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This research investigated the effect of ultrasound (US) pretreatment prior to spray drying on the powder flow
and moisture sorption behaviour of micellar casein concentrate (MCC). MCC produced from skim milk micro-
filtration was sonicated at energy intensity of O (control), 47 J/mL (S-2000), 62 J/mL (S-3000) and 76 J/mL (S-
4000). The results revealed that US pretreatment significantly increased the average particle size (D50) from

82.46 pm to 100.73 pm and reduced the surface fat content from 19.2% to 13.8%, resulting in decreased basic
flow energy, cake energy and cohesion. Besides, the US treated samples showed relatively poor ability to acquire
the moisture from the atmosphere than the control. Protein structure analysis showed that a-helix decreased with
enhanced US power, while f-sheet and surface hydrophobicity increased, implying hydrophobic groups were
exposed and water sorption rate was impeded. As a result, US pretreatment can improve the powder flow and
potentially reduce the negative effect of cake formation at high humidity.

1. Introduction

Ultrasound is considered as a nonpolluting and nonionizing form of
energy that is generated by mechanical vibrations that produce
sequential compression and rarefaction waves in a liquid [1]. Power
ultrasound, especially the low frequency ultrasound, is used to change
the physical and chemical properties of food by inducing pressure,
shear, and temperature difference in the medium and has been applied
to dairy research in microorganism inactivation [2,3], components
extraction from cells or tissues [4,5], enzymatic activity acceleration or
inactivation [6,7] and emulsification improvement [8].

Micellar casein concentrate is a high casein dairy powder with
notable nutritional and functional properties for high value commercial
applications such as infant and sports nutrition products [9]. In order to
extend its potential application, the latest research on the application of
US to high-protein powder is mainly focused on the protein modification
to improve its solubility [10], foaming properties [11], emulsification
[12] and gel properties [13,14]. However, bulk processing and appli-
cation of high protein milk powders are often challenging and strongly
affected by their poor flow properties. In transporting, handling and
processing operations, powder flow properties are very crucial, as
changes in flow properties can result in a poor quality or stoppages in

processing [15]. In addition, the relative humidity of the environment
surrounding a high-protein dairy powder is also a factor that will impact
the nature and extent of interparticle interactions occurring in the bulk
powder.

With the growing market for high-protein dairy powders, there is a
continual need to tailor and control the flow properties of such powders.
The methods to improve the flowability of high-protein dairy can be
roughly divided into two types: (i) particle size control such as
enhancing average particle size [16], narrowing the size distribution
[17,18] and (ii) surface modification such as changing the sphericity or
applying surface treatment (enzyme, ozone etc.) to reduce the attractive
forces [19,20]. Mercan, Sert and Akin [15] have been used high-pressure
homogenization to produce modified skim milk powder prior to spray
drying and found the cake strength and cohesion index was improved
compared with the control. Given these changes to the flow properties of
the powder particles by high shear treatment, the application of the
ultrasound would be a potential choice. To our knowledge, few research
has been published on the improvement of MCC powder flowability with
ultrasound. The main objective of this research is to evaluate the effect
of ultrasound treatment on powder flow and moisture sorption proper-
ties of micellar casein concentrates.
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2. Material and methods
2.1. Sample preparation

The micellar casein concentrate was obtained according to our pre-
vious work by using a 3x stage microfiltration system equipped with a
100 nm pore size ceramic membrane [21]. Then the liquid MCC was
immediately transferred to a 10 L metal tank and sonicated using a 20
kHz ultrasonic horn (70 mm diameters, Hongxianglong Biotec, HXL-
4000, Beijing, China) at 2000, 3000 and 4000 W for 15 min. During
ultrasonication, the temperature of the liquid MCC was controlled below
40 °C through circulating cooling water. The power output (P) and en-
ergy density were calculated as follows [22]:

dT
P=mxc,x (= 1
m><c,><(t) (€8]

where m is the mass of the sonicated liquid (g); c;, the specific heat (J/g
K); dT/dt is the slope at the origin of the curve (K/s).

t
Energy density = P x — 2
v

where P represents the power output (W), t is the time (s), v is the
volume (mL). According to these calculations, the power output (P) was
determined to be 198, 258 and 316 W by calorimetry and the energy
density were 47, 62 and 76 J/mL respectively. After ultrasonication, the
liquid MCC was subjected to spray-dried (GEA Process Engineering Inc.,
Dussseldorf, Germany) at 160 °C inlet air temperature and 85 °C outlet
air temperature with an atomizing pressure of 0.2 MPa. The spray-dried
powder was composed of 80.1% (w/w) protein, 4.5% (w/w) moisture,
1.3% (w/w) fat, 7.6% (w/w) ash, 6.5% (w/w) lactose and stored in
containers for further analysis.

