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HIGHLIGHTS

= Spray drying resulted in lower moisture and higher acidity, with similar protein content.

= Spray-dried powder exhibited superior color and wettability comparing to freeze-dried powder.
= Spray drying offered better flowability and economic viability for large-scale production.

Article type ABSTRACT

Original article Background: Whey powder production from whey, a dairy by-product, remains a

significant challenge. This study aimed to evaluate how spray drying and freeze drying

\}f\frmogiieins methods influence the quality of whey powder by comparing their physical, chemical,
Freeze Drying and functional characteristics.

Spray Drying Methods: Six whey samples were collected from a local manufacturer in September
Dairy Products 2024 with three processed by spray drying and three by freeze drying. Spray drying was

. . performed at an inlet temperature of 160 °C and freeze drying at -41 to -65 °C under
Artlc_le history vacuum pressure (0.05 mbar), both with 5% maltodextrin added. The powders were
Received: 28 Dec 2024 . . . L .
Revised: 26 Mar 2025 analyzed for physical (color, solubility, hygroscopicity, and wettability), chemical
Accepted: 2 Sep 2025 (moisture content, protein content, and titratable acidity), and functional (bulk density,
tapped density, Carr’s index, Hausner ratio, foaming capacity, and foaming stability)
properties following AOAC and standard methods. Statistical analysis employed one-
way ANOVA and Duncan's Multiple Range Test using SPSS (version 22.0, SPSS Inc.,
Chicago, IL) at a 5% significance level (p<0.05).

Abbreviations

FTIR=Fourier Transform
Infrared Spectroscopy
IEP=Isoelectric Point

SDS-PAGE=Sodium Dodecyl Results: Spray dried powder had significantly lower moisture (3.26%) and higher
Sulfate  Polyacrylamide Gel titratable acidity than freeze dried powder (p<0.05); nevertheless, there was no apparent
Electrophoresis difference in the protein content (20-21.01%). Spray dried powder appeared lighter and

less greenish in color, whereas freeze dried powder exhibited more yellowish and
greenish tones. Solubility (98.76-98.87%) and hygroscopicity (49.06-49.26%) were not
significantly different. However, spray dried powder showed lower wettability (154 s).
No significant differences were observed in bulk and tapped densities. Flowability was
poor in spray dried powder and very poor in freeze dried powder. Freeze dried powder
showed significantly higher foaming capacity and stability (p<0.05).
Conclusion: Both drying techniques are suitable for large-scale production, depending
on their specific uses within the food and pharmaceutical sectors. However, considering
factors such as stability, flowability, and economic viability, spray dried powder
demonstrated higher efficacy than freeze dried powder.
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Introduction

