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ABSTRACT

Studies on the storage stability of milk powder are 
currently fragmented and mainly affect only the area of 
above-zero temperatures. At the same time, there are no 
studies that consider the load factor when milk powder 
is stored in bags on a pallet. The purpose of this study 
was to identify the influence of various factors of indus-
trial storage (temperature, height or layer number, and 
time) on the change in quality and technological prop-
erties of powdered dairy products. We placed skim milk 
powder (SMP) and whole milk powder (WMP) in 10 
× 14 × 2 cm resealable plastic bags on a model stand 
simulating an industrial layout on pallets. The samples 
were stored for 18 mo at temperatures −30 ± 1°C, 6 
± 1°C, and 25 ± 3°C and 40 to 80% relative humidity. 
Samples from the control (0), 5, and 10 (lower) layers 
of pallets were selected for analysis on 0, 3, 6, 9, 12, 15, 
and 18 mo of storage for each of the temperatures. As 
a result, we did not detect any changes in the storage 
process for water activity and mass fraction of mois-
ture. The particle size distribution of all the SMP and 
WMP samples changed over time. The greatest changes 
were observed in the WMP samples placed on the 10th 
layer of pallets at 25 ± 3°C, from 0 to 18 mo of storage, 
the mean particle size (D[4,3]) increased from 120 to 
258 μm (90% of all sample particle sizes ranging from 
209 to 559 μm). We found significant clumping in the 
WMP samples (lumps up to 5 cm), correlating with the 
layer and storage time. The contact angle of the samples 
increased from 17° (SMP) and 53° (WMP) to 40° and 
71°, respectively. The insolubility index and titratable 
acidity did not change only in the SMP samples stored 
with no load applied at −30 ± 1°C and 6 ± 1°C. The 
heat stability of all samples stored at 25 ± 3°C showed 
the lowest values. The data obtained allowed us to rank 
the factors as “layer – time – temperature.” Only the 
temperature of 25 ± 3°C caused critical changes in the 
product properties. Thus, the possibility of industrial 
storage of the product for up to 15 mo over the entire 
temperature range is confirmed.

Key words: milk powder storage, heat stability, particle 
size distribution, caking, storage at low temperatures

INTRODUCTION

Milk and other dairy products are important nutri-
ents for people. However, raw milk production is of-
ten subject to seasonality, which makes it difficult to 
ensure the continuity of production (Galstyan et al., 
2019; Felfoul et al., 2021; Timlin et al., 2021). In such 
conditions the solution to this problem is the process-
ing of milk powder, which contains all the necessary 
nutrients, such as proteins (casein and whey proteins), 
fat, lactose, fat-soluble, and water-soluble vitamins, as 
well as minerals (Skanderby et al., 2009; Radaeva et al., 
2019). In addition, milk powder is more convenient for 
transportation and storage compared with raw milk. 
All of the above served as prerequisites for the wide-
spread distribution of milk powder in the food industry 
and among the population. The food industry uses 
milk powder (both as is and as remade reconstituted 
milk) to produce dairy products (Masum et al., 2020b; 
Rozhkova and Olentsova, 2020; Cândido de Souza et 
al., 2021), and it is used in confectionery (Bianchi et 
al., 2021; Yadav et al., 2021), bakery (Kamali Rousta 
et al., 2021; Ergashovna et al., 2022), meat (Bianco 
et al., 2022), and other sectors of the food industry. 
For the consumer, milk powder is a ready-made food 
product that can fully replace raw milk in conditions of 
its shortage. Thus, milk powder contributes to ensuring 
food security especially in terms of the availability of 
food products regardless of the region of residence of a 
citizen, taking into account the established structure 
and tradition of nutrition (Zhang et al., 2020; Hernán-
dez et al., 2021; Rodnina, 2022), which is one of the 
priorities of state policy.

Milk powder quality and safety properties can be 
divided into 2 groups: rated values specified in regu-
lations, and extra values introduced to detail various 
technological properties. The physical, chemical, or-
ganoleptic, and microbiological properties are rated 
(Council of the European Union, 2002, 2013; GOST 
33629-2015, 2015; TR TS 033/2013, 2013).

