is impaired by
particle cohesion, an increase of lipid content on particle surface (making particles sticky), a high
water content (increasing interparticular capillary interactions), a low mean particle size, a high
heterogeneity of particle sizes, and an elevated particle surface roughness [16,17]. Environmental

parameters also play a significant role: for instance, flowability is generally poorer at high
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temperature or high relative humidity (both favoring the glass transition phenomenon leading to the
apparition of a rubbery outer layer making the particle sticky), as well as with walls of high surface
roughness. Moreover, powder flow properties also depend from the type of stress applied to the
powder: flowability may differ in low (fluidization) and high stress conditions (rotational shear).
Various tests and flow parameters have been developed to evaluate and classify powder flowability,

particularly flow factor (ff) [ 18], cohesion, and basic flowability energy (BFE) [19].

The present study focuses on the impact of formulation (composition and pretreatments of feed
concentrates) on the reconstitutien—ability and flowability of dairy powders. On one hand, dairy
powders differing in lipid content (issued from skim, semi-skim, and whole milks) were produced
by spray-drying at pilot-scale. On the other hand, the influence of concentrates pretreatment eed (air
incorporation by whipping) aeratien prior to spray-drying was also investigated. The reconstitution
ability of spray-dried powders was evaluated through wettability, dispersibility, and solubility

indices which are classically employed by industrials.

2. MATERIAL AND METHODS

2.1. Material

Skim milk (SPRAY JA12 ALIM) and whole milk (SPRAY JG12 ALIM) powders used for the

preparation of milk concentrates were purchased from Lactalis Ingredients (Bourgbarré, France).

2.2. Preparation of milk concentrates

Concentrates were prepared by reconstituting skim and whole milk powders in distilled water at
30 % (w/w) dry extract. Industrial powders were poured into distilled water at 20 °C under
mechanical stirring (ZR 2102 control, Heidolph, Germany) between 200 and 500 rpm with a 4-
bladed impeller (2 cm length, 1 cm width) or a 3-hole square blade impeller (7 cm length, 7 cm
width) to produce unaerated or aerated concentrates, respectively (Figure 1). The 3-hole square

blade impeller permitted to aerate feed concentrates by whipping until obtaining a foam. Once the
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powder was totally immersed, mixtures were stirred during 2 h at 20 °C, then overnight at 4 °C

under slight agitation to ensure complete powder reconstitution.

Six concentrates were produced: skim milk, semi-skim milk (using equal amounts of skim and

whole milk powders), and whole milk, each formulation being aerated or not. These concentrates
were then spray-dried in the same conditions in order to investigate the influence of formulation
(proximal composition, but also the way to prepare concentrates, i.e. with or without air

incorporation).

2.3. Production of dairy powders by spray-drying

Spray-drying was carried out on a Micra Spray MS 150 single effect spray-dryer (Anhydro,
Soeborg, Denmark), equipped with a bi-fluid nozzle (Fluid Cap 60 100 + Air Cap 120, Spraying
System, Wheaton, Illinois, USA). Spray-drying conditions were set at 200 °C drying air inlet
temperature and 85 °C outlet temperature in view to obtain powders with good preservation abilities
(i.e., water activity ranging from 0.2 to 0.3) [20,21]. The concentrate was fed by a FASTLoad
peristaltic pump (VWR, Leuven, Belgium; 4.8 mm pipe internal diameter) and the feed concentrate
flow rate was regulated at 68.0 mL/min to maintain the drying air outlet temperature at 85 °C [22].
Powders were placed in polypropylene bags just after sampling to limit degradations susceptible to

occur during storage (such as moisture uptake) and stored at 4 °C.