Whey is a pale yellow-green, easily perishable liquid that
results as a by-product during the production of dairy items
such as cheese, channa, paneer, chakka, and casein
(Deshmukh et al., 2024; Deshwal et al., 2020). Globally, a
substantial portion of milk up to 80-90% of its volume is
discarded as whey during cheese production (Buchanan et
al., 2023). Although often regarded as a waste byproduct,
whey contains a wealth of essential nutrients, including
lactose, lipids, B-complex vitamins, and minerals such as
calcium (Ca), sodium (Na), potassium (K), magnesium
(Mg), and phosphorus (P). It is also an excellent source of
high-quality proteins, including pB-lactoglobulin, «a-
lactalbumin, lactoferrin, and immunoglobulins (Tsermoula
et al., 2021). Whey proteins are well-known for their
health-promoting effects, including enhancement of muscle
growth, immune modulation, and potential roles in
reducing risks of cardiovascular diseases and osteoporosis
due to their antioxidant, antihypertensive, and
antithrombotic properties (Olvera-Rosales et al., 2022).
Whey is widely used in the production of various value-
added products such as whey protein concentrates,
condensed whey, whey protein isolates, modified dry
whey, and whey powder. Among these, whey powder finds
broad application in the formulation of beverages, bakery
products, infant foods, and dietary supplements (Goff et
al., 2022). However, a significant volume of whey remains
underutilized and is often discarded, contributing to
environmental pollution, particularly when released
untreated into water bodies (Sirmacekic et al., 2022).
Hence, efficient recovery and valorization of whey through
sustainable processing methods is critical for both
environmental and economic perspectives. Drying is a
common preservation technique that extends shelf-life and
stabilizes perishable materials by reducing moisture
content under controlled thermal conditions (Begum et al.,
2017). To turn liquid whey into powder, two efficient
methods are spray drying and freeze drying. Spray drying
is extensively employed because of its cost-effectiveness,
ease of operation, rapid processing, and efficient energy
use (Gaspar et al., 2014). In contrast, freeze drying is ideal
for heat-sensitive compounds, preserving the nutritional
and sensory integrity of the product through sublimation
under low temperatures (Oliveira et al., 2016). Several
comparative studies have evaluated the influence of spray
drying and freeze drying on the quality of various food
powders. According to Kucharska-Guzik et al. (2025),
smaller and more consistent particles are produced by
spray drying, and these are usually associated with
improved dispersion and increased stability in
formulations. In addition, spray drying offers advantages in
terms of process speed, along with acceptable retention of
physical and functional properties (Pui and Saleena, 2022;
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Rannou et al.,, 2015). Freeze drying produces larger
particles with a wider size distribution, which can be
beneficial for applications that demand lower bulk density
or improved flowability (Kucharska-Guzik et al., 2025).
Freeze-drying also reported to retain higher levels of
phenolic compounds, flavonoids, antioxidant activity, and
color attributes during long-term storage (Babaei et al.,
2025; Coskun et al., 2024). Even while fruit extracts, dairy
powders, and other plant-based formulations have been the
focus of most comparative investigations, there is still a
large gap in the literature about the precise application of
these drying techniques to whey. Most existing research
has concentrated on whey composition, protein isolation,
and utilization (Vasiljevic and Duke, 2015) rather than the
impact of processing techniques on final powder quality.
Consequently, there is a lack of comprehensive evidence
directly comparing the effectiveness of spray drying and
freeze drying in maintaining the physicochemical and
functional properties of whey powder. Thus, the purpose of
this study is to assess how spray drying and freeze drying
affect the physicochemical and functional characteristics of
whey powder, providing important information on their
potential for the sustainable use of dairy by-products.

Materials and methods
Collection and preparation of raw materials

The whey sample (voucher no.: MV-7140; Bangladesh)
was collected on 20" September, 2024 and sourced from
“Milk Vita of Tangail,” a local cheese production facility.
The whey originated from a mixed herd of Friesian
crossbred and Sahiwal crossbred cows. The freshly
extracted whey underwent a filtration process to remove
suspended solids, followed by High Temperature Short
Time (HTST) pasteurization at 72+1 °C for 15 s to
eliminate pathogenic microorganisms. Using a digital
refractometer (Atago Co., Japan), the content of Total
Soluble Solids (TSS) was determined to be 8.0%, and the
pH was determined as 4.28 using a calibrated pH meter
(Mettler Toledo, Switzerland). To improve drying
efficiency and reduce stickiness in the final powder, 5%
(w/w) maltodextrin (ChemSyte, Bangladesh) was added to
the whey, followed by thorough mixing. Maltodextrin was
added to improve powder quality, enhance flowability,
prevent stickiness, and protect heat-sensitive nutrients
(Ozcelik and Kulozik, 2023). The mixture was
subsequently filtered three times through muslin cloth to
eliminate any remaining particulates prior to the drying
process.

Spray drying process

A laboratory-scale spray dryer (Yamato, Japan) was used
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with the following parameters: the inlet air temperature
was set at 160 °C, the exit temperature was kept between
80 and 90 °C, the aspirator rate was set at 100%, and the
atomizing air flow rate was set at 0.1. The pump rate was
set to 2.5 and the blower rate at 7.5. The resultant powders
were quickly gathered after drying, placed in zip-lock bags,
and kept at room temperature in a desiccator with a relative
humidity of 0-3% until additional examination.

Freeze drying process

Before freeze drying, the previously prepared whey
mixture was placed in glass bottles and cooled to -18 °C for
24 h in a chiller (Liebherr Mediline, Germany). A lab pilot
freeze dryer (ilShin Biobase, South Korea) was used for this
process. The whey mixture was placed in the glass bottles of
the dryer, and it was operated at a range -41 to -65 °C and at
0.05 mbar chamber pressure. The drying process lasted 48 h.
The resulting cake was ground using a grinder (Kenwood,
Spain) for 1 min and then passed through a 0.05 mm sieve to
obtain the desired powder. The powders were immediately
transferred into zip-lock bags and stored in a desiccator
maintained at a relative humidity of 0-3%.

