Solid and Liquid States of Lactose

Y.H. Roos

Lactose in dairy systems can exist in various crystalline and non-crystalline
forms. These forms affect lactose behaviour, particularly in processing and
storage of low-water dairy foods. Crystalline a-lactose monohydrate and
anhydrous fS-lactose are well-known solid forms of lactose, which are rela-
tively poorly soluble in water. Its occurrence in two anomeric forms, a- and
[-lactose, makes its solubility a complex function of temperature. a-Lactose
has low solubility in water at room temperature, but mutarotation to equili-
brium quantities of the a- and [-forms increases the overall solubility of
lactose which increases rapidly with increasing temperature, with a more
rapid increase in the solubility of a-lactose. Liquid dairy systems contain
dissolved lactose in a complex chemical environment and lactose is likely to
exist in a composition-, temperature- and process-dependent «/(-ratio. On
rapid removal of solvent water from dairy liquids on dehydration or freezing,
lactose molecules retain their solution structure and, therefore, amorphous,
non-crystalline solid forms of lactose are typical of dairy powders and frozen
dairy desserts (Roos, 1995; Hartel, 2001).

Amorphous lactose in dairy solids may often exist in a glassy, solid
state or in a syrup-like, super-cooled liquid state. The apparent glass-like
solid state results from a very high viscosity exceeding 10'? Pa s (White and
Cakebread, 1966). The state transition of amorphous solid- and liquid-like
states occurs over a second-order-type state transition known as the glass
transition (White and Cakebread, 1966), as described in Figure 2.1. The
glass transition involves no latent heat but it can be observed from changes
in heat capacity, thermal expansion coefficient, dielectric properties,
various mechanical and flow properties and molecular mobility (White
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Figure 2.1. A schematic presentation of changes in enthalpy, H, entropy, S, and volume, V'
around glass transition temperature, T, and melting temperature, Ty,. The glassy state is a non-
equilibrium state and the glass transition occurs over a temperature range and results in a change
of a solid-like material to a syrup-like liquid in sugar systems.

and Cakebread, 1966; Lai and Schmidt, 1990; Slade and Levine, 1991;
Kalichevsky et al., 1993a; Roos, 1995). The glass transition of hydrophilic
dairy solids is dominated by that of lactose in which water acts as a softener
or ‘plasticizer’ (Jouppila and Roos, 1994a,b). Plasticization by water can be
observed as a decrease in the glass transition temperature with increasing
water content.

Water plasticization is an important factor contributing to dehydration
characteristics and storage stability of dairy solids. A dramatic and well-
documented decrease in the stability of dairy powders occurs above a critical
water content and corresponding critical water activity (Supplee, 1926; Troy
and Sharp, 1930; Herrington, 1934; Lea and White, 1948; King, 1965; Labuza
and Saltmarch, 1981; Jouppila et al., 1997; Haque and Roos, 2006). These
values of critical water content and water activity correspond to those at
which the glass transition of lactose occurs at the storage temperature
(Figure 2.2). Exceeding the glass transition conditions of lactose results in
dramatic changes in the flow properties of dairy powders and the time-
dependent crystallization of lactose (Roos and Karel, 1991c; 1992; Jouppila
et al., 1997; Paterson et al., 2005; Haque and Roos, 2004; 2006). Many other
physical and chemical changes observed in dehydrated and frozen dairy
system have been shown to result from water plasticization and the glass
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Figure 2.2. Water plasticization and glass transition temperatures of lactose at various water
contents. Depression of the glass transition temperature, T, with water content was predicted by
the Gordon-Taylor equation (1). The critical water content and water activity correspond to
plasticization, depressing 7, to room temperature. Higher water levels result in stickiness, caking,
increased browning rates and time-dependent lactose crystallization. Data from Haque and Roos
(2004).

transition of lactose (Roos and Karel, 1991a; Slade and Levine, 1991; Jouppila
et al., 1997; Hartel, 2001).

The objective of this review is to highlight properties of non-crystalline
lactose and its impact on dairy product characteristics at low water contents
and in the frozen state. The non-crystalline state of lactose is often a non-
equilibrium state showing time-dependent characteristics which may be
observed, for example, from changes in flow properties and time-dependent
lactose crystallization.