To sum up, six powders were produced by spray-drying of the six concentrates prepared with
industrial milk powders (Table 1): unaerated skim milk powder (SMP), unaerated semi-skim milk
powder (SSMP), unaerated whole milk powder (WMP), aerated skim milk powder (ASMP), aerated

semi-skim milk powder (ASSMP), and aerated whole milk powder (AWMP).
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Table 1

2.4. Physicochemical characterization

2.4.1. Particle size distribution

Particle size analysis was carried out with a laser granulometer (Mastersizer S, Malvern Instruments
Ltd, Malvern, UK) supplied with a 5 mW He-Ne laser operating at a wavelength of 632.8 nm with a
300 RF lens. Air dispersion was achieved with the Aero S module (Malvern). The dispersion
conditions were adapted to each powder: air pressure between 2 and 3 bar, feed rate between 60 and
90 %, and hopper length between 2 and 3 mm. Three replicates were analyzed for each sample. The
mean diameter in volume was chosen as size estimator. Classical granulometric parameters (d;o, dso,
and dgg) were calculated, where dy designates the diameter for which x % of the particles have a

smaller size. The width of the particle size distribution was evaluated with the span (Eq. (1)) [23].

doy — d
span = ——1° (1)
dso

2.4.2. Scanning electron microscopy

Scanning electron microscopy (SEM) was employed to observe the size, the morphology, and the
surface structure of milk powders. Powder samples were sputtered on double-sided carbon tape,
fixed to SEM stubs, and coated with carbon in a sputter coater (Polaron SC7640, Thermo VG
Scientific, East Grinstead, United Kingdom). The observations were performed at x 500
magnification under snder vacuum using a scanning electron microscope (Hitachi S-4800, Japan)

operating at 1.0 kV acceleration voltage [10].
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2.4.3. Particle surface composition by X-ray photoelectron spectroscopy

The atomic surface contents in carbon, oxygen, and nitrogen of spray-dried powders were
determined from X-ray photoelectron spectroscopy (XPS) by using a Kratos AXIS Ultra (Kratos
Analytical, Manchester, UK) spectrometer with a monochromatic Al X-ray source at 150 W.
Samples were outgassed under vacuum during 24 h before analysis. Each analysis was performed in
duplicate. XPS analysis provides atomic composition of powder surface up to 10 nm depth;
measurement area was about 700 um x 300 um in analytical conditions of this study [21,24]. XPS
spectra were used to calculate the surface contents in proteins, lipids, and lactose by solving the
following equations (Eq. (2)) using the Excel solver (Windows, Microsoft, Redmond, USA). In
these equations, numerical values come from the experimental composition of pure milk proteins,

pure lactose, and anhydrous milk fat [21].

C =0.685%x P+ 0.608 x LA+ 0.884 x LI

0=0182xP+0.392x LA+ 0.113 X LI

N =0133xP+0xLA+0.003 xLI ©
P+ LA+ LI =100%

with:

- C, O, and N (%): atomic concentrations of carbon, oxygen, and nitrogen at the powder surface,

respectively;

- P, LA, and LI (%): surface content in proteins, lactose, and lipids, respectively.

2.5. Powder interactions with water
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2.5.1. Water activity

Water activity (ay) was measured with a HygroPalm23-AW portable a,-meter (Rotronic, France) at

room temperature (20 °C) using a 3 cm powder layer (15 £ 1 g) similarly to ISO 21807:2004 [25].

2.5.2. Water content

The water content was determined following ISO 5537:2004 [26] by the loss of water mass of 2.00
g + 0.01 g powder after drying during at least 3 h at 103 °C until a constant dry powder mass was

obtained.

2.5.3 Reconstitution ability

Reconstitution ability of spray-dried powders was evaluated through wettability, dispersibility, and

solubility indices determined by standard tests.

2.5.3.1 Wettability

Wettability was evaluated following IDF 87:1979 [13] as the time in seconds taken by 13.0 £ 0.1 g
of powder to become wet when gently deposited at the surface of 125.0 g + 0.1 g distilled water in a

250 mL beaker.
2.5.3.2 Dispersibility

Dispersibility index was measured by a method adapted from IDF 87:1979 [13]. 13.0 £ 0.1 g
powder was gently deposited on the surface of 125 g water at 20 °C placed in a 400 mL beaker. The
mixture was manually stirred for 20 s, then the mixture was allowed to rest for 30 s. After that, the

mixture was passed through a 120 pm sieve. The total dry matter of the liquid was determined by

drying at 103 ° C for 5 h (Eq. (3)).

Dispersibility (%) = W)V—V—g-i-T) x % .

with:
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- W: 125 g distilled water (g);

- T: dry matter content (% w/w) of the liquid;
- E: dry matter content (% w/w) of sampled powder;

- S: 13 g sampled powder (g).