2.2. Particle size distribution

The particle size of the MCC powder was determined using a Malvern
$3500 (Malvern Instruments, Malvern, UK) image analysis-based par-
ticle characterization system. The measurement was made using
refractive indices of 1.54 for the particle and the general-purpose model
for irregular particles was used to analyse the data [23]. The span of
distribution was calculated as: span= (D90-D10)/D50 where the di-
ameters D10, D50 and D90 represent the particle size at 10%, 50% and
90% in a cumulative size distribution respectively.

2.3. Basic flow energy, cake energy and cohesion

FT4 Powder Rheometer (Freeman Technology, Tewkesbury, UK) was
used to evaluate the rheological behavior of the powders by measuring
the basic flow energy (BFE) before and after cake formation to quantify
the resistance. Before powder flow analysis of MCC powders, condi-
tioning cycle procedure was carried out in order to extinguish any user
loading difference and to regularize the powder column after lifting. The
conditioning cycle consisted of a downward movement of the rotating
blade at a tip speed 60 mm/s and path angle of 175° and then an upward
movement at a tip speed 60 mm/s and path angle of 175° [24]. After
conditioning cycle, the cell is split to remove any powder above a bed
height of 80 mm. Then a standard one-test procedure was applied to the
bed of powder in the glass vessel (25 mm x 25 mL), whilst applying
normal stresses and a helix angle of 5° by rotating the blade (23.5 mm)
anti-clockwise with a tip speed of 60 mm/s, thus driving into the powder
bed [25]. The torque acting on the blade and vertical force acting on the
base was measured and used to calculate the basic flow energy, BFE,
which is given as follows and represents the resistance encountered in
the movement [26].
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where T is the impeller torque, R is the impeller radius, fpas. is the force
acting on the base, a is the helix angle and h is the impeller penetration
depth.

Cake energy (CE): After loaded sample and conducted conditioning
cycle, MCC powder was compressed with a compression head (diameter
of 48 mm) at a consolidation stress of 3 kPa to stimulate cake formation.
Then the compression head was replaced with a blade (23.5 mm) and
the experiment was carried out according to the BFE test procedure.The
area under the energy cascade curve represents the total CE, which
represents the total resistance by powder cake in the movement.

Cohesion: Shear test was determined according to the method of
Louati, Bednarek, Martin, Ndiaye and Bonnefoy [27]. Based on the data
of normal stress(c) and shear stress(t), the mohr-coulomb equation (t =
o tan(y) + C) was used for linear regression(y) to obtain yield trajectory
under consolidation stress, and the cohesion C was obtained.

2.4. Dynamic vapor sorption (DVS) and spreading pressure

Moisture sorption and desorption isotherms of MCC powders were
obtained with a dynamic vapor sorption analyzer DVS (Surface Mea-
surement Systems, London, UK) equipped with a Cahn microbalance
according to the procedure described by Deshwal, Singh, Kumar and
Sharma [28]. Spray-dried powders were exposed to the ramping hu-
midity profile from 0% to 98% RH. Then Guggenheim-Anderson de Boer
(GAB) equation that was given as follows [29] was used to model water
sorption data from 10% to 85% RH and the water content of each sample
was plotted as a function of ay,.

m CKa,,

mo (1 — Kay)(1 — Ka,, + CKa,,) “

where a,, is the water activity, m (g/100 g non-fat dry solid) is the
equilibrium water content, my is the monolayer moisture content (g/
100 g non-fat dry solid) and K and C are constant. The monolayer
moisture content is defined as the water necessary to cover by absorp-
tion to hydrophilic and polar groups the entire food surface, including
pores and capillaries.

Spreading pressure (1, J/m?), also termed the excess free energy, can
be regarded as an expanding pressure exerted by the water film acting
against the surface tension of the adsorbent and has been used as the
diffusion driving force in porous solids which was used to analyze the
sorption phenomena [30]. x is an indicator of the increase in surface
tension in the free sorption sites because of the adsorption of molecules
[31].

