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Abstract The influence of adverse conditions of envi-

ronment in the case of baby formulas, which are multiple

mixtures, should be minimised. Water activity (aw) and

moisture content, correlated through sorption isotherms,

and glass transition temperature have been considered

relevant parameters to describe food stability. The aim of

the study was to analyse water activity and glass transition

temperature as the function of water content for samples of

baby formulas. Three types of baby formulas (mixture,

agglomerate, coated agglomerate) were determined by

sorption isotherms, DSC and MDSC. DSC curves of mix-

ture, agglomerate and coated agglomerate did not show

differences in shape and course. The glass transition tem-

perature of powders stored at different water activities was

measured and it decreased with the increase in moisture

content, confirming the strong plasticising effect of water

on this property. Critical water activities varied from 0.14

to 0.68 and critical moisture contents varied from 0.032 to

0.062 g g-1 powder.

Keywords Baby formulas � Sorption isotherms � Glass

transitions temperature � DSC

Introduction

Baby formulas are powders of multicomponent compo-

sition and, therefore, vary in powder structure.

Amorphous and crystalline products possess different

properties [1, 2]. In most milk powders, lactose is one of

the main components. Lactose, protein and salts are

miscible with water, while lipids have fairly little inter-

action with water [3, 4].

Water activity is defined as the ratio of vapour pressure of

water in food to the vapour pressure of pure water at the

same temperature and total pressure [5, 6]. The description

of water activity relates to equilibrium conditions. Water

activity aw is the most useful expression of water require-

ments for microbial growth and enzyme activity. It can be

used to predict the stability of food and its shelf life [7].

Water activity depends on the composition, temperature

and physical state of the compounds [8]. The knowledge of

sorption data is important for many aspects related to food

technology like prediction of microbiological, enzymatic

and chemical stability, selection of packaging materials,

designing of drying and concentration processes as well as

the choice of adequate storage conditions [9]. The impor-

tance of isotherm data was presented by many authors for

example: Kowalska and Lenart [10], Zhou and Labuza

[11], Zhou et al. [12], Furmaniak et al. [13], Jakubczyk

et al. [14], Szulc and Lenart [15]. Water sorption isotherms

are important thermodynamic tools for predicting the

interactions between water and food components. They

describe the relationship between water activity and the

equilibrium moisture content of a food product [16, 17].

Therefore, different more or less advanced sorption models

have been used (with greater or smaller success) in the field

of food engineering science for the description of water

sorption data [13].

The glass transition temperature (Tg) is defined as the

temperature at which an amorphous system changes from

the glassy to the rubbery state. An important utility of Tg is

made in the state diagram which, in its simplest form,
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represents the pattern of change in the state of a material as

a function of increasing levels of solids [3, 8, 18]. State

diagrams are graphical representations of the physical

states of food constituents with respect to the temperature,

moisture or solids content of foods at constant pressure for

equilibrium and non-equilibrium systems [8, 19]. The state

diagram of food over the whole range of moisture content

gives full information about the temperature of the differ-

ent phase transitions at given moisture content and assists

in predicting food stability during storage as well as

selecting a suitable condition of temperature and moisture

content for processing [8, 19, 20].

DSC (differential scanning calorimetry) was found

very useful in food research, for example in assess oxi-

dation processes occurring in fats [21, 22], phase tran-

sitions in food powders [1, 3, 13]. Rahman [23]

combined both the water activity and glass transition

concepts in the state diagram. Tg, which can be investi-

gated by Modulated Differential Scanning Calorimetry

(MDSC), is specific to each amorphous material and can

be correlated to some caking or agglomeration of poly-

saccharide powders, like inulin [24] or maltodextrin [3].

It is well known that water is the major component

responsible for depressing the Tg of food material. For

this reason, water is considered as a strong plasticiser in a

food system [25–27].

Foodstuffs with low moisture contents and Tg value

above the storage temperature can be considered stable.