No less important indicators are the extra functional 
and technological properties of milk powder, such as 
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water activity (aw), particle size distribution, caking, 
rehydration, and heat stability. Water activity is the 
key factor of milk powder stability as it determines the 
glass transition temperature (Tg), which controls, for 
example, caking, clumping, and lactose crystallization 
properties (Thomsen et al., 2005; Roos, 2010; Silalai and 
Roos, 2010; Fournaise et al., 2020). In addition, during 
storage, the solubility decrease rate, fat oxidation, and 
nonenzymatic browning (Thomsen et al., 2005; Zhou 
and Langrish, 2021; Maidannyk et al., 2022) greatly de-
pend on aw. The particle size distribution in milk pow-
der determines its appearance (Kim et al., 2005; Han 
et al., 2021), rehydration characteristics (O’Donoghue 
et al., 2019; d’Almeida Francisquini et al., 2020), sur-
face reactivity (Carpin et al., 2017; O’Donoghue et al., 
2019), and flowability (Kosasih et al., 2016; Ding et al., 
2020). Rehydration characteristics describe the milk 
powder behavior during reconstruction process. Key 
property is solubility: poorly soluble powders make 
processing difficult and lead to higher production costs. 
Solubility also controls the quality of reconstituted 
milk, namely, the ability of milk powder components to 
form a stable suspension (Morr et al., 1985; Selomulya 
and Fang, 2013; Maidannyk et al., 2022). The solubil-
ity of spray-dried milk powder exceeds 99%, whereas 
roller-dried milk powder is about 85% (Tamime, 2009). 
The heat stability of milk determines the reconstituted 
milk resistance to heating without significant coagula-
tion or gelation (Singh, 2004; Gilmanov et al., 2020). 
It becomes especially important in the production of 
recombined dairy products that are sterilized. If the 
heat stability is insufficient, the protein in the product 
coagulates and precipitates during or immediately after 
sterilization (Lin et al., 2018; Singh et al., 2019; Wu et 
al., 2022).

These milk powder properties mostly depend on the 
raw material quality and the processing technology. 
However, even during storage, negative changes may 
occur since elevated temperature and relative humid-
ity (RH) stimulates various chemical reactions and 
physical processes. Milk powder can be stored in a wide 
range of above-zero temperatures and humidity. Never-
theless, Russian regulatory standards recommend 0 to 
10°C storage temperature and RH below 85% (Russian 
National Inspectorate, 1987). In worldwide practice, 
the acceptable storage temperature is up to 25°C with 
RH below 65% (US Dairy Export Council, n.d.). To 
date, scientists of the world (Kosasih et al., 2016; Smith 
et al., 2016; Fan et al., 2018; Ho et al., 2019, 2021; 
Masum et al., 2020a; Phosanam et al., 2020a, 2021; 
Fialho et al., 2021; Murayama et al., 2021) have stud-
ied the effects of elevated, above-zero temperatures and 
various humidity levels during storage, which in general 

allowed us to form an understanding of the negative 
processes occurring in milk powder storage. However, 
the below-zero temperature range was not properly 
studied and only a few papers on this subject have been 
found. For example, Mistry and Pulgar (1996) noted a 
decrease in skim milk powder solubility at −20°C on 
105 d of storage. Galstyan et al. (2019) studied whole 
milk powder in the −20°C to 20°C temperature range. 
No important changes in milk powder properties were 
found except for slight sticking. Obviously, the pre-
sented studies are not sufficient to understand the pro-
cesses occurring in low temperature storage and their 
impact on the technological and physical properties 
of milk powder. The most common industrial method 
of milk powder storage and transportation is placing 
bags on wooden pallets, 3 in a layer stacked up to 10 
layers. This results in another factor that affects the 
product: the load applied to the bag. The lower the 
layer, the greater the impact on it. We have not been 
able to find studies of the load effects during storage 
on the functional and technological properties of milk 
powder. In this study we investigated the effect of vari-
ous temperature conditions of industrial storage on the 
changes in the functional and technological properties 
of milk powder produced in Russia. We also intended to 
confirm and update the data available in the literature 
and provide recommendations for milk powder storage 
in an extended temperature range.

MATERIALS AND METHODS

Because no human or animal subjects were used, this 
analysis did not require approval by an Institutional 
Animal Care and Use Committee or Institutional Re-
view Board.

Experimental Design

We obtained 64 samples of skim milk powder (SMP) 
and 47 samples of whole milk powder (WMP) produced 
in Russia from several different manufacturers between 
February and October 2019. The average physical and 
chemical properties of all samples presented by the 
manufacturers are shown in Table 1. The samples were 
sealed in resealable plastic airtight bags made of food-
grade high-pressure performance polyethylene (similar 
to food film liner bags by GOST 19360-74, 1975), 10 
× 14 × 2 cm, 80 µm density, 0.5 g/m2·24 h water va-
por permeability and placed on the storage simulator 
(Figure 1). We stacked the bags in 5 layers of 3 bags 
each, imitating the common industrial arrangement 
on pallets. At the same time, the empty layers were 
simulated by 2.4 kg weights. The bags were stored for 
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18 mo at −30 ± 1°C, 6 ± 1°C, and 25 ± 3°C and 40 to 
80% RH. The reference samples were packed and stored 
under similar conditions but with no load applied. The 
sample codes are listed in Table 2. The frequency of 
measurements was 0, 3, 6, 9, 12, 15, and 18 mo.