KT |1 -—Ka, Ka,,
_Kg { anrCa} )

= N T T Ka,

where the Boltzmann constant Kg is 1.38 x 10722 J/K, T is the tem-
perature (K), Ay, is the surface area of a water molecule (1.06 x 1071
m?), and C and K are constants in the GAB isotherm model.

2.5. Protein structure analysis and surface hydrophobicity

The changes in the secondary structure of micellar casein concen-
trate were determined using a Fourier transform infrared (FTIR) spec-
trum instrument (Model Tensor 27, Bruker Corporation, Bremen,
Germany) with an ATR crystal prism accessory according to the method
detailed in Ragab, Zhang, Pang, Lu, Nassar, Yang, Obaroakpo and Lv
[32]. Peaks corresponding to the second structure were as follows:
1648-1660 cm ™ for a-helix; 1610-1636 cm ! and 1682-1690 cm ™! for
B-sheets; 1661-1681 cm ™! for p-turns; and 1637-1647 cm ™! for random
coils.
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Table 1
Particle size values of sonicated micellar casein concentrates powders.
Sample D10 (um) D50 (um) D90 (um) Span BD' (g/
mL)
Control 29.44 + 82.46 + 110.30 + 0.98 + 0.17
2.48% 3.49% 3.45% 0.07%
S-2000 32.16 £ 97.13 + 114.60 + 0.89 + 0.16
0.36% 4.35% 4.11* 0.06%
S-3000 33.16 + 100.19 + 131.21 + 0.97 + 0.15
3.25° 10.15% 11.46° 0.14°
S-4000 32.79 £ 100.73 + 123.46 + 091 + 0.15
1.47° 12.80° 12.33% 0.10°

Values are means (n = 4); means in the same column not sharing a common
superscript letter are significantly different (P < 0.05).
1 BD: bulk density after conditioning cycle process.

Hydrophobicity of the MCC solutions was measured according to the
procedure described by Yan, Xu, Zhang and Li [33]. MCC powders were
first diluted to 4% with a buffer at 7.2, then a series of protein con-
centrations (0.005-0.25%) (w/v) from each MCC solution was prepared
and ANS-Na (sodium-8-anilino-1-naphthalene sulfonate) was added.
The relative fluorescence intensity (RFI) of the protein solutions was
recorded using a fluorescence spectrometer (F-2500, Hitachi, Ltd.,
Tokyo, Japan) at excitation and emission wavelengths of 390 nm and
470 nm. A scatter plot of net RFI with protein concentration was applied
to calculate the hydrophobicity.

2.6. X-ray photoelectron spectrometer and scanning electron microscopy

Surface atomic chemical elements of C, N, and O of MCC powder
were determined using a Thermo ESCALAB 250 X-ray photoelectron
spectrometer (Kratos Analytical, Manchester, UK) equipped with a
monochromatic Al Ka X-ray (hv =1486.6 eV) operated at 150 W. From
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C, N, and O percentages, the relative amount of fat, lactose, and protein
of some dairy powders have been calculated with a matrix formula
created from the elemental compositions of the pure milk components
[341.

Images of MCC powders were viewed with a SU8010 table-top
Scanning Electron Microscope (SEM) (Hitachi High-Technologies Cor-
poration, Tokyo, Japan) with a 10 kV accelerating voltage [24].

2.7. Solubility of spray-dried MCC powder

Powders were added to 150 mL of deionised water in 400 mL beakers
to attain 1% (w/v) protein suspensions. The changes in average particle
size of the MCC suspensions during magnetic stirring at a constant speed
(750 rpm) was determined with a laser light scattering analyser (Mal-
vern Mastersizer 3000, Malvern Instruments Ltd., Worcestershire, UK)
with the refractive index of 1.58 at 25 °C [35]. The average particle size
of each sample was measured at each 20 min intervals, which took
approximately 120 min.

The solubility of the samples was determined according to the
method of Anema, Pinder, Hunter and Hemar [36] with slight modifi-
cations. Aliquots of stirred MCC solutions were withdrawn and the su-
pernatants were obtained by centrifugation at 2000 g for 10 min at
25 °C. The solubility was calculated according to the following equation:

solubility(%) = % x 100 (6)
0

where W; and Wy, represent the solids in the supernatant and bulk MCC
solution respectively.