However, a slight increase in moisture content significantly

reduces Tg. Therefore, moisture sorption isotherms and Tg

data provide critical values for the water activity and

moisture content at room temperature [9, 28, 29]. Storage

of dehydrated foods at humid conditions may increase

water activity (aw) as a result of water sorption, and the

glass transition of the materials may decrease to below

ambient temperature. Most foods contain carbohydrates

and proteins as the main non-fat solids. The glass transition

behaviour of various carbohydrates is well known, but a

higher Tg may be found for carbohydrate–protein mixtures

than for carbohydrates alone [30]. Lactose as a milk

component significantly affects the physical characteristics

of dairy powders [31–33].

In the literature, glass transitions of pure components are

more commonly reported than the real foods, which are

more complex multi-components mixtures [34].

The aim of the study was to analyse water activity and

glass transition temperature as the function of water con-

tent for samples of baby formulas. Water activity of

environment, water content and glass transition tempera-

ture of powdered products are essential for predicting the

storage conditions of powdered baby formulas. The

obtained results will be necessary to define the shelf life of

products.

Materials and methods

Materials

The powders used in this study were as follows: skim milk

powder produced by District Cooperative Dairy in Koło,

Poland, essential polyunsaturated fatty acids Ropufa 10 n-3;

Food Powder S/SD and Ropufa 10 n-6, Food Powder distrib-

uted by DSM Nutritional Products Ltd company in Mszczo-

nów, Poland; lactose and whey protein powder distributed by

Hortimex Ltd company in Konin, Poland. The agglomerate

and coated agglomerate were prepared from mixture, which

was obtained from skim milk powder (9.5 mass %), lactose

(39.0 mass %), whey protein (10.0 mass %), essential poly-

unsaturated fatty acids (EPUFA) n-3 (4.5 mass %) and n-6

(36.0 mass %).

Mixing, agglomeration, coating and drying

Technological processes involved in the production of

powder mixture were mixing, wet agglomeration, coating

and drying. These processes were carried out in a fluidized

bed agglomerator of the STREA 1 type produced by Niro-

Aeromatic A.G., Bubendrof, Switzerland. 15 % lactose

solution as the wetting liquid (binder solution) was used in

the case of wet agglomeration process in the fluidized bed

as well as in coating process. A sample of food powder

weighing 300 g was placed in the product container, and

fluidized by means of an upward flowing air stream. The

temperature of the inlet fluidizing air entering the bed was

set at 50 �C. During agglomeration and coating, it was

necessary to increase fluidizing air flow regularly in order

to maintain correct fluidization of enlarged agglomerates.

When the binder solution had been used up, the product

was dried for 15 min at 50 �C [10, 35, 36].

Differential scanning calorimetry

Phase and glass transition temperatures were measured and

recorded on differential scanning calorimeter (DSC, TA

Instruments Q 200, New Castle, USA). Before the calori-

metric experiments, all samples were dried for 24 h in a

vacuum, under pressure of 13 kPa and at a temperature of

50 �C. The powders were stored in desiccator with CaCl2
about water activity close to 0 at 22 �C. The first DSC

experiment consisted of appointment of temperature of

phase transitions. The powders (10–15 mg) were non-her-

metically sealed in aluminium pans (volume 30 L). The

samples were heated from -60 �C up to 300 �C with the

heating rate of 5 �C min-1. The DSC technique was used

to obtain heat flow (W g-1) versus temperature curves [3].

The cell was purged with dry nitrogen at 50 mL per minute

and calibrated for baseline on an empty oven and for
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temperature using standard pure indium. Specific heat

capacity was calibrated using a sapphire standard. An

empty pan was used as the reference.

The samples were tested using the same method after

storage. The DSC experiments were done without vacuum

drying of samples. The powder samples were measured at

water activity about 0.32–0.36. Water content of mixture,

agglomerate and coated agglomerate were, respectively,

3.02; 2.94 and 3. 11 g H2O*100 g dry matter-1.