Moisture Mass Fraction Measurement

The moisture content in the samples was measured 
by gravimetric method using an ES-4610 drying cabi-
net (Ecros, Russia). According to this method, we dried 
3 to 4 g of milk powder sample at 102 ± 2°C for 2 h 
to a constant weight. To verify that the weight was 
constant, we dried the samples for another hour until 
the decrease in mass after the first and second drying 
did not exceed 0.0005 g.

Water Activity Measurement

Water activity was measured with a HygroLab 3 
moisture analyzer (Rotronic, Switzerland) at 20°C ac-
cording to ISO 18787:2017 (ISO, 2017).

Particle Size Distribution Measurement

The particle size distribution of milk powder samples 
was identified by laser diffraction with an LS 13 320 
XR particle size analyzer (Beckman Coulter, USA) 
equipped with the Dry Powder System module. All 
measurements were carried out 3 times. The results 
of the studies were recorded and processed using the 
ADAPT software (v. 1.3.337; Bench).

Wetting Angle Measurement

The wetting angle (θ) of the milk powder samples 
was measured by the sessile drop method with a Drop 
Shape Analyzer DSA25 (Krüss, Hamburg). A thin layer 
of the samples was applied to a double-sided adhesive 
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Table 1. Statistical analysis of the milk powder sample properties1

Property   Value

Product

SMP (n = 64) WMP (n = 47)

Moisture content, %   Min 3.2 3.3
  Max 4.7 3.9
  Avg. ± SEM 3.9 ± 0.09 3.6 ± 0.04

Fat, %   Min 0.42 26.0
  Max 0.49 29.0
  Avg. ± SEM 0.45 ± 0.005 27.3 ± 0.25

Protein, %   Min 33.1 23.05
  Max 36.7 27.28
  Avg. ± SEM 35.1 ± 0.2 25.1 ± 0.3

Lactose, %   Min 49.6 32.2
  Max 54.5 38.5
  Avg. ± SEM 52.3 ± 0.35 35.3 ± 0.48

Acidity, °T   Min 17.1 17.1
  Max 19.5 19.3
  Avg. ± SEM 18.3 ± 0.14 18.1 ± 0.12

Insolubility index, mL     Less than 0.5 Less than 0.5
1SMP = skim milk powder; WMP = whole milk powder; n = number of samples, Min = minimum; Max = 
maximum; Avg. = average.

Figure 1. The visualization of the experiment. Resealable plastic 
bags with milk powder are packed according to the most common 
palette arrangement. Dimensions are in centimeters; numbers 5 and 10 
represent row number; F = gravity.
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tape (θ = 103°) glued to a slide. Excess milk powder 
was removed by tapping on the slide (Puri et al., 2010). 
A drop of distilled water 20 ± 1°C was added to a 
powder layer. The drop was photographed and mea-
sured using the Krüss Advance Drop Shape software (v. 
1.12.2.06901, Krüss Gmbh). To estimate the average θ 
value, the drop on the surface of milk powder was held 
for 3 min for WMP or 1 min for SMP. The reason for 
this is that it takes longer to stabilize the water droplet 
on the WMP surface. The data given herein are the 
average values of the obtained results of studies of milk 
powder samples.

Reconstitution of Milk Powder Samples

We dissolved 12.5 g of whole milk powder or 9 g of 
skim milk powder in 87.5 and 91 g of distilled water at 
40 ± 2°C, respectively. The sample was then incubated 
for 15 to 20 min at 18°C to 25°C.

Titratable Acidity

Titratable acidity was measured with the method 
of potentiometric titration using an inoLab pH/Cond 
Level 1 pH meter (Wissenschaftlich-Technische Werk-
statten GmbH [WTW], Germany) with a WTW Sen-
Tix 81 glass combination electrode. We mixed 10 mL of 
reconstituted milk with 20 mL of distilled water, stirred 
and titrated with 0.1 N sodium hydroxide solution un-
til the equivalence point (pH = 8.9) was reached. The 
acidity was expressed as the lactic acid share (%) using 
Equation [1] for conversion.

lactic acid share  %
volume of titrant
weight of samp

( ) = × ×N 90
lle×

×
1 000

100
,

,

� [1]

where N is the normality of titrant, and 90 is the equiv-
alent for lactic acid. All the samples were analyzed 
twice. The limit of permissible error of measurement is 
0.0072% of lactic acid content.

Heat Stability Measurement

The heat stability of the reconstituted milk powder 
samples was determined by a thermal breakdown test 
using a UKT-150 heat stability monitor with a test 
tube rocker (BioPischeMash Engineering Center, Rus-
sia) equipped with a LOIP LT-316a circulation ther-
mostat (Lab Equipment and Devices, Russia) (Vafin et 
al., 2021). To estimate the heat stability, we compared 
the exposure time in minutes. The experiment was as 
follows: 3 mL of reconstituted milk was introduced into 
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a molybdenum glass test tube, corked and placed in a 
cassette holder. The test samples were kept in a ther-
mostat at 140 ± 1°C. The time was marked upon seeing 
the first signs of coagulation (precipitation or protein 
flakes appeared).