2.8. Statistical analysis

Analyses were done in triplicate. The data were statistically analyzed
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Fig. 1. a: Basic flow energy and SEM images of the unsonicated and sonicated micellar casein concentrate samples. b: Compressed bulk density (CBD) and
compressibility of the unsonicated and sonicated micellar casein concentrate samples. c: Total cake energy and cohesion of the unsonicated and sonicated micellar
casein concentrate samples. d: Protein and lipids(fat) content in the particle surface of the unsonicated and sonicated micellar casein concentrate samples.
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Fig. 2. Water vapor sorption and desorption isotherm plot at 25 °C of the unsonicated and sonicated micellar casein concentrate samples. a: control, b: S-2000, c: S-
3000, d: S-4000. Red line represents the moisture sorption process, blue line represents the moisture desorption process. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

with SPSS 18. One-way analysis of variance (ANOVA) with a 95%
confidence interval was used to assess the significance of the results
obtained. The ANOVA data with P < 0.05 were considered as statisti-
cally significant.

3. Results and discussion
3.1. Powder flow behavior

Table 1 shows the particle size distribution of the spray dried MCC
powders with or without ultrasound pretreatment. Increasing sonication
energy intensity significantly changed the particle size distribution. D50
and D90 increased from initial 82.4 and 110.3 pm to 100.7 and 131.2
pm, while D10 was not significantly affected. The increase in particle
size of micellar casein concentrates on ultrasonic treatment is thought to
be mainly due to the increased whey protein, casein-casein and casein-
whey protein aggregates caused by activation [37,38]. Owing to the
increased particle size, the bulk density of the US treated MCC samples
became lower and the space between individual particles increased,
reducing the contact area and affect powder flow. Likewise, reducing
particle size tends to reduce flowability, because the particle surface
area per unit mass increases as particle size decreases, providing a
greater surface area for surface cohesive forces to interact and resulting
in more cohesive flow [16]. The significantly higher BFE of the control
supported this observation (Fig. 1a). In addition to the presence of large
aggregates, the temperature of the US-treated samples during spray
drying also affect the powder particle size distribution. Previous study
have shown that prolonged ultrasonic is often accompanied by the rise
of liquid temperature (sometimes over 60 °C), resulting in decreased
protein concentrate viscosity prior to spray drying and decreased pow-
der particle size [37].

During the production, dairy powders were usually conveyed
pneumatically through a series of pipes or driven by screw, sometimes
over a very long distance within the factory [16]. Cohesive powders,
such as MCC, have the ability to build up at compact areas of conveying
lines such as elbow bends or form the cake between screw blades caused
by mechanical stress. At these points, such cohesive powders will collide
with a solid surface and cohesion between particles cause excessive
powder build-up, which may cause blockages of powder conveying

lines, resulting in process down time [39]. Thus, the decrease in flow-
ability caused by caking phenomenon must be considered. To study the
effect of US on caking, a compaction stress of 3 kPa was applied to the
powder to stimulate cake formation. Due to the increased particle size
and decreased bulk density, US treated MCC powder exhibits greater
compressibility under the same compacting stress. As shown in Fig. 1c.
The total cake energy for all the samples was between 100.92 and 83.59
mJ, and the highest value was observed in the control. In other words,
the total cake energy of MCC powder tends to decrease with the increase
of ultrasonic intensity. The cohesion represents the force required to lift
the milk powder out of the column with the rotating blade and a lower
cohesion indicates decreased cohesiveness between particles, resulting
in a decrease in cake strength (Fig. 1c). Except for the average particle
size, powder flow was also related to the chemical surface composition.
For whole milk powder, their surface is nearly totally covered by free-
fat, then the methods involved changing the powder free-fat content
such as adding additional fat or protein prior to spray drying will not
contribute to additional surface coverage with free-fat [40]. But for milk
powder containing less fat content, the situation may be different, and
minor changes would heavily affect the surface composition and powder
flow. The XPS spectra of O, N and C within the powder samples showed
binding energy of 528-536, 396-404 and 282-290 eV respectively.
Based on the calculation, the elemental surface composition of the US-
treated powder particles was slightly richer in N than the control,
implying more protein and less fat content on the surface. During the
production of dairy powders by spray drying, fat contained in the
atomised droplet will be preferentially located at the powder particle
surface during atomisation and subsequent drying, resulting in excess fat
at the surface when compared to bulk of the powder [41]. This phe-
nomenon also occurs even in protein-dominated milk powders such as
milk protein concentrate (MPC) and milk protein isolate (MPI) [42]. The
presence of fat at the surface of powders has a major influence on milk
powder cohesiveness, with greater content leads to greater cohesive-
ness, usually adversely influencing their flowability and rehydration
properties. Kim, Chen and Pearce [34] compared the flowability of skim
milk powder (SMP) and whole milk powder (WMP) with similar protein
content under various particle size and found SMP had lower shear
stress. The increase in cohesion was attributed to fat liquefaction
resulting in the formation of liquid bridges between the particles. In
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Fig. 3. Hydrophobicity (a) and secondary structure component (b) changes of the unsonicated and sonicated micellar casein concentrate samples.