2.1. State Diagram of Lactose

A state diagram may be considered as a ‘map’ which describes conditions at
which non-crystalline systems appear as solid glasses or as super-cooled
liquids at various water contents and temperatures. State diagrams describe
water plasticization behaviour of hydrophilic amorphous solids and the
concentration dependence of the glass transition of solutes taking into
account ice formation (solvent crystallization) and its effect on solute
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Figure 2.3. State diagram of lactose. The glass transition temperature (T}) curve at high solids
content explains the physical state dependence on temperature and water plasticization. Solvent
water crystallization is controlled by equilibrium freezing as defined by solute concentration and
kinetically by vitrification at solute concentration of C,’ with a glass transition of a maximally
freeze-concentrated lactose at T;;' and onset temperature of ice melting at 77,

concentration at low temperatures. The state diagram of lactose (Figure 2.3)
is useful for characterization of the physical state and physical properties of
common dehydrated and frozen dairy foods.

State diagrams have been used by Levine and Slade (1988a, 1989) to
characterize the effects of frozen storage temperature on food quality which
is particularly important to understand the frozen state properties of ice
cream and other dairy desserts. State diagrams are available for lactose,
milk powders with various fat contents and with hydrolysed lactose (Jouppila
and Roos, 1994b; Roos, 2002), lactose protein mixtures (Haque and Roos,
2006) and lactose-salt systems (Omar and Roos, 2006a,b). It appears that
lactose governs the solid state of lactose-containing powders but the hydrolysis
of lactose results in a significant change to solid properties. This change is a
result of the hydrolysis of lactose to glucose and galactose which differ
greatly in their sensitivity to water from that of lactose (Jouppila and
Roos, 1994a,b). It is also important to note that the glass transition of
dairy solids is a property of the hydrophilic, miscible components, often
dominated by lactose or its mixtures with added sugar components and



Solid and Liquid States of Lactose 21

products of lactose hydrolysis. Water plasticization occurs only in the solids-
non-fat fraction, and state diagrams describe the solids-non-fat properties of
dairy systems.

The lactose—water system is a binary solute—solvent mixture. Water, as
a small molecular mass solvent, acts as a strong plasticizer and a significant
depression of the glass transition temperature, T,, occurs at low water con-
tents (Slade and Levine, 1991). The plasticization behaviour of amorphous
polymer—solvent systems is often modelled using the Gordon-Taylor rela-
tionship (Gordon and Taylor, 1952), which allows modelling of the glass
transition temperature depression with increasing water content. The Gor-
don-Taylor relationship is shown in equation (1), where w and w, are weight
fractions of solids and water, respectively, T; and T, are the glass transition
temperatures of respective components and & is a constant:

T Wi T +kwa T
&£ wy + kwy

(1)

The constant, k, in equation (1) can be derived from experimental data
for T, at various water contents (Roos, 1995). Water plasticization of lactose
has been shown to follow this equation which allows its use for establishing
the glass transition curve in the state diagram of lactose (Roos and Karel,
1991a). The Gordon-Taylor equation has also been applied to predict water
plasticization of dairy powders (Jouppila and Roos, 1994b; Haque and Roos,
2006), casein (Kalichevsky et al., 1993a,b) and a number of other food
systems (Roos, 1995). Although numerous values have been reported for
the glass transition temperature of non-crystalline water, the glass transition
temperature for amorphous water is often taken as —135°C (Sugisaki et al.,
1968). Several equations other than the Gordon-Taylor relationship are
available for predicting the effects of water plasticization and composition
on the T, of dairy solids (Roos, 1995).

Most state diagrams show equilibrium melting temperatures of ice at
various water contents and kinetic limitations for ice formation. Ice formation
ceases at temperatures where the equilibrium ice melting temperature
approaches the glass transition of the freeze-concentrated solutes in an unfro-
zen solute matrix. Kinetically limited ice formation may be described as non-
equilibrium ice formation, which is a typical phenomenon in rapidly cooled
carbohydrate solutions and probably the most common form of ice formation
in frozen dairy systems, including ice cream and frozen yoghurt. One of the first
studies reporting non-equilibrium freezing was that of Troy and Sharp (1930),
who found that rapid freezing of ice cream resulted in freeze-concentration and
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super-saturation of lactose which, at a sufficiently low temperature, would not
crystallize. Several sugars, including lactose, and sugar—protein mixtures form
such super-saturated amorphous matrices in frozen systems (Bellows and
King, 1973; Roos and Karel, 1991a; Slade and Levine, 1991; Goff et al.,
1993; Roos, 1993; Goff, 2002; Singh and Roos, 2005).