Milk Powder Insolubility Index Measurement

The insolubility index was determined as follows: 10 
mL of the reconstituted milk powder was introduced 
into graduated centrifuge-grade test tubes. After cen-
trifugation (ZLM 1–12 centrifuge, Technocom Scientific 
and Production Association, Russia) for 5 min at 162 
× g and 20°C, the supernatant was drained, and the 
tubes were refilled with water. Then the sample was 
centrifuged again for 5 min, and the precipitate volume 
was measured using the scale on the test tube. To ex-
press the insolubility index in milliliters, the solubility 
value was multiplied by 5. If the precipitate volume 
was less than 0.1 mL, it was registered as 0.05 mL. The 
discrepancy between the 2 concurrent measurements 
did not exceed 0.1 mL.

Statistical Analysis

We applied the Kruskal-Wallis test (Ostertagová 
et al., 2014); 1-, 2-, and 3-way post hoc ANOVA 
(Rasch and Verdooren, 2020); and the Tukey’s range 
test (McHugh, 2011) for the statistical analysis of 
the experimental data and statistical hypothesis test-
ing. Unless otherwise specified, the significance level 
was assumed to be 0.05. The maximum log-likelihood 
method was used to match the particle size distribution 
to the Weibull distribution (Lucas et al., 2020). We 
applied the Wolfram Mathematica software (Wolfram 
Research, Inc.).

RESULTS

Milk Powder Moisture Content and Water Activity

Figure 2 shows moisture content and aw in milk pow-
der. The average moisture content in the samples over 
18 mo in any storage conditions was 3.77% to 4.08% 
(SMP), and 3.42% to 3.76% (WMP). The aw value for 
SMP did not exceed 0.315 and 0.278 for WMP. Re-
gression analysis of the results revealed no significant 
factors except for the free term (Student’s criterion, α 
= 0.05), so the values did not change over time.

Milk Powder Clumping

The WMP samples formed clumps during stor-
age (Figure 3). The number and size of the clumps 

depend on external conditions: temperature, location, 
and duration of storage. Sample WM10+25 showed the 
greatest changes at the 18th month of storage, where 
the average clump size reached 5 to 6 cm and a consid-
erable effort was required to disperse them. The WMP 
samples stored in layer 10 at 6 ± 1°C and −30 ± 1°C 
formed significantly smaller clumps (P = 0.024, up to 
1 cm at 6 ± 1°C and 2 to 3 cm at −30 ± 1°C) and 
dispersed with little manual force. The SMP samples 
showed no significant changes over the entire storage 
period.

Milk Powder Particle Size Distribution

The mean particle size (D[4,3]) at the 18th month 
of storage did not exceed for WM0+6 133.2 μm, for 
WM5+6 148.8 μm, and for WM10+6 159.0 μm. A de-
crease in storage temperature to −30 ± 1°C increased 
D[4,3] to 181.7 μm only in WM10–30 samples. Storage 
at 25 ± 3°C significantly intensified the particle ag-
glomeration: WM0+25: 161.8 μm; WM5+25: 192.5 μm; 
and WM10+25: 258.5 μm (all P < 0.01). At the 18th 
month of storage, for WM10+25, 10% of the particles 
larger than the indicated size in micrometers (D90) 
did not exceed original sizes by more than 166%. The 
WM0+25, WM5+25, and WM10+25 samples featured 
the largest agglomeration.

The SMP sample particle sizes differ greatly from 
that of WMP samples. The reference sample (SM0+6) 
particle size was 77.8 μm at the beginning of the storage 
period. All of the studied SMP samples featured an ag-
glomeration rate similar to that of the WMP samples. 
In particular, after 18 mo of storage, the mean particle 
size increased by 6.15% and 9.55% for samples SM0+6, 
SM5+6, and SM10+6 and SM0–30, SM5–30, and 
SM10–30, respectively. The largest change in the par-
ticle size distribution was observed in samples SM0+25, 
SM5+25, and SM10+25: D90 were up to 12.4% greater 
than the original particle size. The Tukey’s post hoc 
range test identified some differences in the particle 
size distributions of the samples stored in layers 5 and 
10 (Table 3). All of the milk powder samples showed a 
statistically significant difference in their particle size 
distribution after storage (largest P = 0.039).