contrast, the poor flowability of the powders with high surface fat
coverage could be drastically improved by removal of fat present on the
surface through a brief wash with petroleum ether [43]. As a result, US
pretreatment can reduce negative effect of cake formation in MCC
powders.

3.2. Moisture absorption

The caking of amorphous food powders with low moisture content is
the undesirable transformation of readily free-flowing solids into a
consolidated mass that reduces the quality and functionality of the
powder, typically when large quantities of powders are stored [44]. In
addition to the load or a mechanical force applied to form the cake, the
environmental conditions are influential in driving the time consolida-
tion effect, with elevated humidity typically increasing the rate and
extent of creep. Like most dairy powders, MCC powders with a subset
being deliquescent, have the ability to dissolve in moisture acquired
from the atmosphere. Generally, increasing the ambient RH will lead to
moisture-absorption and the total mass increase (Fig. 2). At a low RH
(below 30% RH), the water uptake rate (slope of the curve) is relatively
low. The moisture uptake in this region is probably dominated by sur-
face adsorption. Above 60% RH moisture adsorption increases dramat-
ically, most likely due to bulk absorption dominating the sorption
mechanism [45]. The highest water sorption rate and mass changes were
observed in the control, while the US treated MCC powders showed
lower hygroscopicity and less mass changes. In other words, the US
treated samples have relatively poor ability to acquire moisture from the
atmosphere, and this is beneficial for powder storage under high hu-
midity conditions. Besides, a sorption hysteresis (which means adsorp-
tion potential higher than desorption potential) was observed when RH
was below 70% during desorption process, and the US-treated powders
have larger lag area than the control, indicating the powders at water
adequate conditions was well-hydrated and had a certain moisture
holding capacity. Unlike lactose-dominated milk powder, the mass
could return to the origin after desorption and no additional water was
retained. Due to the glass transition and lactose crystallization, the in-
ternal structure of the lactose-dominated powder such as SMP or WMP
would be changed during the moisture absorption and desorption pro-
cess, so that a part of the moisture can still be bound after the desorption
is completed [46,47].

Generally speaking, the smaller the particle size, the lower the hy-
groscopicity, which is mainly related to the contact area between water
molecules and particles and the connection of polar groups of macro-
molecules. But for protein dominated dairy powder, the water binding
ability was mainly depended on protein, irrespective lactose and fat.
Therefore, the hydrophobic of the protein was also a factor. Compared
with the control, the US treated sample showed higher hydrophobicity,
implying parts of hydrophobic portions of protein were appeared which
may impede the water absorption. This result was supported by the

Table 2
Monolayer values (mg, g/100 g dry solid), constants K and C for the GAB
isotherms.

Samples mo K(x100) C R?
Control 5.70 0.89 5.97 0.912
$-2000 5.64 0.89 5.94 0.914
5-3000 5.57 0.85 6.64 0.944
$-4000 5.62 0.88 5.82 0.891
20 —e— S-3000
’ —o—S-4000
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——S-2000
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Fig. 4. Spreading pressure of the unsonicated and sonicated micellar casein
concentrate samples.

result of protein secondary structure changes. Fig. 3 shows the changes
in the structure of the milk samples, particularly in the amounts of
apparent p-sheet and a-helix. In general, a steady increase was observed
in p-sheet structure, while a concomitant steady decrease was observed
in the o-helix and random coil structure of all samples when compared
with the control. The p-sheet structure is connected by intermolecular or
intramolecular hydrogen bonds, which helps to maintain hydrophobic
amino acids in the internal structure [48,49]. The increase of B-sheet
indicated that the hydrophobicity of the surface increases due to the
exposure of hydrophobic sites.