2.5.3.3 Solubility

Solubility was characterized as the proportion of powder able to be dissolved in distilled water
following a method adapted from ISO 8156:2005 [9]. It was determined by the addition of 2.5 + 0.1
g powder in 17.5 mL distilled water at 25 °C in a 50 mL centrifugation tube followed by 30 s
stirring and centrifugation at 2 294 x g during 10 min. Then, the supernatant was removed and the
pellet was added to 20 mL distilled water, followed by stirring and centrifugation at 2294 x g
during 10 min. The pellet was desiccated at 103 °C overnight to determine the mass of insoluble

residues, which allows determining the solubility index (Eq. (4)).

Solubility (%) = E—1)X100

4
with:

- M: undissolved sediment mass after desiccation (g);

- S: 2.5 g sampled powder (g).

2.6. Flow properties of milk powders

Flow properties were analyzed using an FT4 powder rheometer with 25 mm accessories (Freeman

Technology, Worcestershire, UK).

2.6.1. Stability test
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The stability test was carried out through a series of seven conditioning cycles and measurements of
the mixing energy of the powder bed placed in a 25 mm vessel [16,19]. Test cycles were performed

by rotating the blade (-5° helix angle, 23.5 mm diameter, 100 mm/s tip speed) into and through the

sample of powder bed placed in a measurement cell (25 mm x 25 mL). Stabilitytest-eyeles—were

The basic flowability energy (BFE) is the energy needed in the seventh test to displace a
conditioned powder sample during downwards moving of the blade, it mainly depends on
compressibility, consolidation level, and density of the powder bed [16]. Easy-flowing behavior
corresponds to a low BFE; on the contrary, a high BFE is generally obtained for poorly-flowing

powders.

The specific energy (SE) (Eq. (6)) is the energy needed to displace the conditioned powder bed
during upwards testing divided by the mass of analyzed powder sample. It depends on powder
cohesion, particle size, shape, surface roughness and composition, as well as chemical and physical

interactions between particles [ 16].

(Up energy cycle 6 + Up energy cycle 7)

2
E =
S Powder mass (mj/9)

(6)

Powder flow behavior can be classified on the basis of the SE value as follows:

- SE <5 mlJ/g: low cohesion
- 5mJ/g <SE < 10 mJ/g: moderate cohesion

- SE > 10 mJ/g: high cohesion

The classification provided by Freeman Technology is specifically adapted for the FT4 powder

rheometer.
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2.6.2. Compressibility test

Compressibility test allows to measure the evolution of the powder density as a function of the
applied normal stress [16,27,28]. The test proeeeds-by begins with three conditioning cycles in 25
mm vessel with a 23.5 mm blade, then the vessel was split in a measurement cell (25 mm x 10 mL).
The blade was replaced by a 23.5 mm vented piston after the powder was subjected to nine levels of
normal stress from 0.5 to 15 kPa. The powder compressibility depends on the particle size and
shape, surface roughness and composition, powder bed porosity, and interparticular cohesion. The
compressibility allows te obtaining information on the powder density before and after compression
at 15 kPa, respectively named the bulk density (BD) (Eq. (7)) and the compressed bulk density

(CBD) (Eq. (8)) here.

Powder mass (g/mL) (7

Bulk d ity =
u ensity Volume of the measurement cell

Powder mass (g/mL) (8)

C d Bulk Density =
ompressed B PERSY = Yo lume o f the powder bed after compression

2.6.3. Shear cell test

The shear cell test is intended to evaluate flowability under a high shear rate; it also allows
determining powder cohesion. The test started with a conditioning cycle to homogenize the powder
with the 23.5 mm blade in the 25 mm container. Then the powder was compacted under a normal
stress of 9 kPa with a ventilated piston of 23.5 mm. The excess powder was ehlieidated removed to
obtain a measuring cell of 25 mm x 10 mL, and then help-theshearof the powder bed te-be was

subjected to a shear stress of 7 to 3 kPa by 1 kPa steps [16,19,28,29].

