
Characterization of commercial dried milk and some of its
derivatives by differential scanning calorimetry

Alessandro Pugliese1 • Maria Paciulli1 • Emma Chiavaro1 • Germano Mucchetti1

Received: 3 September 2015 / Accepted: 8 January 2016 / Published online: 3 February 2016
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Abstract The comprehension of the thermal phenomena

of milk powders is still object of investigation, being the

result of complex interactions among their components as

affected by composition, storage conditions and manufac-

turing. For a better understanding of the above-mentioned

phenomena, the effect of the single milk component (pro-

teins, casein, whey proteins and lactose) on the thermal

behavior of whole and skim milk powders was investigated

by means of DSC during heating. Whole milk powders

exhibited two endothermic transitions related to the fat

crystal melting at temperatures between 276 and 325 K.

Glass transitions of lactose (309 K) and caseins

(347–358 K) with their enthalpy relaxation phenomena

were observed in the milk derivatives, being instead highly

influenced from aw and composition in the dried milk. At

higher temperature (353–473 K), different exothermic

events, such as lactose crystallization, Maillard reaction

and/or decomposition of carbohydrates and proteins, were

recognized in the curves of milk and protein derivatives

powders. A good explanation of the thermal properties of

the milk powders was obtained from the comparison with

the heating curves of the single components. Lactose

resulted the key component of many thermal events, being

the molecule more influenced by the environmental con-

ditions. These results can lead to a better comprehension of

the physical properties of the milk powders, fundamental

for their functional and commercial quality.

Keywords DSC � Heating � Dried milk � Milk protein �
Lactose � Thermal properties

Introduction

Milk powder manufacture is a process that involves the

removal of water from the concentrated milk mainly by

spray drying into a flow of hot air with low percentage

relative humidity (RH %). Dried milk is a convenient and

easy to use dairy product, because of low-cost transport and

long-term storage at room temperature. According to the

drying conditions, the main milk components might be

involved in various modifications, e.g., chemical modifi-

cations (Maillard reaction, protein denaturation, protein to

protein aggregation, protein to fat interactions and protein

to carbohydrate bonds) or physical ones (lactose crystal-

lization, stickiness, collapse and aroma retention) [1, 2].

The nature and the extent of these modifications may

depend on many variables, such as composition, processing

and storage conditions [3–6].

The use of the differential scanning calorimetry (DSC)

for the assessment of the food quality changes during

processing and storage has been already successfully pro-

posed [7, 8]. It was also considered as a powerful tool to

record physical changes occurring during milk dehydration

by spray drying and during storage [9–11].

The application of this technique to the field of milk

powders, however, focuses mostly on the study of the

thermal behavior of the milk components. Among these,

lactose, the most abundant component of dried milk, is

involved in the major thermal reactions whether it is in

amorphous or crystalline form, characterized by different

thermal properties [12–14], and the crystallization of

amorphous form in dairy powders during storage is one of
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the main causes of quality loss [15, 16]. If not crystallized

within the process, the amorphous lactose [17] can convert

from a glassy-to-rubbery state when stored above its glass

transition temperature (Tg) and according to the relative

humidity [5, 15, 18, 19]; the increase in molecular mobility

and the decrease in viscosity may cause stickiness, caking

and crystallization [17]. The presence of the other com-

ponents such as proteins and fats can largely affect the

physicochemical properties of all milk powders, including

water absorption, glass transition and crystallization [14].

According to Jouppila et al. [20], proteins seem to limit and

delay crystallization of lactose in milk powders compared

with pure lactose. In addition, the denaturation of proteins

[11, 21, 22] and their aggregation [2] originate endothermic

and exothermic peaks, respectively, well detected by

means of DSC. Finally, milk fat is characterized by a great

number of triglycerides, originating different melting

temperatures that could be observed by DSC in a broad

endothermic peak range, varying between 233 and 313 K

[23, 24].

While the association of each transition to a molecular

modification may be easier when mono or two-component

systems are tested, the explanation of a multi-component

matrix as dried milk is more complex and not unequivocal

because of the interactions between the components and/or

the superposition of phase transitions [25]. Few studies are

available on the thermal relationship existing between milk

powders and their components [9, 14, 17, 18, 20, 22, 25],

and for most of them, the heating scan stopped at tem-

perature lower than 453 K.