Composition analysis of whey powder
-Moisture content

The moisture content of the samples was determined
according to the standard procedure outlined by AOAC
(2005). Approximately 3 g of each sample were accurately
weighed using a digital balance (Tech Nation India, India)
and transferred into a pre-dried and pre-weighed crucible.
The crucible containing the sample was then placed in a
hot air oven (SH Scientific, South Korea) maintained at
105 °C. The drying process was carried out with periodic
removal of the crucible every 30 min for cooling in a
desiccator, followed by weighing. This cycle of drying,
cooling, and weighing was repeated until a constant weight
was achieved, indicating complete moisture removal. The
moisture content was calculated based on the total weight
loss of the sample during the drying process.

-Protein content

The protein content of the plant powder was determined
following the standard procedures described by Begum et
al. (2017) and Fadila et al. (2025). The process began with
the digestion of the sample in a Kjeldahl flask using a 5 g
digestion mixture composed of potassium sulfate
(K; SO, ; 7778-80-5, Merck, Germany) and copper (I1)
sulfate (CuSO, ; 7758-98-7, Merck, Germany) in a 98:2
ratio, along with 25ml of concentrated sulfuric acid
(H; SO, ; 7664-93-9, Merck, Germany). The digestion
continued until the solution became clear. After cooling,
the digest was diluted with 100 ml of distilled water. For
the distillation phase, 75 ml of 40% sodium hydroxide
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(NaOH; 1310-73-2, Merck, Germany) was added to
liberate ammonia. The released ammonia was then trapped
in 25ml of 0.1 N sulfuric acid (H, SO, ). The resulting
distillate was titrated against 0.1 N sodium hydroxide
(NaOH), using methyl red as an indicator. A reagent blank
was also included in the analysis to ensure accuracy. Based
on the titration results, the nitrogen content was calculated,
and protein content was derived accordingly.

-Titratable acidity

The titratable acidity of the whey powder was assessed
according to the method described by Chegini et al. (2014).
In this procedure, 6 g of whey powder was dissolved in
100 ml of deionized water with gentle stirring, then allowed
to stand undisturbed for 1 h. Following this, a 20 ml portion
of the prepared solution was transferred to a 100 ml flask, to
which 0.5ml of phenolphthalein indicator was added. The
mixture was then titrated with 0.1 N sodium hydroxide
(NaOH) until a faint pink color developed and remained
stable for approximately 30 seconds. Titratable acidity was
determined from the consumed NaOH volume, its normality,
and the volume of the test solution.

Physical properties analysis of whey
-Powder color

The color characteristics of the whey powder were
measured using a colorimeter (Minolta, Japan) following
the standard protocol outlined by Fadila et al. (2025). The
instrument quantifies the three fundamental chromatic
parameters (red, green, and blue) that constitute visible
light perception in human vision. The colorimeter outputs
L*, a*, and b* values based on the CIE Lab* color space.
Here, L* (ranging from 0 to 100) indicates lightness, with
0 representing black and 100 representing white. The a*
value reflects the green-red spectrum, where negative
values indicate green and positive values indicate red.
Similarly, the b* value represents the blue—yellow
spectrum, with negative values corresponding to blue and
positive values indicating yellow. The range for both a*
and b* is -127 to +127.

-Solubility of whey powder

Solubility was assessed following the procedure outlined
by Santhalakshmy et al. (2015). About one g of the sample
was precisely weighed and dissolved in 100 ml of distilled
water. The mixture was then transferred into centrifuge
tubes and centrifuged at 3,000 rpm for 5 min, followed by a
sedimentation period of 30 min. Subsequently, a 25 ml
portion of the supernatant was carefully drawn and placed
into a pre-weighed petri dish, which was then dried in a hot
air oven at 105°C for 5 h. Solubility percentage was
calculated based on the weight difference.
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-Hygroscopicity of powder

The hygroscopicity of the whey powder was assessed
using the gravimetric method described by Santhalakshmy
et al. (2015). Approximately one g of the sample was
placed in a pre-weighed crucible, which was then kept in a
desiccator maintained at 25°C with a saturated sodium
chloride (NaCl) solution to create a controlled relative
humidity environment. After a 7-day equilibration period,
the crucibles were reweighed, and hygroscopicity was
expressed as the amount of water absorbed, calculated in
grams per 100 g of dry solids.