The shear test allowed to obtain different powder properties such as cohesion (kPa)— and the

flowability index or flow factor (ff) (Eq. (9)).
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ff=— )
With:

- 04: unconfined yield strength (Pa)

- 0. major principle stress (Pa)

Powder flowability can be deduced from flow factor values by using Jenike’s classification [18]:

ff<1:not flowing

- 1 <[ff<2:very cohesive
- 2 <[ff<4: cohesive

- 4 <ff<10: easy flowing

- 10 <ff: free flowing

2.7. Statistical analysis

All analyses were triplicated to ensure a good analytical repeatability and presented values
correspond to means + standard deviations. Data were statistically analyzed by one-way ANOVA
performed with Excel version 2016 and means were separated by Tukey’s HSD test at p <0.05

significance level.

3. RESULTS AND DISCUSSION

3.1. Particle size distribution

The size of spray-dried particles ranged from 1 to 200 um, in agreement with the low particle sizes
generally obtained with the pilot spray-dryer used in this study [22,30-32]. Their dso was comprised
between 11.6 and 36.7 pm (Figures 2 & Tables 2). All particle size distributions were monomodal

and particle sizes were rather moderately dispersed around the mean particle size (as reflected by
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the moderate span values ranging from 2.0 to 3), except for the SMP was composed of particles of
heterogeneous sizes as reflected by its higher span (Table 2 & Figure 2). Feed concentrate aeration
prior to spray-drying led to a decrease in particle size and a narrowing of the particle size
distribution. This may be explained by the effect of air incorporation (as dissolved air or under the
form of bubbles) in the concentrate: in fact, it was expected to decrease the density andler—the
viseostty-of the concentrate, beth thus facilitating the breakup of the liquid jet during the spraying
operation [32-35]. Therefore, aerated concentrates resulted in smaller droplets in the spray and
smaller particles at the outlet of the spray-dryer. Partiele-size-The mean particle size dsy decreased
with lipid content for SMP, SSMP and WMP powders, but this impact of lipid content was not
evidenced for ASMP, ASSMP and AWMP powders. The decrease in particle size for powders
coming from unaerated feed concentrates was probably due to the decrease in wiseesity—and/lor
density of feed concentrates when the lipid content was increased. This effect of lipid content on
particle size was negligible when spray-drying aerated concentrates, probably because the impact of

concentrates aeration on its viseesity-and density is well higher than the influence of lipid content.

Figure 2

Table 2

3.2. Particle appearance

According to SEM images, spray-dried milk powders (SSMP, ASSMP, WMP, and AWMP) had a
smoother appearance than skim milk powders (SMP and ASMP) particles (Figure 3) [5]. This is
likely to come from the presence of a lipid layer at the particle surface, formed by lipid migration
by buoyancy in the sprayed droplet [36]. In addition, granulometric results were confirmed by
microscopic observations: a rather large heterogeneity of particle sizes was observed for SMP.
Also, the decrease in particle size induced by the aeration of feed concentrates prior to spray-drying

was confirmed by SEM images.
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Figure 3

3.3. Surface composition

XPS analyses (Figure 4) permitted to highlight the influence of lipid content on surface composition
of milk particles. For WMP and SSMP powders, lipids were overrepresented and lactose was
underrepresented, as often observed for milk powders [5]. This phenomenon is well known for
powders containing lipids (even in low proportions); in the current study for example, the SSMP

powder had 55 % surface lipids for an overall lipid content of 13.8 % (w/w).

A marked decrease (over half of surface lipids) in surface lipid content was observed for powders
produced from aerated feed concentrates. Indeed, it is well known that during drying, lipids migrate
owing to buoyancy to the air/water interfaces, especially at the droplet surface. It can be
hypothesized that droplets coming from aerated feed concentrates may have a higher proportion of
occluded air, thus embedding more air/water interfaces. After migration due to buoyancy and
hydrophobicity, lipids can be found either at the embedded air/water interfaces or at the droplet
surface [1-3]. Therefore, the lipid content at the surface of powders produced from aerated feed
concentrates was expected to be lower than for powders coming from unaerated feed concentrates,

as if lipids were encapsulated [37].

Figure 4

3.4. Powder interactions with water

Spray-dried powders had a low water activity between 0.15 and 0.29 (Table 3), which is favorable
to their good preservation; indeed, the ideal water activity for the preservation of food products,
especially dairy, ranges from 0.20 to 0.35 [7]. Thus, during storage, produced powders will be
almost insensitive to alteration reactions, except for lipid oxidation of powders containing a

significant proportion of lipids such as WMP, because its water activity was slightly below 0.2 [38].
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The water content of all spray-dried powders respected the maximum water content recommended
for dairy powders (5 g/100 g on wet basis) [39]. Despite rigorously identical spray-drying
conditions, the water content slightly varied, because powder composition changed and their

different components vary in hygroscopicity.