State diagrams show the T, at various water contents. Freezing of water
results in separation of ice and concentration of solutes in unfrozen water.
Freezing of water ceases as the glassy state of the unfrozen water—solute phase
is approached. The glass transition temperature of the maximally freeze-con-
centrated solute (temperature at which ice formation ceases) with corresponding
solute concentration, C’,, onset temperature for ice melting in the maximally
freeze-concentrated solution, 77, equilibrium ice melting temperature, T,
curve, and solubility, are often included in state diagrams. The state diagram
of lactose with transition temperatures and corresponding lactose concentrations
is shown in Figure 2.3. The most precise C,’ values and corresponding unfrozen
water contents, I, can be derived from state diagrams established with experi-
mental 7, values (Roos and Karel, 1991b). The solute concentration of maxi-
mally freeze-concentrated solute matrices, including that of non-fat milk solids,
has been found to be about 80% (w/w), i.e. the unfrozen water content (W) is
20% (w/w). These values correspond to solute and water concentrations, respec-
tively, at which ice formation may not occur in freezing, i.e. ice formation is not
possible in a system composed of 20% (w/w) water and 80% (w/w) solutes (Roos
and Karel, 1991a,b; Roos, 1993; Jouppila and Roos, 1994b). Higher levels of
unfrozen water may exist in maximally freeze-concentrated matrices of food
polymers such as starch and proteins due to their much higher 7", values (Roos
and Karel, 1991d; Roos, 1995; Singh and Roos, 2005).

2.2. Stickiness and Caking

Stickiness and caking are phenomena which may occur when amorphous
powder components are plasticized thermally as a result of heating or by
exposure to high humidity, resulting in water sorption and plasticization
(Peleg, 1977, 1983; Roos, 1995; Lloyd et al., 1996; Paterson et al., 2005;
Fitzpatrick et al., 2007). Stickiness and caking of dairy powders are often
related to water plasticization of amorphous lactose. Water plasticization
may result in glass transition and viscous flow of the non-crystalline lactose at
particle surfaces which is observed as stickiness and caking. The surface viscos-
ity of particles is an important property of amorphous powders. Downton ez al.
(1982) showed that surface viscosity governs the flow properties, stickiness
and caking of amorphous powder particles. Levine and Slade (1988b) suggested
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that as the viscosity decreased rapidly above the glass transition, amorphous
solids could undergo numerous time-dependent structural transformations.
These changes in food systems included stickiness and caking of powders,
plating of particles on amorphous granules and structural collapse of dehy-
drated structures.

Williams et al. (1955) found that the viscosity of amorphous glucose
above its glass transition was similar to the viscosity of other inorganic and
organic glass-forming compounds. Viscosity was related to relaxation times
above T, and followed an empirical relationship known as the William—
Landel-Ferry (WLF) equation (2), which was derived from the viscosity
data for a number of compounds.

log— = —————~ 2)

where 7 is viscosity at temperature, T, 7, is viscosity at a reference tempera-
ture, T, and C; and C, are constants.

The main cause of stickiness is water or thermal plasticization of
particle surfaces, which allows a sufficient decrease in surface viscosity and
enhances liquid-like behaviour and the development of surface tension for
adhesion. Downton et al. (1982) suggested that an increase of temperature or
water content caused the formation of an incipient liquid state of a lower
viscosity at the particle surface, which resulted in stickiness. Downton et al.
(1982) proposed that particles sticked together if sufficient liquid could flow
to build strong enough bridges between the particles and that the driving
force for the flow was surface tension, which was confirmed for dairy systems
by Adhikari et al. (2007).

Stickiness is a time-dependent property. Since viscosity in the glassy
state is extremely high, the contact time must be very long to allow adhesion.
A dramatic decrease in viscosity above T, reduces the contact time and causes
stickiness which can be related to the time scale of observation. Downton
et al. (1982) estimated that a surface viscosity lower than 10°-10® Pa s at a
contact time of 1-10 s was sufficient for stickiness. The sticky point was found
to decrease with increasing water content. The critical viscosity for stickiness
was almost independent of water content, ranging from 0.3 x 107 to 4.0 x
107 Pa s, which agreed well with the predicted viscosity range. Wallack and
King (1988) reported that the critical viscosity range applied also to other
amorphous powders.