Sorption isotherms

Water vapour adsorption isotherms were determined using

the static-gravimetric method. The products were stored at

a stable relative humidity, which ranged from 0.0 to 0.9, for

3 months, at temperature 25 �C [37]. The products to be

analysed were placed in desiccators. Saturated salt solu-

tions were used as hygroscopic factors. The salts were

CaCl2, LiCl, CH3COOK, MgCl2, K2CO3, Mg(NO3)2,

NaNO2, NaCl, (NH4)2SO4 and BaCl2 with water activities

of 0, 0.113, 0.225, 0.329, 0.438, 0.529, 0.648, 0.753, 0.810

and 0.903, respectively. Before measurement, the moisture

content was determined by drying the powder samples at

50 �C for 24 h [14]. Water content was determined

according to PN-EN ISO 5537:2006 [38]. The water

activity was determined using the HygroLab C1 (Rotronic

Instruments, UK).

The Peleg model (1) available in the literature [39] was

evaluated by determining the best fit to the experimental

data presented in Fig. 3.

m ¼ A � aB
w þ C � aD

w ð1Þ

The m and aw are equilibrium moisture content and

water activity, respectively. The other symbols are the

model constants.

The fitting of Peleg model was checked by coefficient of

determination (R2).

Modulated differential scanning calorimetry

MDSC (modulated differential scanning calorimetry) was

used to determine the glass transition temperature of

powders. The samples were scanned from -60 to 300 �C at

a constant heating rate of 2 �C min-1 with an amplitude of

±1 �C and 60 s period of modulation. Curves were ana-

lysed with respect to the total, reversible and nonreversible

heat flow [26]. Glass transition was reported with param-

eters indicating its onset, midpoint and endpoint of a ver-

tical shift in the reversing transition curve. The powders at

water activity close to 0 were non-hermetically sealed in

aluminium pans. The powders at higher water activity were

sealed in hermetically aluminium pans. TA Instruments

Universal analysis software was used to analyse the glass

transition temperature. All of the measurements were per-

formed in triplicate [14, 40, 41].

The glass transition temperature of foods was modelled

by Gordon–Taylor equation (2) [42]:

Tgm ¼
Xs Tgs

� �
þ kXsðTgwÞ

Xs þ kXs

; ð2Þ

where Xs and Xw are the mass fractions of solid and water

(w.b.), respectively; Tgm, Tgs and Tgw are the glass transi-

tion temperatures of the sample, solids and water, respec-

tively. Tgw = -135 �C; k is the Gordon–Taylor parameter

[8, 42].

Statistical analysis

Each analysis was carried out in triplicate. The data were

reported as the mean ± SD. Two-way ANOVA was per-

formed using Statgraphics Plus for Windows program,

version 4.1 (Statistical Graphics Corporation, Warrenton,

VA, USA). Differences were considered to be significant at

a P value of 0.05, according to Tukey’s Multiple Range

Test.

Results and discussion

The subjects of research were three models of baby for-

mulas. The first baby formula was the mixture of pure

ingredients, the second one was agglomerated by 15 %

wetting liquid and the third one was coated agglomerate.

Crystal lactose was the main ingredient in all baby for-

mulas. The DSC curves are presented in Fig. 1. The DSC

curves of mixture, agglomerate and coated agglomerate

were characterized by two endothermic, distinct peaks. The

maximum temperature of first endothermic peak was

observed at 143 �C for all powders. The second distinct,

endothermic peak for mixture, agglomerate and coated

agglomerate was observed at the temperature of 208 �C.