The wettability of commercial milk powders generally ranges between 24 s for skim milk powders
and 120 s for whole milk powders. The dispersibility of commercial milk powders also varies
between 90 % for WMP and 95 % for SMP [7]. Poor wettability of studied powders was expected
due to the fineness of powders produced by the pilot-scale spray-dryer owing to nozzle geometry
(mean particle size dsp under 90 um); in fact, wetting times greater than 90 min were obtained for
investigated powders. For the same reason, poor dispersibility was also expected; in this study,

spray-dried powders had very low dispersibility below 25 % [14,40]. Then, this tremendous

influence of particle size did not make it possible to highlight the impact of the lipid content on

powder wettability and dispersibility. Pewder—wettabiity-was—very-poorreflected-by-a—wettability

Solubility of SMP, ASMP, SSMP, ASSMP, WMP, and AWMP did not significantly differ (Table
3). Thus, lipid content and concentrate aeration prior to spray-drying did not affect powder

solubility, contrary to what was expected for powders varying in lipid content [7,41]. These results

evidenced that the low mean particle size had a well more significant effect than—milk—pewder

eempeosttion on its solubility than milk powder composition [7,42,43].

Table 3

3.5. Flow properties of milk powders

3.5.1. Stability test
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BFE of spray-dried powders significantly increased with the increase in lipid content both for
powders coming from aerated and unaerated feed concentrates (Table 4). This indicates that powder
flowability was impaired by the presence of surface lipids, consistently with the findings of
Shrestha et al. [44] and Kim [45]. Indeed, fat surface coverage is expected to make particles

stickier, thus increasing powder cohesion.

Moreover, aeration of feed concentrates induced a decrease in particle size, thus impairing powder

flowability, as illustrated by the higher BFE of ASMP, ASSMP, and AWMP [17,20].

Regarding SE values, three powder groups can be formed: powders of SE close to 5 ml/g
corresponding to rather low cohesion (SMP), powders with a SE around 7 - 8 mJ/g, moderately
cohesive (SSMP, WMP, ASMP), and cohesive powders with SE close or above 10 mJ/g (ASSMP,
AWMP). It is obvious that a higher lipid content made powders more cohesive, owing to the
increase in surface stickiness, whereas aeration of feed concentrates was deleterious for powder
flowability owing to the decrease in particle size. Indeed, electrostatic interactions and friction are

expected to be promoted between smaller particles, owing to the larger contact area between

particles [45.,46].

3.5.2. Compressibility test

The compressibility test allowed te obtaining information on conditioned bulk density (CBD), bulk

density (BD), and powder compressibility at 15 kPa (Figure. 5, Table 4).

Aeration of feed concentrates did not induce any significant CBD, BD, or compressibility change,

but-it-inereased BD-and-compressibtlity except for the compressibility of whole milk powder that
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was slightly increased when the feed concentrate was aerated. This may be explained by the fact
that mean particle size and span of powders coming from aerated concentrates were both smaller
and have opposite effects on powder compressibility. Indeed, smaller particles are generally more
cohesive and thus more compressible, whereas smaller span indicates a better homogeneity of
particle sizes, which makes powders less compressible [47,48]. Hence, it may be concluded from
these results that aeration of concentrates did not have a great effect on powder cohesion: a small
increase in powder compressibility was sometimes denoted, which may be indicative of a small

increase in powder cohesion.