Stickiness and caking may also be related to the hygroscopicity of non-
crystalline sugars. Brennan et al. (1971) studied stickiness properties of
powders in spray drying and they pointed out that two approaches may be
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used to reduce the thermoplasticity and hygroscopicity and therefore to solve
problems caused by wall deposition in spray drying, i.e. the use of additives as
drying aids and the use of specially designed equipment. The sticky point,
which describes particle adhesion and stickiness temperature, of amorphous
food solids against water content follows an isoviscosity curve with about a
constant temperature difference from 7, (Downton et al., 1982; Roos and
Karel, 1991a), and the measurement of the sticky point by the method of
Lazar et al. (1956) can be considered as a method which, in fact, locates the
glass transition of the food solids (Chuy and Labuza, 1994).

Dairy solids-non-fat are plasticized by both temperature and water.
Water at a constant temperature may affect the physical properties similarly
to temperature at a constant water content. Assuming that the WLF-type
temperature dependence applies, the viscosity at a constant water content
decreases with increasing temperature. The WLF equation with the ‘uni-
versal’ constants C; = —17.44 and C, = 51.6, when T, is the reference
temperature (Williams ez al., 1955), predicts that an isoviscosity state of
107 Pa s exists at about 20°C above Ty, which agrees with the experimental
and predicted critical viscosity values for stickiness reported by Downton
et al. (1982). The particular importance of the relationship between the
sticky point and 7y is that the T, of amorphous dairy powders can be used
as a stability indicator. Thus, knowledge of the T, and its dependence on
water content can be used to evaluate causes of stickiness problems, espe-
cially in the production and storage of dairy and other amorphous powders,
as described in Figure 2.4.

Caking of sticky powders occurs when sufficient time is allowed for
surface contact. According to Peleg (1977), liquid bridging is one of the main
inter-particle phenomena which result in caking of food powders. Factors
that may cause liquid bridging include water sorption, melting of component
compounds (e.g. lipids), chemical reactions that produce liquids (e.g. non-
enzymatic browning), excessive liquid ingredients, water released due to
crystallization of amorphous sugars and wetting of the powder or equipment.
The most common caking mechanism in food powders is plasticization due to
water sorption and subsequent inter-particle fusion (Peleg and Mannheim,
1977; Peleg, 1983). Caking of amorphous powders often results from the
change of the material from the glassy to a less viscous liquid-like state,
which allows liquid flow and the formation of inter-particle liquid bridges.
Peleg (1983) pointed out that humidity caking’ is the most common mechan-
ism of caking. Humidity caking is a consequence of an increasing water
content, plasticization and depression of T, to below ambient temperature
(e.g. Slade and Levine, 1991). The close relationships between stickiness and
glass transition suggest that caking also occurs above the 7, with rates which
are defined by the temperature difference, 7-T, which for dairy powders is
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Figure 2.4. Glass transition temperature, 7T, of skim milk with a schematic representation of
liquid droplets during dehydration. Dehydration to a glassy state is required for free-flowing
lactose systems. The presence of lower molecular weight sugars would reduce the stickiness zone
to lower temperatures and water contents while a shift to higher temperatures can be achieved by
mixing lactose with higher molecular weight components. In the wet and semi-dry droplets,
lactose exists as a liquid which becomes increasingly viscous as the water content decreases.

highly dependent on solids composition which is particularly important to
systems with hydrolysed lactose or modified sugar composition (Jouppila and
Roos, 1994a,b; Vega et al., 2005).

2.3. Crystallization and Recrystallization

The non-crystalline state of lactose is a non-equilibrium condition with a high
level of super-cooling and a large driving force towards the crystalline,
equilibrium state. Lactose crystallization and recrystallization in dairy pow-
ders and frozen desserts are glass transition-related, time-dependent phenom-
ena which are governed by the mobility of lactose molecules. Crystallization
in the solid, glassy state may not occur as translational mobility of lactose is
not possible and crystallization is kinetically limited. Molecules in the glassy
state are not able to change their spatial arrangement to the highly ordered,
crystalline equilibrium state. At temperatures and water contents exceeding
the critical values for the glass transition, molecular mobility increases
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rapidly and results in lactose crystallization in various forms, depending on
temperature and water content (Haque and Roos, 2005).