-Wettability of whey powder

The wettability of the whey powder was measured
following the standardized procedure outlined by
Santhalakshmy et al. (2015). Approximately 6 g of whey
powder was accurately weighed on a digital electronic
balance, and 100ml of deionized water, kept at a
controlled temperature of 20+ 0.2 °C, was carefully added
to a beaker. The pre-weighed whey powder was then
introduced onto the water surface, and a stopwatch was
immediately started. The timer was stopped upon complete
wetting of all powder particles, indicated by the absence of
any visible dry aggregates. Wettability was calculated
using following equation:

Wettability=Time (s) elapsed from powder addition to
complete wetting

Estimation of functional properties of whey powder
-Foaming properties

The foaming properties of the whey powder were
assessed following the method described by Fadila et al.
(2025). A 1% (w/v) protein solution was made by
dissolving the protein in distilled water, and its pH was
adjusted to 7.0 with 1.0 N NaOH. Subsequently, 100 ml
(V,) of the whey solution was homogenized at maximum
speed for 5 min. The homogenized solution was promptly
poured into a 250 ml graduated cylinder, and the foam
volume (V, ) was recorded at 0, 30, and 60 min. Foaming
was then calculated using the following equation:

V, =V,
Foaming = (ZV—l) x 100
1

The foaming capacity was measured immediately after
homogenization (0 min), while foam stability was assessed
at 30 and 60 min intervals.

-Bulk density

According to Fadila et al. (2025), bulk density was
measured by placing approximately 2 g of whey powder
into a 10 ml graduated cylinder and tapping it repeatedly
(20-30 times) until the volume stabilized. The final settled
volume was recorded, and bulk density was calculated
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using the following formula:

weight of sample(k;
Bulk Density = g ple(kg)

volume of sample(m?3)
-Tapped density

The tapped density of the whey powder was measured
following the standardized procedure outlined by Fadila et
al. (2025). About 2 g of the powder sample was accurately
placed into a clean, dry 10ml graduated cylinder. The
cylinder was then subjected to 100 controlled taps against a
firm laboratory bench pad until the powder volume reached
equilibrium (no further volume reduction). The final
compacted volume was recorded after tapping, and the
tapped density was calculated using the following formula:

weight of sample(kg)

T d Density =
appead Density volume of sample(m?)

-Carr’s index

Carr's index, an indicator of powder flowability and
compressibility, was determined following the method of
Fadila et al. (2025) using the equation:

Tapped density — Bulk density

Carr's Index (%) = Tapped density x 100

-Hausner ratio

Hausner ratio, a parameter characterizing powder
flowability, was calculated according to Fadila et al. (2025)
using the following equation:

Tapped density

H tio =
ausner ratio Bulk density

Statistical analysis

One-way Analysis of Variance (ANOVA) was
conducted using the Statistical Package for the Social
Sciences (SPSS) version 22.0 (SPSS Inc., Chicago, IL),
followed by Duncan’s Multiple Range Test (DMRT) to
determine significant differences at the 5% significance
level (p<0.05) with a 95% confidence interval.

Results and discussion

Chemical composition of whey powder

Table 1 illustrates notable differences in the chemical
composition of whey powder produced by the two drying
techniques.

Table 1: Chemical composition of whey powder (n=6)

Parameters Spray dried Freeze dried
powder powder

Moisture content (%) 3.26+0.433° 3.93+0.356 °

Protein content (%) 20+2.07 ¢ 21.01+1.84°

Titratable acidity (%) 0.02+0.06 " 0.01+0.004 *

Values are meant Standard Deviation (SD) of three replicate.
Different superscript letters within the same row indicate statistically
significant differences at p<0.05.
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-Moisture content

Spray-dried whey powder exhibited a significantly lower
moisture content (p<0.05) than freeze-dried whey powder.
Lower moisture content in Spray dried powder may
attribute to a crispy texture. Both drying techniques yielded
whey powder with a moisture content less than 5%,
complying with the Codex Alimentarius guidelines (FAO
and WHO, 1999). Previous studies have shown that spray-
dried and freeze-dried whole camel milk powders retain
moisture levels of 2.43% and 2.81%, respectively
(Deshwal et al., 2020). Tastemirova et al. (2020) reported
that camel milk powder obtained through spray drying
contained between 1.10% and 1.94% moisture, while
freeze-dried samples retained moisture levels ranging from
2.44% to 3.00%. Similar findings were reported by
Franceschinis et al. (2014), where spray dried powder
retained lower moisture content than freeze dried powder.
These findings align with the results of the present study.
The moisture content in this study was at an optimal level
to maintain microbiological safety, enhance storage
stability, and reduce biochemical degradation of the whey
powder (FAO and WHO, 1999). Therefore, this study
demonstrated that the spray drying method produces whey
powder with lower moisture content than freeze drying.