Besides, powders containing fat (SSMP, WMP, ASSP, and AWMP) had a redueed lower CBD than
skim milk powders, as the presence of surface fat is known to increased powder cohesion. Thus,
the# sensitivity to compression of fat-containing powders was higher, leading to higher BD and
compressibility. This may be a sign of higher cohesion of fat-containing powders, which was
obviously expected owing to the stickiness of fat material. Then, fat-containing powders appeared

to become cohesive when surface fat content exceeded circa 10 % (intermediate value between

surface fat contents of SMP and ASSMP).

span-indicating a probable large proportion of large particles, less sensitive to compression (Table

32) [47,48].
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Figure 5

3.5.3. Shear cell test

Results of the shear cell test are displayed in Figure 6 and Table 5. On one hand, powders
containing significant proportions of lipids (SSMP, WMP, ASSMP, AWMP) were highly cohesive,
owing to their previously evoked surface stickiness, in agreement with stability and compressibility
results. The flow factor of these powders was found near 2, indicating the difficulty to make these
cohesive powders flow. Powders almost free from lipids (SMP and ASMP) were rather easy-
flowing powders, having a low cohesion. This confirms that the presence of surface fat has a

significant influence on powder flowability.

On the other hand, aeration of feed concentrates seemed not to have a tremendous effect on powder
flow in high shear stress conditions, but it induced a slight improvement (respectively, impairment)
of skim milk powder (respectively, semi-skim, and whole milk powders) flowability, as denoted by
the small decrease (respectively, increase) in powder cohesion and the small increase (respectively,
decrease) in flow factor. These results slightly differ from those of the stability test, which showed
that the negative impact of the smaller particle size of ASMP powder on its flowability exceeded

the positive impact its lower surface fat content [46].

Overall, the modification of fat content seemed to impair powder flowability in high normal stress
conditions more than aeration of feed concentrates. The higher impact of lipid content in high stress
conditions than in unconfined ones could be a consequence of the release of free fat at powder

surface under high normal stress.

Figure 6

4. CONCLUSION

In the present study, the link between formulation (composition and pretreatment) of the feed

concentrate used for spray-drying, powder physicochemical properties, and reconstitution ability
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were explored. First, the single effect pilot-scale dryer led to the production of small spray-dried

particles, owing to nozzle geometry. It was evidenced that the feed concentrate aeration prior to

spray-drying resulted in a great decrease in particle size. Eorthe-first-timethe-use-of thisprocessing

Concentrate aeration prior to spray-drying has been evidenced to allow reducing the surface fat
content. Thus, industrial may interestingly reduce interparticular cohesion and thus increase powder
flowability by aerating concentrates prior to spray-drying. The decreased surface fat content may
also be beneficial for improving powder reconstitution ability and decrease powder sensitivity to

caking. In order to avoid lipid oxidation, nitrogen could be incorporated instead of air.

The lipid content was not clearly linked to powder reconstitution behavior as its influence was
overwhelmed by the impact of the small particle size of investigated powders. The small particle
size of powders obtained by spray-drying at pilot scale induced the formation of non-wettable and
non-dispersible powders. It would be interesting to work on the geometry of the bi-fluid nozzle used
for spray-drying with the objective to produce larger particles of size comparable to commercially

available powders.

The modification of lipid content seemed to impair powder flowability in an unconfined
environment as much as aeration of feed concentrates. A higher lipid content seemed to increase
powder compressibility more than aeration of feed concentrates. Skim milk powders were rather
easy-flowing and had a low cohesion, whereas all other powders, containing a significant

proportion of lipids, were cohesive, thus having a poor flowability. Overall, the modification of fat
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content seemed to impair powder flowability in high stress conditions and more than aeration of
feed concentrates. This greater influence of lipid content in high normal stress conditions may result

from release of free fat at particle surface under compression.
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Table(s)

Table 1. Proximate composition on dry basis of pewdersprodueed-byconcentrates used to feed spray-drying,
deduced from calculations on the basis of technical datasheet of commercial powders used-te-preparefeed

coneentrates employed in the preparation of concentrates.

Powders Proteins (%) Lipids (%) Lactose (%) Minerals (%)
Coml'nerci.al skim milk powder/aerated =329 <15 <560 <85
Semi-skim milk powder*/aerated-semt ~983 > 138 <485 <75
Co.mmcrcial whole milk/aerated-whele 4.7 6.0 <410 <65

mik powder (WMPAWMP) powder

* Mix between 50 % of commercial skim milk powder and 50 % of whole milk powder

Table 2. Granulometer parameters (d;, dso, dgg, span) of SMP, SSMP, WMP, ASMP, ASSMP and AWMP.