Crystallization of amorphous lactose in dairy powders and in ice cream
during storage is one of the principal causes of loss of product quality
(Supplee, 1926; Troy and Sharp, 1930). Supplee (1926) reported that milk
powders sorbed large amounts of water at low storage relative humidities.
This water often induced changes in properties of the powder, and the water
content decreased at higher humidity conditions due to crystallization. Troy
and Sharp (1930) reported that drying of milk and whey by spray drying and
roller drying produced a glass, composed of a non-crystalline mixture of a-
and (-lactose. Water sorption by whey powders caused plasticization and
subsequent hardening of the material owing to lactose crystallization.

Herrington (1934) found that lactose glasses were stable at room tem-
perature if they were protected from water. The existence of lactose in the
glassy state in dairy products and lactose crystallization at high storage
humidities have been confirmed in numerous studies. These studies have
used polarized light microscopy, electron microscopy, differential scanning
calorimetry (DSC), nuclear magnetic resonance (NMR) and X-ray techni-
ques to analyse the physical state of lactose in dairy powders (King, 1965; Lai
and Schmidt, 1990; Roos and Karel, 1990; Jouppila et al., 1997; Haque and
Roos, 2005). As shown in Figure 2.5, water sorption by most dehydrated
dairy products, which contain lactose, shows a characteristic break in the
sorption isotherm, indicating lactose crystallization (Berlin et al., 1968a,b;
Jouppila and Roos, 1994a,b; Haque and Roos, 2006).

The crystallization behaviour of amorphous lactose in milk products is
also temperature dependent. Berlin et al. (1970) observed that the relative
humidity at which the break in sorption isotherms appeared was dependent
on temperature, which was confirmed by Warburton and Pixton (1978). An
increase in storage temperature shifted the break to a lower relative humidity.
The temperature dependence of the water sorption properties of crystallizing
amorphous sugars can be explained by changes in their physical state. DSC
thermograms of milk powders show a glass transition and a crystallization
exotherm for the amorphous lactose fraction (Jouppila and Roos, 1994b).
Water plasticization decreases the T, of lactose and a higher water content
causes lactose crystallization at a lower temperature. Water plasticization of
non-crystalline lactose and associated depression of the 7, to a lower tem-
perature indicates that the break in the lactose sorption isotherm is both
temperature and time dependent.

Amorphous lactose may crystallize in a complex manner in a number of
crystalline forms and the form produced depends on the relative humidity and
temperature. According to Vuataz (1988), lactose crystallizes as the anhy-
drous g-form at relatively low water activities or as a-lactose monohydrate
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Figure 2.5. Sorption isotherm of amorphous lactose. A break in water sorption occurs as a
result of lactose crystallization above the critical water content. Crystallization can be observed
at varying rates at different storage relative humidities. Recrystallization of anhydrous crystals
to a-lactose monohydrate crystals may be observed at higher water activities (Haque and Roos,
2005).

above a,, 0of 0.57 at room temperature. At higher temperatures, crystallization
behaviour may change according to the stability of the crystalline form at the
crystallization temperature. As shown in Figure 2.5, at intermediate water
contents recrystallization of § and «/f mixed forms seems to occur and
produce higher amounts of a-lactose monohydrate during storage (Haque
and Roos, 2005). Various other components in milk, e.g. proteins and salts,
also affect the crystallization properties and the crystalline form produced at
different temperature and water conditions (Haque and Roos, 2006; Omar
and Roos, 2006a,b).

The kinetics of crystallization at a constant temperature above T, can
be related to water content and water activity, which define the temperature
difference, 7-T,. Therefore, lactose crystallization may occur above a critical
water content or water activity at a constant temperature at a rate defined by
the corresponding 7-7, (Roos and Karel, 1992). The rate of lactose crystal-
lization in dairy powders increases also with increasing relative humidity of
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Figure 2.6. Relative nucleation () and crystallization (0) rates for lactose at various water
activities at room temperature. The glass transition of lactose is defined by water activity, and
crystallization occurs above the critical water activity. The rate of nucleation at a low water
activity is high but crystal growth occurs slowly which results in a low overall rate of crystal-
lization. The maximum rate and extent of crystallinity (---) is achieved around 0.7 a,, (Jouppila
etal., 1997).

storage environment (e.g. Saltmarch and Labuza, 1980; Vuataz, 1988; Joup-
pila et al., 1997). Increasing relative humidity increases water sorption and
water activity, which causes water plasticization and increases the tempera-
ture difference, 7-7T,. The T-T, of lactose defines the rate of crystallization,
as shown in Figure 2.6.