Thus, starting from the statement that DSC peaks of

dried milk can be different from those of raw milk, because

of the interactions of the milk components as modified by

the process, the actual objective of this work was to study

for the first time in the literature the heating behavior up to

498.15 K of several samples of whole and skim dried milk,

in comparison with commercial dried dairy powders (ca-

sein, whey protein concentrates, lactose) resulting from the

milk cracking and characterized by a large prevalence of

one or two components.

Materials and methods

Samples

The dried milk samples used in this study were three spray-

dried whole milk (WM1–3), one whole milk (WM4)

obtained by roller drying method, eleven spray-dried

skimmed milk (SM1–11) and dried milk derivatives such

as lactose (LAT), milk protein concentrate (MPC), pre-

samic casein (CAP), acid casein (CAA), sodium caseinate

(CAS), whey protein concentrate (WPC) and whey protein

isolate (WPI). The commercial products were collected

from several European manufacturers (Spain, Germany,

Ireland and Poland). Compositional data were given by

manufacturers. SM powders had\1.5 % of fats, lactose in

the range of 51.5–56.0 % and proteins and ash content in

the range of and 33.1–36.5 % and 6.2–9.5, respectively.

The WM powders had 26.0 % of fats approximately, lac-

tose in the range 36.8–40.0 %, proteins and ash from 24.0

to 26.2 % and 5.5–7.0, respectively. Lactose was pure at

99 %, while the protein content of MPCs, CAP, CAA,

CAS, WPC and WPI was 82, 91, 95, 90.5, 79.3, 92 %,

respectively. Moisture was usually \4.5 %, with the

exception of casein products where it was\12 %.

Water activity

Water activity (aw) of all the samples was measured at

298.15 K using a Decagon Aqualab Meter Series 3TE

(Pullman, WA, USA) and determined as the mean of three

measurements.

DSC analysis

Samples (8–10 mg) were weighed into aluminum pans,

accurately weighted with an analytical scale (Ohaus

AR2140, Florham Park, NJ, USA), and covers were sealed

into place and analyzed with a DSC Q100 (TA Instruments,

New Castle, DE, USA). Indium (melting temperature

429.75 K, DHf = 28.45 J g-1) and mercury (melting

temperature 234.35 K, DHf = 11.4 J g-1) were used to

calibrate the instrument, and an empty pan was used as

reference. Pans with samples were equilibrated at 298.15 K

for 3 min and then cooled at 193.15 K at the rate of

5 K min-1, equilibrated at 193.15 K for 5 min and then

heated from 193.15 K to 498.15 at 5 K min-1. Dry nitro-

gen was purged in the DSC cell at 50 mL min-1. The

curves were analyzed with Universal Analysis Software

(version 3.9A, TA Instruments) to obtain peak temperature

at the beginning, Tonset (Ton), and at the maximum, Tpeak

(Tp), of the transition. Glass transition temperature (Tg) was

recorded as the Ton of the corresponding transition.

Three replicates were analyzed per sample, and data

were tabulated as average value ± standard deviation.

Results and discussion

The heating curves of all the dried milk and milk deriva-

tives samples are shown in Figs. 1–5. Detected peaks are

indicated with a different letter (from a to l).

Multiple thermal events are shown over the entire range

of temperature. In particular, the curves of the dried milk

samples are quite similar among them despite their
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different origins and probable manufacturing process con-

ditions. On the contrary, milk derivatives curves presented

specific behaviors.

Several differences were, however, found, and curves

will be described focusing on the single thermal event

starting from the lowest to the highest temperature. Due to

the complexity of the curve profiles, characterized by

successions and overlapping of endothermic, exothermic

and glass transitions, the tracking of the baseline could not

be accurate. The enthalpy calculation was thus not con-

sidered for describing the observed transitions.

To favor the discussion about the possible meaning of

the peaks found in the curves of each sample, the tem-

peratures (Ton and Tp) of the major transitions are reported

in Tables 1 and 2, together with the aw values.

Endothermic transitions

Whole milk powders exhibited two endothermic transitions

(peaks a and b) related to the fat crystal melting in the

range of temperature from 276.2 to about 320 K (Fig. 1);

Tp values of these peaks were about 291 K for the first peak

and from 307.2 to 316.2 K for the second peak (Table 1).

In all the skim milk powder samples, these peaks did not

appear. Different numbers and/or maximum temperatures

were shown in the literature for these peaks in relation to

the composition of the matrix [2, 25]. Grotenhuis et al.

[24], analyzing anhydrous milk fat, observed three

endothermic peaks, the first in the range from 233 to

281 K, the second relatively sharp and ended at 293 K,

while the third was found at approximately 308 K.