The third endothermic peak on DSC curve of mixture was

determined at the temperature of 216 �C. DSC diagrams of

agglomerate and coated agglomerate were characterized by

the same three peaks, for which the intensity was lower

than in the case of mixture peak. The exothermic peaks

observed above temperature of 250 �C according to the

literature [43] were a result of sample decomposition. The

shape and course of DSC curves of agglomerate and coated

agglomerate were very similar to DSC diagram of mixture

baby formula (Fig. 1). The process (agglomeration or

coating) has no influence on thermal properties of studied

powders. Gombas et al. [44] and Szepes et al. [45] studied

temperatures of phase transitions of both amorphous and

crystalline lactose and observed the endothermic peaks on

DSC curves at 144 �C (water evaporation) and 213 �C
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(genuine melting of a-lactose) for crystalline lactose,

respectively. In DSC diagram of 100 % crystalline a-lac-

tose an endothermic peak at 144 �C is observed, which

represents the loss of crystalline water [44, 45]. Melting

temperatures of 100 % crystalline a- and b-lactose were

observed by Gombas et al. [44] at 213 �C and 224 �C,

respectively. However, according to the literature data [23],

the temperature of melting point of pure lactose is higher

and depends on the state of the sugar. The temperature of

melting lactose (especially b-lactose) measured in our

experiments differed from that obtained by Gombas [44]

and Szepes [45], mainly due to the effect of different

ingredients of baby formulas. Chiou et al. [1] determined

the influence of spray drying parameters on thermal prop-

erties of lactose. The volume of exothermic peak is

dependent on amorphous lactose content as shown by

Chiou et al. [1]. Based on the shape and course of DSC

diagrams of studied baby formulas [3, 46] differences in

composition of baby formulas can be observed.

Powders (mixture, agglomerate and coated agglomerate)

were stored in plastic bags for 6 months at 20–22 �C, and

air relative humidity was 42–45 %. Efforts were made

during storage to maintain room (normal) conditions of

storage.

The effect of storage of the mixture, agglomerate and

the coated agglomerate is shown in Fig. 2. The shape and

course of all baby formula DSC curves before and after

storage were very similar. Besides the three endothermic

peaks near 140, 210 and 216 �C, an additional mild and

broad endothermic peak was detected between 35 and

120 �C. This transition was the result of an increase of

water content in the samples. The peaks observed between

35 and 120 �C were corresponded to the evaporation of

water. The process of agglomeration and coating has the

same influence on water sorption by powders during

storage. The moisture content of powders has increased

during storage. Thomas et al. [47] studied the effect of

storage conditions (20 �C, range of water activity

0.11–0.95, time of storage—3 months) on stability of the

mixtures of lactose and whey protein and showed that the

high content of lactose improved the stability of the

mixtures.

The moisture sorption isotherm of baby formula pow-

ders measured at 25 �C is shown in Fig. 3. The water

vapour sorption isotherms of the mixture, agglomerate and

coated agglomerate showed a characteristic sigmoid shape,

the most common in foods [10, 48, 49]. This sigmoid shape

indicated a II type according to BET classification [50].

The wet agglomeration of food powders analyzed in this

study, and wetting liquid used in the process (agglomera-

tion or coating) had no significant influence on the shape of
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the water vapour sorption isotherms. The sigmoid shape

sorption isotherms are usually observed for dairy powders

[51–53]. Szulc and Lenart [15] carried out a few model of

agglomerated baby formula sorption isotherms. The wet-

ting liquid (water, 2 % lecithin solution, 50 % sugar

solution), which was used in agglomeration or coating

process had no influence on the agglomerated baby formula

powders ability for water vapour sorption. The analysis of

the course of water vapour sorption isotherms had allowed

to determine the water sorption limit. Above water activity

0.75, a significant increase in water adsorption can be

observed. The rapid increase of water content was observed

in samples beyond this level of water activity (Fig. 2).

Shape and course of water vapour sorption isotherms are

more dependent on the composition of powders than on the

agglomeration or coating processes (with different kinds of

wetting liquid).

The water vapour sorption isotherms can be described

by many models. The Peleg model is one of the simplest

four-parameter model consisting with the double power

expression (1) that can describe sigmoid shape of sorption

curve. The construction of formula with two elements

A � aw
B and C � aw

D enables to obtain the sigmoid shape of the

sorption isotherm. The Peleg model [39] was the only

available in the literature that fits to the experimental data

(Fig. 3 and Table 1). The Peleg equation is suitable to

describe II and III type of sorption isotherms model.