Jouppila and Roos (1994b) determined glass transition temperatures
for freeze-dried milk powders, which contained various amounts of fat. The
T, of non-fat solids at various water contents was almost the same as that of
lactose (Figure 2.2). The water sorption properties of the non-fat solids were
not affected by the fat component. Jouppila and Roos (1994b) developed
state diagrams for milk powders, which defined critical values for water
content and water activity for stability. Combined 7, and water sorption
data suggested that a water content of 7.6 g/100 g of non-fat solids depressed
T, to 24°C. The corresponding water content for pure lactose was 6.8 g/100 g
of solids. The critical a,, was 0.37. These values, being similar to those shown
in Figure 2.2, are in good agreement with several studies which have found
critical water contents and storage relative humidities for milk powders based
on water sorption properties (e.g. Warburton and Pixton, 1978).
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Milk powders with lactose hydrolysed to galactose and glucose show no
break in their sorption isotherms (San Jose et al., 1977; Jouppila and Roos,
1994a). It was suggested that crystallization of individual sugars in the pro-
tein—glucose—galactose mixture was delayed in comparison to lactose crystal-
lization in skim milk and whey powders. Skim milk powders containing
hydrolysed lactose showed a T;, well below that of amorphous lactose. Powders
produced from skim milk containing galactose and glucose as a result of
enzymatic hydrolysis of lactose had an anhydrous 7, at 49°C and a water
content of 2.0 g/100 g of solids reduced the 7, to 24°C (Jouppila and Roos,
1994b). Haque and Roos (2006) have shown that the 7, of lactose-containing
anhydrous skim milk powders is close to that of lactose at 105°C. However, a
number of T, values for amorphous lactose have been reported, which reflect
the sensitivity of the transition to composition and water. Various criteria are
also used to locate the transition temperature in DSC thermograms and it may
be taken from the onset or mid-point of the transition.

Galactose and glucose show glass transitions at 30 and 31°C (Roos, 1993),
respectively. Although Kalichevsky ef al. (1993a,b) found that sugars had only a
small effect on the T, of casein, the 7, of milk powders containing hydrolysed
lactose seems to be higher than is suggested by the 7, values of the component
sugars. The T, of milk powders is significantly reduced by lactose hydrolysis,
which presumably is the main cause of stickiness during processing and storage,
as well as of hygroscopic characteristics and higher susceptibility of the powder
to non-enzymatic browning reactions. It should also be noted that although
lactose is a reducing sugar, the hydrolysis of one mole of lactose produces two
moles of reducing sugars, i.e. one mole of galactose and one mole of glucose.

Lactose crystallization in dairy powders results in increasing rates of
non-enzymatic browning and other deteriorative changes (Labuza and
Saltmarch, 1981; Saltmarch et al., 1981; Miao and Roos, 2004). Saltmarch
etal. (1981) found that the rate of browning at 45°C increased rapidly above a,,
of 0.33 and showed a maximum between a,, of 0.44 and 0.53. The maximum
rate of browning occurred at a lower a,, than was found for other foods. The
maximum rate was coincident with extensive lactose crystallization which was
observed from scanning electron micrographs. The rate of browning was
significantly lower in a whey powder which contained precrystallized lactose.
The loss of lysine was also found to be most rapid at water activities which
allowed lactose crystallization (Saltmarch et al., 1981). Crystallization of
amorphous lactose in closed containers increases water activity very rapidly
and accelerates the browning reaction in comparison with the rate of the
reaction at the same temperature but at a constant water activity (Kim et al.,
1981). Compositional factors and crystallization behaviour of different sugars
may also enhance lipid oxidation (Shimada ef al., 1991) and browning reactions
(Miao and Roos, 2004; Nasirpour et al., 2006).
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2.4. Crystallization and Recrystallization in Frozen Systems

The viscosity of a freeze-concentrated solute phase affects time-dependent
crystallization phenomena, ice formation and material properties. Levine and
Slade (1988a) pointed out that the retarding effect of added maltodextrins on
ice recrystallization in ice cream is due to the elevation of the glass transition
of a maximally freeze-concentrated solute phase, 7'

At a sufficiently low temperature, the viscosity of a freeze-concentrated
solute matrix becomes high enough to retard diffusion and delay ice forma-
tion (Roos and Karel, 1991b). Maximum freeze-concentration may occur at
temperatures slightly below the onset temperature of ice melting, 7},,/, in the
maximally freeze-concentrated material (Figure 2.3). Generally, the T,' and
T, increase with increasing molecular weight of the solute fraction (Slade
and Levine, 1991; Roos and Karel, 1991d).