Temperature/K

723 523373 423 473323

H
e

a
tf

lo
w

/W
 g

–1
Exo up

0.4

WM1

WM2

WM3

WM4a b c

d e

f

c*

Fig. 1 DSC curves of the whole milk powders (WM1–WM4) under

flowing N2 atmosphere at 5 K min-1. Main peaks (a–f) were

indicated with lowercase letters
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Fig. 2 DSC curves of the skim milk powders (SM1–SM6) under

flowing N2 atmosphere at 5 K min-1. Main peaks (c–f) were

indicated with lowercase letters
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Fig. 3 DSC curves of the skim milk powders (SM7–SM8) under

flowing N2 atmosphere at 5 K min-1. Main peaks (c–f) were

indicated with lowercase letters
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Fig. 4 DSC curves of amorphous lactose under flowing N2 atmo-

sphere at 5 K min-1. Main peaks (g–i) were indicated with lowercase

letters

Characterization of commercial dried milk and some of its derivatives by differential… 2585

123



However, it should be noted that the presence of the first

peak was related to the rate of cooling before the melting

step. Rahman et al. [25], analyzing camel milk, found two

peaks related to the fat melting with Ton and Tp at 283 and

290 K for the first peak and at 307 and 314 K for the

second peak, respectively. Peak temperatures resulted dif-

ferent for pure camel fat and cream, with the first peak at

lower and the second at higher temperature. Aguedo et al.

[26] found only one peak at 283.4 K for milk fat applying a

melting rate of 15 K min-1, while Ostrowska-Ligeza et al.

[22] showed two peaks at 345.1 and 326 K analyzing

whole milk powder.

Denaturation of whey proteins (a-lactalbumin, b-lac-

toglobulin) may occur in the temperature region of

323–363 K depending on the powder property and process

adopted for the production [2, 21, 27]. Both dried whole

and skim milk powders did not show endothermic peaks in

this region, probably because the drying process already

led to a denaturation of the whey proteins and/or their

interactions with casein. The overlapping of the denatura-

tion peak with other transitions cannot be excluded, too. On

the other hand, the analysis of the commercial whey pro-

tein concentrates (WPI and WPC, Fig. 5) confirmed the

data reported in the literature [2, 21, 27], as these curves

showed an endothermic transition at the Tp of 347 and

346.4 for WPI and WPC, respectively.

Casein micelles, the major milk protein component, lack

tertiary globular structure during heating; thus, pure casein

should not show endothermic transitions under DSC exper-

iments [28, 29]. In this study, however, where commercial

caseins samples (CAS, CAP, CAA) have been heated in the

region between 330 and 350 K (Fig. 5), an endothermic

transition (m*) immediately before a glass transition (m) was

visible, more evident in samples CAP and CAA than CAS.

Similarly, Bengoechea et al. [30] found an endothermic peak

immediately before the glass transition temperature on ren-

net caseins. These authors hypothesize that the endothermic

transition could be associated with the proteins’ physical

aging (enthalpy relaxation) phenomena.

The heating curves of the milk protein concentrates (MPC,

Fig. 5) showed a behavior similar to that of caseins. MPC is a

mixture of concentrated milk proteins, and thus, the shape of its

curves corresponds to the reaction of the major component.

Moreover, simultaneous unfolding (endothermic) reactions of

the whey proteins and interactions (exothermic) between the

unfolded globular whey proteins and caseins can be superim-

posed in the same temperature range [31].

As reported above, the bigger complexity of the DSC

profiles of skim and whole milk powders compared to

protein concentrates did not allow to detect these transi-

tions in dried milk powder curves, probably due to the

overlapping with the Tg/enthalpic relaxation transition and

with other exothermic transitions. It is also reported [32]

that in mixed system the glass transition may be broad,

making difficult the DSC detection. Moreover, because of

the known plasticizing effect of sugars on proteins, lactose

may have caused the decrease in the protein glass transition

and the overlapping with certain other transitions visible at

lower temperatures [32].

Glass transition

In the present study, dried milk samples were analyzed as

they arrived to the laboratory and without further modifi-

cations. The water content (according to the producer data)

and the water activity (Tables 1, 2) of the samples were in

the range 2.4–5.0 % and 0.144–0.329, respectively. A glass

transition was observed in all the dried milk samples, with

the exception of WM2, in the temperature range from

about 315–330 K (Table 1; Figs. 1, 2, 3, peak c).