The three-parameters model developed by Anderson

[54], De Boer [55] and Guggenheim [56] known as the

GAB model describes sorption isotherm. The model is

based on the theory of gas adsorption to surfaces. Model-

ling of water sorption isotherms of foods has been carried

out using the GAB equation by many authors, but the

model has some limitations. An attempt to apply the GAB

model was undertaken, but the parameters of the GAB

equation for baby formulas (data are not presented) did not

satisfy the conditions stipulated by Lewicki [57] so as to be

eligible for experimental data description. Results pre-

sented in Table 1 indicated that the Peleg’s model best

describes the experimental adsorption and data for mixture,

agglomerated and coated mixture with using 15 % lactose

solution on the process. Peleg developed a semi-empirical

four-parameter model to describe sigmoid shape of mois-

ture sorption isotherms (Table 1). In product which

contained crystalline sugars (for example baby formulas)

with increasing water content, dissolution of sugars

occurred. It might lead to the creation of the solution with

concentration close to saturation. A level of adsorbed water

significantly increased. The system has aimed to ensure

thermodynamic balance with an environment [58–60].

Peleg equation turned out to be well fitted for equilibrium

moisture sorption data for different products at water

activity up to about 0.85–0.95 [14, 61]. Spada et al. [62]

carried out adsorption isotherms for microcapsules with

hydrolyzed pinhao starch. They have determined isotherms

between 10 and 30 �C (the temperature range studied) and

a water activity range from 0.11 to 0.98, the Peleg model

fitted the experimental data well. The Peleg models were

used to perform variation of water activity with equilibrium

moisture content of the mixture, agglomerate and coated

agglomerate baby formulas.

The relationships between water activity and glass

transition temperature (Tgm) as a functions of equilibrium

moisture content are shown in Figs. 4, 5 and 6 for the

mixture, agglomerate and coated agglomerate, respec-

tively. The glass transition temperature obtained for

experimental data of baby formulas are shown in Table 2.

Gordon–Taylor model fitting for experimental data of

mixture, agglomerate and coated agglomerate is shown in

Table 3. The values of glass transition decreased with

water contents increasing as shown in curves of variations

of glass transition temperature, water activity with equi-

librium moisture content of all baby formula (Figs. 4, 5, 6).

According to glass transition conception for temperature

25 �C (temperature of determination sorption isotherms),

the value of critical water activity was 0.14 and value of

equilibrium moisture content 0.062 g water � g powder-1

for mixture. The stability of mixtured baby formula was the

best in, or below, that value of water activity and water

content at storage temperature (25 �C). The value of crit-

ical water activity and equilibrium moisture content for

agglomerate was different, 0.68 and 0.038 g water � g

powder-1, respectively (Fig. 5). The best value of critical

water activity during storage proved to be much higher

than for mixture. The value of water activity was 0.29 and

the value of equilibrium moisture content 0.032 g water � g
powder-1 for coated agglomerate according to glass tran-

sition conception (Fig. 6). Peleg model was the best fitted

Table 1 Peleg model fitting for experimental data

Material A B C D R2

Mixture 0.5980 ± 0.0223 14.3376 ± 0.0147 0.0431 ± 0.0049 1.3692 ± 0.0642 0.9997

Agglomerate 0.8555 ± 0.0071 15.2461 ± 0.0057 0.0484 ± 0.0114 1.2983 ± 0.0127 0.9998