Lactose crystallization in frozen dairy systems may occur above the glass
transition temperature of the maximally freeze-concentrated solute matrix, 7'
Lactose is one of the least soluble sugars and the loss of quality, including a
sandy mouthfeel, resulting from lactose crystallization is well known (Troy and
Sharp, 1930; White and Cakebread, 1966). The solubility of lactose at 0°C is
only about 12 g/100 g of water and it decreases substantially below the freezing
temperature of water as a result of freeze-concentration (Nickerson, 1974). The
solubility of lactose also decreases in the presence of other sugars, e.g. sucrose
(Nickerson and Moore, 1972), which may significantly facilitate lactose crystal-
lization in frozen dairy desserts and ice cream. However, crystallization of
freeze-concentrated solutes can be retarded and greatly reduced by the use of
sugar blends and syrups and by the addition of polysaccharides (Hartel, 2001).

Both lactose crystallization and recrystallization of ice in frozen desserts
can be reduced by the addition of stabilizers which increase the viscosity of the
unfrozen, freeze-concentrated solute phase. Singh and Roos (2005) also showed
that in blends of polysaccharides, proteins and sugars, the 7}’ was decreased but
the T,/ increased as a result of retarded ice formation. The polysaccharide,
protein (including) polysaccharide and protein stabilizers) and sugar composi-
tion seem to be the most important factors in formulation of frozen dairy foods
with improved stability against solute crystallization and ice recrystallization.

References

Adhikari, B., Howes, T., Shrestha, A., Bhandari, B.R. 2007. Effect of surface tension and viscosity
on the surface stickiness of carbohydrate and protein solutions. J. Food Sci. 79, 1136-1143.

Bellows, R.J., King, C.J. 1973. Product collapse during freeze drying of liquid foods. AIChE
Symp. Ser. 69(132), 33-41.



Solid and Liquid States of Lactose 31

Berlin, E., Anderson, A.B., Pallansch, M.J. 1968a. Water vapor sorption properties of various
dried milks and wheys. J. Dairy Sci. 51, 1339-1344.

Berlin, E., Anderson, B.A., Pallansch, M.J. 1968b. Comparison of water vapor sorption by milk
powder components. J. Dairy Sci. 51, 1912-1915.

Berlin, E., Anderson, B.A., Pallansch, M.J. 1970. Effect of temperature on water vapor sorption
by dried milk powders. J. Dairy Sci. 53, 146-149.

Brennan, J.G., Herrera, J., Jowitt, R. 1971. A study of some of the factors affecting the spray
drying of concentrated orange juice on a laboratory scale. J. Food Technol. 6, 295-307.
Chuy, L.E., Labuza, T.P. 1994. Caking and stickiness of dairy-based food powders as related to

glass transition. J. Food Sci. 59, 43-46.

Downton, G.E., Flores-Luna, J.L., King, C.J. 1982. Mechanism of stickiness in hygroscopic,
amorphous powders. Ind. Eng. Chem. Fund. 21, 447-451.

Fitzpatrick, J.J., Barry, K., Cerqueira, P.S.M, Igbal, T., O’Neill, J., Roos, Y.H. 2007. Effect of
composition and storage conditions on the flowability of dairy powders. Int. Dairy J. 17, 383-392.

Goff H.D. 2002. Formation and stabilization of structure in ice-cream and related products.
Curr. Opin. Colloid Interf. Sci. 7, 432-437.

Goff, H.D., Caldwell, K.B., Stanley, D.W., Maurice, T.J. 1993. The influence of polysaccharides
on the glass transition in frozen sucrose solutions and ice cream. J. Dairy Sci. 76, 1268—1277.

Gordon, M., Taylor, J.S. 1952. Ideal copolymers and the second-order transitions of synthetic
rubbers. I. Non-crystalline copolymers. J. Appl. Chem. 2, 493-500.

Haque, M.K., Roos, Y.H. 2004. Water sorption and plasticization behavior of spray-dried
lactose/protein mixtures. J. Food Sci. 69, E384-391.

Haque, M.K., Roos, Y.H. 2005. Crystallization and X-ray diffraction of spray-dried and freeze-
dried amorphous lactose. Carbohydr. Res. 340, 293-301.