The particle size distribution curves for the SMP and 
WMP samples showed that all the control samples, as 
well as samples WM5–30 and WM5+6, corresponded to 
the Weibull distribution throughout the entire storage 
period. The WMP samples stored on the bottom layer 
and SM10+25 did not follow this distribution after 3 
mo of storage, whereas for SM5–10, SM10+6, SM5–30, 
and SM10–30, it was after 6 mo. In general, the particle 
size distribution curves shifted right and down as the 
storage time increased. The greatest changes to the 
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distribution curves were observed in the WMP samples 
stored on the bottom layer at all the given tempera-
tures (Figure 4) and in all the WMP samples stored at 
25 ± 3°C. Thus, in WM10+6 and WM10–30 samples, 
the curve peak shifted right and down from 128 μm (0 
mo) to 140 μm and 169 μm (18 mo), respectively. After 
3 mo of storage, the curves featured another small peak 
at the 429 μm particle size. The peaks in WM0+25, 
WM5+25, and WM10+25 samples shifted over time 
from 128 μm (0 mo) to 169, 185, and 204 μm (18 mo), 
respectively. The WM10+25 sample featured an ad-
ditional small peak at 684 μm after 12 mo of storage. 
This indicates a particle size increase, presumably due 
to their agglomeration.

The 3-way ANOVA was used to determine the effect 
of storage temperature on particle size distribution, 
where the categorical variable of the series (0, 5, 10), 
storage time, and temperature served as factors. The 
SMP and WMP samples were tested separately. Stor-
age at 25 ± 3°C significantly affected the particle size 
distribution in all WMP samples (largest P = 0.003, 
Figure 5a). Only the samples stored on the bottom lay-
ers showed statistically significant changes in the par-
ticle size distribution at −30 ± 1°C and 6 ± 1°C (P = 
0.041, P = 0.013, respectively). As to SMP samples, a 
statistically significant effect of temperature was found 
only for SM5+25 and SM10+25 samples starting from 
the 9th month of storage (largest P = 0.38, Figure 5b).

Ryabova et al.: EFFECTS OF STORAGE CONDITIONS ON MILK POWDER

Figure 2. Water activity (aw) and moisture mass fraction in the skim milk powder (a) and whole milk powder (b) samples stored in layer 
10 for 18 mo. Naming convention is [milk type][row number][storage temperature in degrees Celsius], where WM = whole milk and SM = skim 
milk. Values depicted are mean ± SD.
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To summarize, we found a significant effect of the 
combination of temperature and load on the WMP 
particle size distribution changes during storage. For 
SMP samples, SM10+25 featured great particle size 
distribution changes. The rest of the samples showed 
minimal changes not affecting the dissolution rate. It 
should be noted that temperature increase to 25 ± 3°C 
was the primary negative factor for all samples.

Wetting Angle

Table 4 presents the θ values measured over the 
18 mo of storage. The initial mean θ value for SMP 
samples was 16.9 ± 2.0°, and for WMP samples it was 
53.3 ± 1.9°. The maximum increase of the mean θ was 
recorded in the samples stored in layer 10 at 25 ± 3°C. 
For SMP samples, it was 39.9 ± 1.4°. In WMP samples, 
the mean θ increased to 71.3 ± 2.1°. Subsequent statis-
tical analysis of the mean θ values showed a significant 
mismatch between the 3 WMP sample groups stored at 
−30 ± 1°C, 6 ± 1°C, and 25 ± 3°C (P = 0.008) and 2 
SMP samples stored at −30 ± 1°C, 6 ± 1°C, and 25 ± 
3°C (P = 0.022; 2-way ANOVA and post hoc Tukey’s 
range test). At the same time, the ANOVA did not 
indicate any relationship between the layer number and 
the θ. Figure 6 shows the variations of the θ in the 
reference sample (mo 0) and after 18 mo for various 
storage conditions.

Titratable Acidity

In accordance with Guidelines MUK 4.2.1847–04 
(developed by The Ministry of Health of the Russian 
Federation), with a declared shelf-life of more than 
30 d, the safety factor must correspond to 1.2. The 
duration of the study was increased to 21.6 mo. The 
results are shown in Figure 7. The initial acidity of the 
samples was 0.154% and 0.156% in terms of lactic acid 
content for SMP and WMP samples, respectively. For 
WMP samples, significant changes were observed after 
12 mo of storage for WM10+25 sample (P = 0.038), 
which amounted to 0.165% lactic acid. After 21.6 mo 
of storage, only WM0+6 and WM0–30 samples showed 
no significant changes. The maximum titratable acidity 
was measured after 21.6 mo of storage in WM10+25 
sample: 0.172% lactic acid content. For SMP samples, 
significant titratable acidity changes (P < 0.05) were 
observed after 15 mo of storage. The largest changes 
occurred at 25 ± 3°C.