Sample  djo(um) dso (um) dgo (um) Span (-)

SMP 87°+0.1 36.7°+02 137.0°+0.0 3.5*+0.0
SSMP 92°£0.0 29.6°+0.1 943°+04  2.9°+0.0

WMP 9.1°+0.1  27.7°+0.2 922°42.0  3.0°4£0.1

ASMP  7.4°+0.1  21.0°+0.1 49.84+0.1 2.0°+0.0
ASSMP  599£0.0  19.3°+0.1 473402  2.1°+0.0

AWMP  6.19£0.1 20.8°+00  58.8°+0.1 2.5+ 0.0

Means with different superscripted letters in the same column were significantly different according to Tukey’s
HSD test (p <0.05; n = 3).



Table 3. Techno-functional characterization (reconstitution) of SMP, SSMP, WMP, ASMP, ASSMP and

AWMP.
Sample Water content ~ Water activity Wetta})ility Dispersibility Solubility
(g/100 g) a (-) (min) (%) (%)

SMP 498 +£0.05 025 +£0.00  ~90<99 23.81"+0.09 93.28" +5.27
SSMP  3.14°£0.02 0212000  ~90<90  14.89" +0.45 93.83" +2.10
WMP  204°+£0.07 0.5 £0.00  ~90<9  19.79"+0.08 92.65" + 4.20
ASMP 378 +£0.09  0.18°+000  ~90<99 2003 +0.28 91.97" +3.20

ASSMP 364 +0.13  028°+0.00  ~90<90 12.65 +0.06 88.96 + 1.71

AWMP  382°+0.17  029°+000 - 90<90 15.94° £ 0.22 93.33 +2.75

Means with different superscripted letters in the same column were significantly different according to Tukey’s
HSD test (p <0.05; n=3).



Table 4. Flowability characterization (Stability test, compressibility test, shear cell test) of SMP, SSMP, WMP,

ASMP, ASSMP and AWMP.

Compressibility ~ Cohesion

Sample BFE (mJ) SE (mJ/g) CBD (g/mL) BD (g/mL) at 15 kPa (%) (kPa) YAO)
0.62° +0.01

SMP 48.74° £ 5.55 52794037  0.52*+0.01 16.13°+ 0.91 0.77° £ 0.06 5.59°+0.36
062+ 0.02
0.67*° + 0.00

SSMP  72.63°+7.53 7.03°+£0.08  0.38°+0.02 42.50* + 3.54 2.07*+£0.07 2.30°+0.07
0.51°+0.02
0.65® + 0.05

WMP  91.97°+2.71 7.80°+0.58  0.39°+0.01 39.44° £ 3.67 2.20*+0.39 2.28°+0.34
0.66®° +0.03

ASMP  76.33°+£7.63 7.67°+0.63  0.55*+0.03 1437+ 3.13 0.59°+0.13 7.41* + 1.41
062+ 0.01
0.63°+0.02

ASSMP 135.64*+14.02 9.94°+035 0.37°+0.02 4220+ 1.64 2.41°+0.14 2.01°+0.07
0631003
0.70% + 0.02

AWMP 156.15+8.44 11.68+£0.06 0.36°+0.01 48.79* + 1.47 2.59* £ (.29 1.86°+0.13

Means with different superscripted letters in the same column were significantly different according to Tukey’s

HSD test (p < 0.05; n = 3).



Figure(s)

Volume Density (%)

Fig. 1. 3-hole square and 4-bladed impellers.

10

Size classes (um)
SMP SSMP ———WMP ----- ASMP -=--- ASSMP --=--- AWMP

Fig. 2. Particle size distributions (in volume) of SMP, SSMP, WMP ASMP, ASSMP and AWMP.



Fig. 3. SEM micrographs of spray-dried milk powders varying in lipid content (1 A: SMP; 2 A: ASMP; 1 B:
SSMP; 2 B ASSMP; 1 C: WMP; 2 C: AWMP). Magnification: x 500.
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Fig. 3. Surface composition on dry basis deduced from XPS analysis of skim, semi-skim and whole milk
powders with or without aeration. For each component separately, bars topped with different letters were
significantly different according to Tukey’s HSD test (p < 0.05; n = 2).
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Fig. 4. Compressibility results for SMP, SSMP, WMP, ASMP, ASSMP and AWMP.
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Fig. 5. Shear test results for SMP, SSMP, WMP, ASMP, ASSMP and AWMP.