It is well known that the presence of the glass transition

(Tg) and its variability are strongly related to the physical

state of the powder given by the drying process, as well as

the chemical composition and the water activity (aw) [33].

Fernandez et al. [18] measured Tg values of 334 and 335 K

for whole and skim milk, respectively.

Ozmen et al. [34] found decreasing Tg values of skim

milk powder in the range from 360.8 to 319.8 K, with a

water content increasing from 1.65 to 4.52 %. Hogan et al.

[35] found a similar trend of Tg values for skim milk

powders; its temperatures decreased from 334.1 to 284.1 K

as moisture content and aw increased from 1.9 to 8.1 % and

from 0.10 to 0.38, respectively.

Jouppila et al. [20] affirmed that Tg could not be

determined in whole milk powders with moisture content

higher than 4.3 % due to the overlapping of fat melting

endotherm and Tg in the same temperature range. In
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Fig. 5 DSC curves of MPC, WPC and casein powders under flowing
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samples of skim and fat containing milk, with water con-

tent lower than 4.3 %, Tg was found at temperature

between 331.1 and 336.1 K [20]. Rahman et al. [25]

measured a Tg value of 304.1 K for whole camel milk, with

a moisture fraction of 7.9 %.

In this study, the dried milk samples (Figs. 1–3, peak c)

and the amorphous lactose (Fig. 4, peak g) showed typical

glass transitions. For lactose, the onset Tg value of 309.2 K

(Fig. 4, peak g), at a aw lower than 0.05 (Table 2), was

found. Haque et al. found a higher Tg value of 365.1 K for

anhydrous lactose [36]. However, aw hardly affects onset

Tg value, as shown by Jouppila and Roos [20], who found

that the glass transition of amorphous lactose occurs at

297.15 K at a water content of about 6.8 %.

Focusing on the dried whole and skim milks, the Tg

(Table 1) visible in the range 315–332 K showed an high

inverse correlation (Pearson correlation coefficient

R = -0.77; p\ 0.01) with aw, confirming the plasticizing

effect of water on the glass transition.

As previously explained, protein milk derivative curves

(MPC, CAS, CAP and CAA), except whey proteins,

exhibited a glass transition (peak m, Fig. 5; Table 2) after

the endothermic enthalpic relaxation (peak m*, Fig. 5;

Table 2), in the range of temperature from 341.9 to

349.5 K. Rahman et al. [25] observed a glass transition of

casein and whey proteins at onset temperature of 350.1 and

368.1 K, respectively.

Exothermic peaks related to milk components

modifications and/or interactions

An enthalpy relaxation phenomenon, typically associated

with the peaks of glass transitions (Figs. 1–3, peak c;

Fig. 4, peak g), is observed in milk powders and in lactose

[9]. Enthalpy relaxations may be either endothermic or

exothermic, depending on the thermal history of the

material and the timescale of observation [33]. In the

conditions used in this study, an exothermic peak

(Figs.1–3, peak c*; Fig. 4, peak g*) was visible after the

lactose glass transition (Figs. 1–3, peak c; Fig. 4, peak g).

The exothermic phenomenon was associated with an

enthalpic relaxation, representative of a certain degree of

mobility of the molecules [35, 37–39].

In Figs. 1–3, one (WM1 and SM6 to SM 8 samples) or

two (all the other samples) exothermic transitions (peaks

d and e), followed by a large exothermic peak preceded by

a not defined shoulder (peak f), were observed. The Ton of

these peaks was measured at temperatures ranging between

356.8 and 393.2 K for the first peak (Table 1, peak d) and

389.1 and 424.4 K for the second peak (Table 1, peak e). It

is possible to hypothesize that these transitions were not the

consequence of a single isolated reaction, but the results of

different overlapped thermal events, such as lactose crys-

tallization, Maillard reaction and/or decomposition or

denaturation of carbohydrates and proteins. Furthermore, a

small and flat transition was also visible at 292.4 K in WPC

(Table 2, peak j).