Solubility

Solubility is an important functional property of milk 
powder. It directly affects the production costs and the 
finished product quality. Milk powder is soluble when 
the insolubility index is less than 1 mL (99%). It is 
known that solubility mostly depends on the composi-

Ryabova et al.: EFFECTS OF STORAGE CONDITIONS ON MILK POWDER

Figure 3. Photos of the skim milk powder (SMP) and whole milk powder (WMP) samples after 18 mo of storage.
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Figure 4. Particle size distribution in whole milk powder (WMP; a) and skim milk powder (SMP; b) samples in layer 10 at different tem-
peratures during 18 mo of storage. The figures show the particle agglomeration and formation of particle clusters 500 μm for WMP and 200 
μm for SMP samples.
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tion, especially on the nature and structure of proteins 
(Felfoul et al., 2021).

Figure 8 shows the dynamics of the solubility of 
WMP and SMP measured during 21.6 mo of storage. 
The figure shows that both products have an identical 
insolubility increase pattern. The insolubility index of 
freshly prepared WMP and SMP was less than 0.5 mL. 
At the same time, WMP solubility did not actually 
change during the first 3 mo of storage, regardless of 
storage conditions. From the sixth month of storage, 
we found significant changes in samples WM0+25, 
WM5+25, and WM10+25 (largest P = 0.044). Sam-
ples WM10+25 and WM5+25 after 15 and 21.6 mo 
of storage exceeded 1 mL, which is the upper value of 
the normalized limit. The smallest changes for WMP 
samples were observed in the samples stored at 6 ± 1°C 
and −30 ± 1°C. The SMP samples showed a different 

pattern of solubility change with less scattering over 
a particular period. From the 15th month of storage, 
critical solubility changes were observed in samples 
SM10–30 and SM10+25. Only samples SM0+6 and 
SM5+6 had acceptable solubility after 21.6 months of 
storage, according to regulatory documentation (1 mL 
is the upper value of the insolubility index; if exceeded, 
milk powder is rejected).

Heat Stability

The heat stability of reconstituted milk is an impor-
tant factor in its further processing and determines the 
properties of the finished product. This indicator, in 
fact, is integral and is formed on the basis of chemical 
and physical properties of the substance. As part of 
the research, we studied the heat stability variations in 

Ryabova et al.: EFFECTS OF STORAGE CONDITIONS ON MILK POWDER

Figure 5. Effect of the storage temperature on the particle size distribution in whole milk powder (a) and skim milk powder (b) samples. 
Values depicted are mean ± SD.

Table 4. Average wetting angle values (mean ± SD) for skim milk powder (SMP) and whole milk powder 
(WMP) samples at 18 mo of storage1

SMP

 

WMP

Sample Average wetting angle Sample Average wetting angle

SM0 16.9 ± 2.0   WM0 53.3 ± 1.9
SM0–30 23.4 ± 1.8   WM0–30 57.1 ± 2.0
SM5–30 22.8 ± 1.9   WM5–30 60.2 ± 2.2
SM10–30 23.8 ± 2.1   WM10–30 61.8 ± 1.8
SM0+6 19.8 ± 2.4   WM0+6 58.8 ± 2.2
SM5+6 21.7 ± 2.1   WM5+6 59.6 ± 2.0
SM10+6 22.8 ± 1.6   WM10+6 60.6 ± 2.4
SM0+25 25.8 ± 1.5   WM0+25 66.1 ± 1.7
SM5+25 35.4 ± 0.9   WM5+25 69.0 ± 2.4
SM10+25 39.9 ± 1.4   WM10+25 71.3 ± 2.1
1SM0 and WM0: SMP and WMP samples at mo 0 for reference. Naming convention is [milk type][row number]
[storage temperature in degrees Celsius], where WM = whole milk and SM = skim milk.
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WMP and SMP samples during storage (Figure 9). The 
heat stabilities of WMP and SMP samples decreased 
in the same pattern. The mean values at the start of 
the study were 41.6 min for WMP samples and 52.2 
min for SMP samples. The samples stored at 25 ± 3°C 
showed the lowest heat stability. The range of the heat 
stability values after 21.6 mo of storage was 12.1 to 15.3 
for WMP samples and 16.9 to 19.7 for SMP samples. 

In the 6 ± 1°C and −30 ± 1°C temperature range, the 
heat stability change rate was reduced.

DISCUSSION

Industrial storage of milk powder is an important 
post-technological stage in ensuring the quality of the 
finished product. At the same time, the above-zero 

Ryabova et al.: EFFECTS OF STORAGE CONDITIONS ON MILK POWDER

Figure 6. Changes of wetting angle in whole milk powder (a) and skim milk powder (b) samples after 18 mo of storage. Naming convention 
is [milk type][row number][storage temperature in degrees Celsius], where WM = whole milk, and SM = skim milk. 0 M = wettability angle in 
whole milk powder and skim milk powder samples before storage.
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temperature ranges during storage are well studied in 
contrast to below-zero ones. Most studies focus on the 
effects of temperature and humidity on the functional 
and technological properties of milk powder and do not 
take into account the possible impact of loads applied 
to milk power during industrial storage. In this regard, 
the purpose of this study is to determine the effect of 
industrial storage at various temperature conditions, 
including low below-zero and high above-zero ones, on 
the change in aw, particle size distribution, caking, re-
hydration, and heat stability of milk powder produced 
in Russia.