-Protein content.

No statistically significant difference (p>0.05) was
observed in protein content between whey powder samples
produced by spray drying and freeze drying. However, the
present study revealed significantly higher whey protein
retention in both spray dried and freeze dried powders
relative to previous studies. The observed differences
likely result from variations in processing techniques,
geographical factors, and the milk's maturation phase.
Previous studies report protein contents of 14.20+0.18% in
spray dried goat whey powder (Pinheiro et al., 2024) and
10-14.33% in freeze dried Tulum whey powder (Guzeler et
al., 2017). Consistent with findings for whole camel milk
powder (Deshwal et al., 2020), current study revealed no
significant protein content variation between drying
techniques.

-Titratable acidity

Spray-dried whey powder exhibited significantly greater
titratable acidity (p<0.05) compared to freeze-dried whey
powder. This difference may be attributed to variations in
processing parameters including temperature, chamber
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volume, production capacity, and heating duration in the
drying systems (Chegini et al., 2014). Kumar et al. (2016)
reported 0.07-0.25% acidity in rennet-type whey;
moreover, significantly higher values (1.56+£0.59%) were
observed in freeze-dried Beyaz whey powder (Guzeler et
al., 2017). According to Codex Alimentarius Commission
(1995), whey powders must not exceed 0.16% titratable
acidity (as lactic acid). The results of this study are in
agreement with the Codex standards. The concentration of
maltodextrin used in whey preparation contributed to a
reduction in acidity. The current study found that the freeze
dried whey powder exhibited lower titratable acidity.

Physical properties of whey powder
-Color

The color of whey powder is a crucial factor as it affects
the visual appeal of the final product. Table 2 demonstrated
the color (L*, a*, and b*) parameters of spray drying and
freeze drying whey powder. There were significant
variations (p<0.05) in the Hunter color values among
powders. The L* (lightness) value was significantly greater
in spray-dried whey powder compared to freeze-dried
powder. This is likely due to the rapid evaporation and
moderate heat in spray drying, which allows maltodextrin
to form smooth, reflective surfaces. In contrast, freeze
drying produces porous particles where maltodextrin has
less impact on surface brightness. According to previous
studies, the L* values of whey powder ranged from 90.9 to
91.63 in various regions (Sithole et al., 2005), and from
84.97 to 85.35 in freeze-dried whey powder (Culver and
Wrolstad, 2008). These values are comparable to those
observed in the present study. The current study also found
that the freeze-dried powder exhibited a more greenish hue
compared to the spray-dried powder. This is supported by
previous research reporting a* values for whey powder
ranging from -0.42 to -0.59 across various regions (Sithole
et al., 2005), indicating a slight green hue. Another study
reported a range of a* value from -1.50 to +1.75 under
different environmental conditions in whey powder
(Sithole et al., 2006), and -1.20 in milk powder (Deshwal
et al., 2020). These findings are consistent to the results of
current study. Furthermore, the current study revealed that
the freeze dried powder appeared more yellowish than the
spray dried powder. Previous studies have reported that the
b* values in whey powder ranged from 8.6 to 24.5, while
in milk powder, they ranged from 8.30 to 11.92, depending
on various factors (Sithole et al., 2006).
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Table 2: Physical properties of whey powder (n=6)

Attributes Spray dried powder Freeze dried powder
L* 93.75+0.36 ° 89.76+0.61°
Color a* -0.11+0.13° -2.885+0.14 °
b* 4.04+0.29° 16.51+0.68 ®
Solubility (%) 98.76+1.19% 98.87+0.26 2
Hygroscopicity (%) 49.26+0.15° 49.06+0.80°
Wettability (second) 154 ¢

Values are meant Standard Deviation (SD) of three replicate. Different superscripts
within the same row indicate a significant difference at p<0.05. L*=lightness; a*=red-

green color Space; b*=yellow-blue color Space

-Solubility

No significant difference was observed between spray-
dried and freeze-dried whey powder (Table 2). The
solubility of the powder can be significantly affected by the
drying process as well as factors like maltodextrin content,
particle size, surface area, and drying conditions. The
solubility of whey powder observed in this study was
higher than that reported in previous research. Previous
research by Franceschinis et al. (2014) found that the
drying method, whether spray drying or freeze drying, had
no significant impact on the color of blackberry powder
formulated with maltodextrin. Another study on freeze
dried whey powder reported solubility ranging from 91.4 to
99.3% (Mavropoulou and Kosikowski, 1973), which is
consistent with the findings of the present study. Lower
moisture content is generally linked to higher solubility
because it reduces stickiness and increases the surface area
available for interaction with water during rehydration.
However, in this study, solubility did not show a
significant difference despite the variations in moisture
content.