Coated agglomerate 0.6648 ± 0.0187 13.9158 ± 0.0321 0.0421 ± 0.0165 1.3833 ± 0.0282 0.9997
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to the experimental sorption isotherms. There is no

monolayer in this model. The water activity conception

coincided with glass transition conception. The main

ingredient of experimental baby formula was lactose. The

presence of sugar increased water activity of agglomerate

and coated agglomerate during storage. Roos [26] carried

out state diagrams of maltodextrin with different DE (5, 10,

20 and 36). The critical water activity of powders ranged

from 0.45 to 0.70 at storage temperature 25 �C. The critical

water content (g water � 100 g dry mater-1) of maltodextrin

samples reached the values of about 10. Tonon et al. [17]

obtained high values of critical water activity and moisture

content (g water � 100 g dry mater-1) at 25 �C for malto-

dextrin (DE 10 and 20) (0.574 and 0.086; 0.535 and 0.083,

respectively), for gum arabic (0.571 and 0.100, respec-

tively) and tapioca starch (0.554 and 0.061, respectively).

The mixtures of lactose and salts (NaCl, CaCl2, KCl and

MgCl2) were used to obtain state diagrams by Omar and

Roos [4]. They determined values of critical water activity

and moisture content (g water � 100 g dry mater-1); for all

mixtures the values ranged from 0.4 to 10. The ingredients

of experimental baby formulas, except crystalline lactose,

were skim milk powder, powdered fatty acids and whey

protein. The interactions between ingredients were present.

These experiments are the beginning and the results

obtained are preliminary and require further research. Data

on water sorption and Tg of baby formulas are helpful for

evaluation of proper dehydration, processing and storage

conditions for dairy foods.

Conclusions

DSC curves of mixture, agglomerate and coated agglom-

erate did not show differences in shape and course. The

shape of DSC curves of baby formulas has changed after

storage, because of increased water content. Sorption iso-

therms of baby formula belonged to II type according to

BET classification. There is no influence of agglomeration

or coating process on shape and course of baby formulas

sorption isotherms. The glass transition temperature of

powders stored at different water activities was measured

and it decreased with the increase in moisture content,

confirming the strong plasticizing effect of water on this

property. The obtained results provide an opportunity to

predict the critical water activities of environment and

critical moisture contents of studied powders. Above these

values, agglomerate baby formula can become collapsed

and sticky. However, for a complete study of powder sta-

bility, it is necessary to continue experiments.
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assessment of various powdered baby formulas by conventional

methods (DSC) or FT-IR spectroscopy. J Therm Anal Calorim.

2012;110:465–77.

3. Roos Y, Karel M. Plasticizing effect of water on thermal

behaviour and crystallization of amorphous food models. J Food

Sci. 1991;56(1):38–43.

4. Omar E, Roos Y. Glass transition and crystallization behaviour of

freeze-dried lactose–salt mixtures. LWT. 2007;40:536–43.

5. Scott W. Water relations of Staphylococcus aureus at 30 �C. Aust

J Biol Sci. 1953;6:549–64.

6. Scott W. Water relations of food spoilage microorganisms. Adv

Food Res. 1957;7:83–124.

7. Troller J, Christian J. Water activity in food. New York: Aca-

demic Press; 1978. p. 7.

8. Shi Q, Wang X, Zhao Y, Fang Z. Glass transition and state

diagram for freeze-dried Agaricus bisporus. J Food Eng.

2012;111:667–74.

9. Mrad N, Bonazzi C, Boudhrioua N, Kechaou N, Courtois F.

Influence of sugar composition on water sorption isotherms and

on glass transition in apricots. J Food Eng. 2012;111:403–11.

10. Kowalska J, Lenart A. The influence of ingredients distribution

on properties of agglomerated cocoa products. J Food Eng.

2005;68:155–61.

11. Zhou P, Labuza T. Effect of water content on glass transition and

protein aggregation of whey protein powders during short-term

storage. Food Biophys. 2007;2:108–16.

12. Zhou P, Liu X, Labuza T. Moisture-inducted aggregation of whey

proteins in a protein/buffer model system. J Agr Food Chem.

2008;56:2048–54.

13. Furmaniak S, Terzyk A, Gołembiewski R, Gauden P, Czepirski

L. Searching the most optimal model of water sorption on

foodstuffs in the whole range of relative humidity. Food Res Int.

2009;42:1203–14.
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