In this study we used SMP and WMP samples 
obtained from various Russian manufacturers. The 
samples were sealed and stored on a storage simulator 
(“mini-pallet”) for 18 mo at −30 ± 1°C, 6 ± 1°C, and 
25 ± 3°C and 40 to 80% RH to simulate the actual 
industrial storage conditions. The samples were taken 
and analyzed every 3 mo.

The moisture content and aw are associated with the 
main changes in milk powder. The moisture content 
in the samples did not exceed the recommended 5% 
(Fournaise et al., 2020; GOST 33629-2015) at the start 
of the experiment. The aw values were consistent with 

Ryabova et al.: EFFECTS OF STORAGE CONDITIONS ON MILK POWDER

Figure 7. Titratable acidity in whole milk powder (a) and skim milk powder (b) samples. The horizontal lines indicate the acceptable error 
range. Naming convention is [milk type][row number][storage temperature in degrees Celsius], where WM = whole milk and SM = skim milk.
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the results reported by other researchers (Galstyan et 
al., 2016; Pugliese et al., 2017; Fournaise et al., 2020). 
These values did not change over the 18 mo of storage. 
However, Ellahi et al. (2011) reported an increase in 
the moisture content in WMP samples stored in poly-

ethylene (PE) bags for 120 d at 15 and 40°C. However, 
Yang et al. (2022) did not report any significant aw 
change after 180 d of SMP and WMP storage in reseal-
able plastic PE bags at about 22°C. We believe there 
were no significant changes in moisture content and aw 

Ryabova et al.: EFFECTS OF STORAGE CONDITIONS ON MILK POWDER

Figure 8. Insolubility index for whole milk powder (a) and skim milk powder (b) samples. Naming convention is [milk type][row number]
[storage temperature in degrees Celsius], where WM = whole milk and SM = skim milk.
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due to a closed, sealed environment without ambient 
air humidity fluctuations.

We observed SMP and WMP particle size distribu-
tion changes during storage, and the presence of clumps 
was characteristic only of WMP samples. It should 
be noted that clumping in amorphous powders with 
a moisture content of less than 5% is undesirable as 
further agglomeration causes sticking and caking with 

the formation of poorly soluble agglomerates (Pug-
liese et al., 2017; Dag et al., 2019; Kruchinin et al., 
2020; Sert and Mercan, 2021). All this hampers the 
subsequent milk powder processing. The kinetics of 
product structure change (particle size distribution and 
clumping) is influenced by many factors, the main ones 
being the particle structure, ambient temperature and 
RH during storage, and the applied mechanical impact 

Ryabova et al.: EFFECTS OF STORAGE CONDITIONS ON MILK POWDER

Figure 9. Heat stability of the reconstituted whole milk powder (a) and skim milk powder (b) samples versus storage conditions. Naming 
convention is [milk type][row number][storage temperature in degrees Celsius], where WM = whole milk and SM = skim milk.
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(Aguilera et al., 1995). It is generally accepted that 
structural changes in milk powder occur as the humid-
ity increases, which corresponds to a decrease in the 
Tg of milk powder below the storage temperature. At 
temperatures above Tg, the powder is transitioned from 
an amorphous to a glass state, which greatly increases 
water mobility and promotes the formation of liquid 
and solid interparticle bridges (Roos, 2010; Phosanam 
et al., 2020b; Juarez-Enriquez et al., 2022). However, 
in our study, the moisture content did not rise, and 
therefore we can claim that the load applied to milk 
powder significantly boosts clumping and changes the 
particle size distribution. At the same time, the results 
obtained allow us to associate changes in the product 
structure with the mass fraction of fat. The number 
and size of clumps increase with the increasing mass 
fraction of fat. This probably occurs due to the forma-
tion of free (surface) fat, which increases the cohesion 
of the particles (Kim et al., 2009), thereby contributing 
to lower flowability of the powder.