-Hygroscopicity

In this study, both spray drying and freeze drying, whey
powders exhibited high hygroscopicity values (~49%),
exceeding the generally threshold (Nurhad et al., 2012).
This higher moisture sorption is likely due to the high
lactose content in whey, which is inherently hygroscopic,
especially in its amorphous state combined with the
powders’ small particle size and large surface area that
facilitate increased water absorption (Jyothi et al., 2022).
Additionally, although maltodextrin was added as a drying
aid to reduce stickiness and hygroscopicity, the relatively
low concentration used (5%) may have been insufficient to
significantly suppress moisture absorption, as higher
molecular weight maltodextrins or larger amounts are often
more effective (Bhusari et al., 2014). While previous
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studies have reported that freeze dried powders tend to be
more hygroscopic than spray dried ones (Aradjo et al.,
2022), the current study observed no significant difference,
likely due to comparable surface properties and
maltodextrin incorporation in both drying methods. Further
optimization of formulation or the use of additional carriers
may help reduce hygroscopicity in future applications.

-Wettability

Wettability describes the capacity of whey powder to
absorb liquids, a process mainly influenced by capillary
forces. The freeze dried powder showed higher wettability
than spray dried powder (Table 2). Wettability is
influenced by various factors, including the type of carrier
agent used (e.g.,, maltodextrin and its hygroscopic
properties), the reconstitution temperature, and the
powder’s particle size and shape. These factors have
inverse relation to wettability. Larger powder particles
have more spaces between them, making it easier for water
to get through. Conversely, smaller particles have poorer
reconstitution qualities because they are less porous
(Santhalakshmy et al., 2015). The current findings revealed
that the spray dried powder showed significantly lower
wettability (p<0.05) even with its reduced bulk density
relative to freeze dried powder. This variation may be due
to differences in particle size, indicating a deviation from
earlier findings. Caliskan and Dirim (2016) reported
similar results in their study on the effects of spray and
freeze drying on sumac extract powder. Consequently, the
wettability of freeze-dried powder was higher than that of
spray-dried powder.

Functional properties of whey powder

Table 3 displays the functional properties of whey
powder prepared using spray drying and freeze drying
techniques.
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Table 3: Functional properties of whey powder (n=6)

Parameters Spray dried powder

Freeze dried powder

Bulk density (g/cm®) 0.57+0.02 0.56+0.06 *
Tapped density (g/cm®) 0.80+0.03° 0.83+0.03 °
Carr’s index (%) 28.75° 32542
Hausner ratio 1.41° 1.48°
Flow-ability Poor flow-ability Very poor flow-ability
Foaming capacity (%) 7.83+1.26°" 13.33+1.53 ¢
Foaming stability (%) 5 min 5.33+1.25° 11.17+2.08

10 min 1.50+1° 6.83+3.78°

Values are mean+ Standard Deviation (SD) of three replicate. Different superscripts within

the same row indicate significant differences at p<0.05.

-Bulk and tapped density

No significant differences were observed between the
bulk and tapped densities of whey powder produced by
spray drying and freeze drying (Table 3). These densities are
primarily affected by factors such as particle size, shape,
distribution, and interparticle attractive forces (Begum et al.,
2017). Lower bulk density and higher amounts of trapped air
within powders increase the risk of product oxidation and
reduce storage stability (Kog et al., 2014). However, bulk
and tapped density of whey powder in present study was
higher than previous findings. Previous studies on hazelnut
milk powder with 5% maltodextrin showed a bulk density of
0.301 g/cm® and tapped density of 0.495 g/cm® for spray
dried powder, compared to a bulk density of 0.154 g/cm® and
tapped density of 0.224 g/cm® for freeze dried powder
(Ermis et al., 2018). In other studies, it was found that spray
dried powder showed significantly higher bulk and tapped
density than freeze dried powder (Begum et al., 2017,
Deshwal et al.,, 2020), however, the current study
demonstrates that there is no significant difference between
them. Bulk and tapped densities of powder products
influence their packaging, transportation, and compaction
properties.