3.3. Sorbed water properties

The GAB model was used to model the experimental water content of
samples equilibrated at aw of 0.1-0.85 and the parameters are given in
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Fig. 5. Mean particle size changes during rehydration process (a) and final solubility (b) of the unsonicated and sonicated micellar casein concentrate samples.

Table 2. Monolayer moisture content corresponds to the moisture level
above which water bonded to ionic and polar molecules begins to
behave as a liquid phase and represents the optimal moisture content for
storage stability [50]. Thus, the lower m( of samples corresponded to
their lower water contents. The myg first decreased from around 5.70 to
5.57 g/100 g with increased US power and then slightly increased. Be-
sides, C represents the strength of binding of water to the primary
binding sites [31]. After US treated, C of S-3000 samples was increased,
implying water bounded stronger in the monolayer in S-3000 samples
than in other samples.

Fig. 4 illustrates the spreading pressure of MCC powder at various ay,.
US pretreatment increased the spreading pressure of powders at a given
ay, and the effects of US increased with increasing a,,. These results
indicated that the affinity of water molecules to active sites were
reduced under US treatment, making it hard to absorb water. Under
cavitation effect, the protein structure was changed and more unavai-
lable sorption sites were exposed. This result was in accordance with the
hydrophobicity results that US pretreatment enhance the exposure of
hydrophobic groups (Fig. 4).

3.4. Solubility

The results in section 3.1 and 3.2 showed that the hydrophobicity
and average particle size of US treated MCC were increased compared
with the control. Owing to the fact that hydrophobicity and average
particle size was related to water contact area and contact angle, the
solubility of MCC powder may be affected. Therefore, changes in par-
ticle size during rehydration process and the final solubility value needs
to be determined. When the dissolved average particle size of MCC
without ultrasonication during stirring was closed to the liquid MCC
particle size (roughly 240 nm) prior to spray drying, the stir would be
stopped and the time was recorded (roughly 2 h). As shown in Fig. 5a,
the particle size of all MCC powder samples decreased with prolonged
stir time, and the average particle size of US treated MCC was higher
than the control, typically within the initial 20 min dissolution process.
But with prolonged dissolution time, the difference between the particle
size of US treated samples and the control became narrower until no
significant difference was observed. This result was also supported by
the final solubility that the fresh powder dissolved in water with a
similar solubility of 83.2 + 5.6%. Recent research on the strategies to
improve the dairy powder solubility by ultrasonication mainly focus on
the rehydration process after spray drying. Consistent results were ob-
tained that the shear force and temperature caused by cavitation could
improve the dispersion, resulting in higher broke up rate of agglomer-
ated powder particles such as SMP, MPC and MCP [10,22,51]. But the
results on dairy powder solubility by ultrasonication prior to spray
drying are sometimes confronting and the mechanism is not confirmed.
The results of Yanjun, Jianhang, Shuwen, Hongjuan, Jing, Lu, Uluko,
Yanling, Wenming, Wupeng and Jiaping [12] showed that solubility of
reconstituted milk protein concentrate is increased by ultrasound

treatment (20 kHz, 20 min), which is caused by conformational changes
in the globular structure of the proteins, exposing the number of charged
groups and greater water—protein interactions but some research found
US (24 kHz, 600 W) had little effect on the solubility of MPC [23,52].
The various results might be related to inherent characteristics of the
proteins, frequency, time and intensity of sonication treatment. But they
all agreed the US provides some protection against storage-induced loss
of solubility.

4. Conclusions

Cohesive high protein milk ingredients, such as micellar casein
concentrate (MCC), exhibit poor flowability during transporting,
handling and processing, particularly in high humidity condition. The
use of high shear techniques, such as ultrasound, can greatly improve
the flowability of powders by increasing particle size and changing
surface composition. In addition, the US treated powders showed poor
hygroscopicity and certain water holding capacity. However, unlike
previous research, the solubility of all US treated samples was not
significantly affected. This difference may be related to the difference in
US energy density, medium type and medium temperature. In the
following experiments, the effect of ultrasound on the flowability and
moisture sorption properties of dairy ingredients with higher lactose or
fat content (such as SMP, WPC etc.) will be investigated, aiming to study
the influence of milk components on ultrasonic effect and expand its
application.
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