The θ between the surfaces of the powder and the wa-
ter drop is an indicator of milk powder wettability. As a 
rule, smaller θ values correspond to higher wettability, 
whereas larger θ values correspond to lower wettabil-
ity (Kim et al., 2002; Angelopoulou et al., 2021). The 
results of our study are consistent with WMP data re-
ported by Angelopoulou et al. (2021), whereas previous 
studies by O’Sullivan et al. (2017) presented different, 
higher values for SMP. We assume that the discrep-
ancy in the average θ values for SMP is most likely 
due to a different sample preparation procedure, which 
consisted in the formation of cylindrical pellets. This 
method is able to significantly modify the structure of 
milk powder, thereby affecting the average θ. Never-
theless, our results confirm that milk powder particles 
with a fat (hydrophobic component) on their surface 
show lower wettability and higher θ than particles with 
a hygroscopic surface and lower θ (Kim et al., 2002). 
Previous works have considered θ values simultaneous-
ly, without studying its dynamics during storage. We 
found that the greatest change in θ for WMP occurred 
during storage at 25 ± 3°C. This indirectly confirms 
the possibility of free fat formation in the mass of the 
product and predicts a decrease in the efficiency of its 
dissolution (Kim et al., 2002). The SMP sample data 
are the most interesting. We observed an increase of 
θ at high above-zero storage temperatures, which is 
intensified by the storage location depending on the 
pallet layer. This can probably be explained by the fact 
that SMP particle surfaces may be covered by as much 
25% fat and by the lack of a homogenization operation 
in SMP manufacturing process. It leads to the release 

of residual fat during storage at high temperatures and 
protein transformations.

Titratable acidity is a characteristic of a product in-
dicating the amount of acid residues in it. High acidity 
values indicate low product quality. The initial acidity 
of the samples was 0.154% and 0.156% in terms of lactic 
acid content for SMP and WMP samples, respectively. 
Its increase during storage mostly depended on the 
temperature and milk powder type. In this regard, we 
can state that the reactions are initiated and intensified 
with the complication of the system and an increase in 
temperature. A similar change in milk powder proper-
ties during storage was noted by Ellahi et al. (2011), 
who attributed the changes to the possible growth of 
psychrophilic and thermophilic microorganisms. How-
ever, Chudy et al. (2015) attributed the increase in 
acidity to hydrolysis, the formation of free fatty acids, 
oxidation of fats, and the reaction of glucose with pro-
teins and phospholipids. Since the permissible range of 
titratable acidity specified in the Russian regulations 
is from 0.126% to 0.189% of lactic acid in milk powder 
(GOST 33629-2015, 2015), the changes we observed 
were not critical. According to the Codex Alimentarius 
CXS 207-1999 (1999), the upper range of titratable 
acidity corresponds to 0.162% of lactic acid. A probable 
main factor is initial acidity. We can assume that as it 
decreases, the acidity increase rate in storage will be 
significantly lower or remain at the same level.

Solubility is an important functional property of milk 
powder. It directly affects the production costs and the 
finished product quality. Milk powder is soluble when 
the insolubility index is less than 1 mL (99%). It is 
known that solubility mostly depends on the composi-
tion, especially on the nature and structure of proteins 
(Felfoul et al., 2021). The results of our study showed 
that significant changes in milk powder solubility were 
observed after 15 mo of storage, which correlates with 
previously obtained data (Ellahi et al., 2011; Galstyan 
et al., 2016). We introduced an additional factor for 
detailing the influence of the pallet layer number, with 
the help of which it was found that the greatest change 
occurred in samples SM10+25 and WM10+25. We at-
tribute this change to the loss of native properties of 
proteins, which corresponds to the general concept of 
biomacropolymer aging proposed by Gorbatova (2021).

One of the important technological properties of milk 
powder is heat stability. As part of the research, the 
dynamics of heat stability of WMP and SMP samples 
in storage were determined. The results of the study 
showed that WMP and SMP samples had a similar pat-
tern of index decline. Given the available data on the 
decrease of solubility, a similar heat stability decrease 
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confirms the protein phase degradation (Sharma et al., 
2012; Singh, 2004; Radaeva et al., 2019).

CONCLUSIONS

Milk powder is a long shelf-life product with high 
nutritional value, used in various branches of the food 
industry. Taking into account the geographical and cli-
matic conditions of Russia, milk powder storage condi-
tions vary from below-zero to above-zero temperatures. 
We could not find any data on milk powder storage 
at below-zero temperatures. There are no data on the 
influence of the bag location on the pallet. The data 
obtained by us confirmed the possibility of storing 
milk powder at −30 ± 1°C and 25 ± 3°C for 18 mo 
without any weight load applied. At the same time, 
the industrial storage simulation revealed that at −30 
± 1°C the location of the product on the pallet is not 
essential. At 25 ± 3°C, the location and mass fraction 
of fat significantly affect milk powder quality. In par-
ticular, the most pronounced negative changes were 
associated for SMP with solubility, heat stability, and 
titratable acidity. The first signs of product quality loss 
were observed after 15 mo of storage. For WMP, the 
particle size distribution, solubility, heat stability, and 
titratable acidity were mostly affected. At the same 
time, the change rate confirms the possibility of storing 
the product for up to 15 mo without considerable loss 
of quality.
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