The transitions reported in Fig. 5 above 373 K were

difficult to interpret and detect due to the minor drifts of the

baseline. MPCs and WPC powders exhibited a transition

with Tp in the range between 402.3 and 414.2 K (Table 2,

peak l). According to Morgan et al. [1], lactose crystal-

lization and Maillard reaction are the two major modifi-

cations occurring in milk and whey powders during

processing and storage. It is well known that milk proteins

and other components delay the peak [40] and the rate [20]

Table 2 Heating transitions temperature (K) of dried milk components

aw g on p on p

g h i

LAT < 0.05  309.2 ± 2.3 347.6 ± 3.9 359.9 ± 1.5  466.6 ± 6.2 483.2 ± 0.1
 aw on p on p g on

T T T T T

T T T T T T Tp

j k m l 

MPC1 0.479 ± 0.002    347.3 ± 0.5 387.6 ± 1.2 402.3 ± 0.2 
MPC2 0.468 ± 0.002    353.3 ± 0.5 390.8 ± 0.5 412.9 ± 0.0 

WPI 0.443 ± 0.001   337.7 ± 0.0 347.0 ± 0.2  400.9 ± 1.7 413.0 ± 2.7

WPC 0.459 ± 0.000 281.2 ± 0.7 292.4 ± 0.2 335.1 ± 0.0 346.4 ± 0.2  387.8 ± 0.0 414.2 ± 0.6 

CAP 0.481 ± 0.008    353.0 ± 1.2  

CAA 0.485 ± 0.006    357.5 ± 1.0  

CAS 0.384 ± 0.007    358.3 ± 1.7  

Data are reported as means of three replicates ± sd (standard deviation). aw: activity water. Ton  temperature represent the on-set 
temperature of transition. Tg temperature represent the on-set temperature of glass transition. Tp : temperature represent the peak 
temperature of transition. Data are reported on italics for the exothermic transitions. Letters g to l identify the transitions in the 
Figures 4,5
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of lactose crystallization in milk powder. In the present

study, amorphous lactose (obtained by lyophilization)

showed an exothermic transition with Ton and Tp at 347.6

and 359.9 K, respectively (Fig. 4 and Table 2, peak h),

attributable to the crystallization phenomenon, according

to the literature results. Haque et al. [40] and Morgan et al.

[1] reported a crystallization temperature of pure lactose

ranging from 340.3 to 390.5 K, and from 335.1 to 363.1 K,

respectively, in a range of activity water similar to the ones

found in the present study. However, crystallization tem-

perature of pure lactose is lower than those of lactose in

milk powders. Generally, Ton decreased as water content

increased [20], and the presence of fat and proteins retards

lactose crystallization [20, 41]. Moreover, it is well known

that the samples composition and the relative processing

methods impact on the temperature of the phase transitions

resulting in more or less marked shift of the peaks.

The last large transition of milk powders heating curves

(Figs. 1–3, peak f) may be s instead accountable to the

decomposition of lactose (465.2–469.6 K). In the heating

curve of the amorphous lactose, an exothermic transition

beginning at the temperature of 498.7 K was found (Fig. 4)

(data not reported in Table 2). Ostrowska-Ligęza et al. [22]

found a similar transition in milk powder samples in the

range 473.1–544.1 K, and they attributed this peak to the

sample decomposition. On the other hand, Rahman et al.

[25] described as ‘‘structure forming’’ the exothermic

transition found in dried camel milk around 473 K.

Conclusions

The findings of this study add new literature information

about thermal behavior of milk powders and the effect of

components on DSC curves. DSC analysis of commercial

dried whole and skim milk did not show relevant differ-

ences among the analyzed samples, although some of them

had a specific thermal profile, probably caused by unknown

manufacture processing conditions and/or storage. How-

ever, the comparison of the DSC curves of milk powder

samples with those of commercial dried milk derivatives

(proteins with or without lactose and pure lactose) con-

firmed the crucial role of lactose in the thermal behavior of

milk powder. Modifications of lactose, caused by the pro-

cessing, are clearly shown by the exothermic peaks above

430 K, while the presence of a glass transition followed by

an exothermic enthalpic recovery makes possible to out-

point the presence of amorphous lactose in the sample.

Knowing the lactose behavior in dried milk can help to

prevent the crystallization of amorphous lactose controlling

the water migration during storage at temperature below

the Tg value.

The absence, in the milk powders, of endothermic peaks

usually found in WPC and associated with whey protein

heat denaturation, is probably due to the whey proteins

complete denaturation during drying, or to possible inter-

actions with casein. Moreover, this interaction can con-

tribute to modifying the glass transition of casein.

The findings of this study revealed that a deeper

understanding of DSC curves of dried milk may result in

the future possibility to apply thermal analysis to dis-

criminate dried milk characteristics not only on the basis of

their components, but also on the influence of drying pro-

cess and/or storage on composition. This aspect deserves to

be deepened with further studies on the matter.
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