-Flowability

The flowability of powders or granular materials, a critical
functional characteristic, can be quantified using both the
Hausner ratio and Carr's index. Based on the Carr’s index
and Hausner ratio criteria presented in Table 4, the spray-
dried powder exhibited poor flowability, while the freeze-
dried powder demonstrated very poor flowability (Fadila et
al., 2025). Though powder from both drying techniques
showed poor flowability, the current study revealed that
spray dried powder unveils better flowability than freeze
dried powder. This inconvenience may be due to its low
moisture content, particle size distribution, and contact
surface area in spray dried powder. According to the
previous studies, similar report of drying effect were found
on sumac extract powder (Caliskan and Dirim, 2016), and
whole camel milk powder (Deshwal et al., 2020). The
flowability of whey powders plays a crucial role in their
processing efficiency (minimizing caking), product quality
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(consistent texture, easily blending), and overall operational
performance. In this investigation, spray dried whey powder
demonstrated comparatively superior flowability.

Table 4: Criteria for Carr’s index and Hausner ratio

No. Flowability Carr's index (%) Hausner ratio

1 Excellent 0-10 1-1.11

2 Good 10-15 1.12-1.18
3 Fair 16-20 1.19-1.25
4 Possible 21-25 1.26-1.34
5 Poor 26-31 1.35-1.45
6  Very poor 32-37 1.46-1.49
7 Very, very poor >38 >1.60

-Foaming properties

In many food and beverage applications, whey powder's
stability and foaming ability are crucial considerations.
Foaming properties of powders are influenced by various
factors including protein fraction, surface characteristics, and
film-forming abilities (Ozdemir et al., 2022). Table 3
demonstrates the foaming capacity of spray dried and freeze
dried whey powder showing values of 7.83+1.26 and
13.33£1.53%, respectively. A significant difference
(p<0.05) in foaming capacity was found between the drying
methods, with freeze-dried whey powder showing higher
foaming ability compared to spray-dried powder. The
reduced performance of the spray dried powder may result
from the greater damage to protein structure and surface
activity caused by the drying process (Ozdemir et al., 2022).
Ozdemir et al. (2022) reported foaming capacity results that
are consistent with the findings of the present study. Another
similar results were revealed by Zhao et al. (2013), where
freeze dried powder showed higher foaming capacity than
spray dried powder. Foaming stability measures how well a
foam holds onto its shape and volume over time. Table 3
indicated that the foaming stability of freeze-dried whey
powder was significantly higher (p<0.05) than that of spray-
dried whey powder. Higher foaming stability for freeze dried
powder might be due to more unfolding of the proteins,
increasing their surface activity. Whereas, Deshwal et al.
(2020) mentioned opposite explanation for both spray dried
and freeze dried powder of whole camel milk powder. These
findings could be valuable for food and beverage industries
that utilize whey powder as an ingredient in products
requiring foam formation and stability.
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Conclusion

This comparative study highlights that drying methods
and conditions significantly influence the overall quality of
whey powder. Both spray dried and freeze dried powders
were affected similarly by the addition of maltodextrin.
While the spray dried powder exhibited superior chemical
properties that may contribute to an extended shelf-life, its
slightly elevated titratable acidity posed minimal concern
regarding taste. The high protein content in both powders
underscores their potential for human consumption,
particularly in the food industry. Regarding physical
property analysis, drying conditions significantly influenced
the color of the powders, with freeze dried whey powder
appearing more Yyellowish and greenish. Both powders
demonstrated similar solubility and hygroscopicity, though
spray dried whey powder exhibited lower wettability,
Coupled with its enhanced flowability, these characteristics
render it more suitable for food and pharmaceutical
applications. In contrast, the freeze dried whey powder, with
its superior foaming capacity and stability, is well-suited for
specialized industrial and functional uses. Although freeze-
dried powder exhibited superior functional properties, spray
drying is preferred for whey powder production due to its
higher stability, lower operational costs, faster drying time,
and greater suitability for large-scale manufacturing. This
stable processing technology has the potential to convert
whey, a commonly wasted byproduct, into valuable, novel
products, thereby advancing sustainable development goals
through spray drying. Further research should look into the
mineral composition, microbiological quality, shelf-life
stability, and potential health benefits of cow whey powder
supplementation.
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