Haque, M.K., Roos, Y.H. 2006. Differences in the physical state and thermal behavior of spray-dried
and freeze-dried lactose and lactose/protein mixtures. Innov. Food Sci. Emerg. Technol. 7, 62-73.

Hartel, R.W. 2001. Crystallization in Foods, Aspen, Gaithersburg, Maryland.

Herrington, B.L. 1934. Some physico-chemical properties of lactose. I. The spontaneous crystal-
lization of supersaturated solutions of lactose. J. Dairy Sci. 17, 501-518.

Jouppila, K., Roos, Y.H. 1994a. Water sorption and time-dependent phenomena of milk pow-
ders. J. Dairy Sci. 77, 1798-1808.

Jouppila, K., Roos, Y.H. 1994b. Glass transitions and crystallization in milk powders. J. Dairy
Sei. 77, 2907-2915.

Jouppila, K., Kansikas, J., Roos, Y.H. 1997. Glass transition, water plasticization, and lactose
crystallization in skim milk powder. J. Dairy Sci. 80: 3152-3160.

Kalichevsky, M.T., Blanshard, J.M.V., Tokarczuk, P.F. 1993a. Effect of water content and sugars
on the glass transition of casein and sodium caseinate. Int. J. Food Sci. Technol. 28, 139-151.

Kalichevsky, M.T., Blanshard, J.M.V., Marsh, R.D.L. 1993b. Applications of mechanical
spectroscopy to the study of glassy biopolymers and related systems. In The Glassy State
in Foods (J.M.V. Blanshard, P.J. Lillford, eds.), pp. 133-156, Nottingham University Press,
Loughborough.

Kim, M.N., Saltmarch, M., Labuza, T.P. 1981. Non-enzymatic browning of hygroscopic whey
powders in open versus sealed pouches. J. Food Process. Preserv. 5, 49-57.

King, N. 1965. The physical structure of dried milk. Dairy Sci. Abstr. 27, 91-104.

Labuza, T.P., Saltmarch, M. 1981. The nonenzymatic browning reaction as affected by water
in foods. In Water Activity: Influences on Food Quality (L.B. Rockland, G.F. Stewart, eds.),
pp. 605-650, Academic Press, Inc., New York.

Lai, H.-M., Schmidt, S.J. 1990. Lactose crystallization in skim milk powder observed by hydro-
dynamic equilibria, scanning electron microscopy and 2H nuclear magnetic resonance.
J. Food Sci. 55, 994-999.



32 Y.H. Roos

Lazar, M., Brown, A.H., Smith, G.S., Wong, F.F., Lindquist, F.E. 1956. Experimental produc-
tion of tomato powder by spray drying. Food Technol. 10, 129-134.

Lea, C.H., White, J.C.D. 1948. Effect of storage on skim-milk powder. Part III. Physical,
chemical and palatability changes in the stored powders. J. Dairy Res. 15, 298-340.

Levine, H., Slade, L. 1988a. Principles of “cryostabilization” technology from structure/property
relationships of carbohydrate/water systems — a review. Cryo-Lett. 9, 21-63.

Levine, H., Slade, L. 1988b. “Collapse” phenomena — a unifying concept for interpreting the
behaviour of low moisture foods. In Food Structure — Its Creation and Evaluation (J.M.V.
Blanshard, J.R. Mitchell, eds.), pp. 149-180, Butterworths, London.

Levine, H., Slade, L. 1989. A food polymer science approach to the practice of cryostabilization
technology. Comm. Agric. Food Chem. 1, 315-396.

Lloyd, R.J., Chen X.D., Hargreaves, J.B. 1996. Glass transition and caking of spray-dried
lactose. Int. J. Food Sci. Technol. 31, 305-311.

Miao, S., Roos, Y.H. 2004. Comparison of nonenzymatic browning kinetics in spray-dried and
freeze-dried carbohydrate-based food model systems. J. Food Sci. 69, E322-E331.

Nasirpour, A., Scher, J., Linder, M., and Desobry, S. 2006. Modeling of lactose crystallization
and color changes in model infant foods. J. Dairy. Sci. 89, 2365-2373.

Nickerson, T.A. 1974. Lactose. In Fundamentals of Dairy Chemistry, 2nd ed. (B.H. Webb, A.H.
Johnson, J.A. Alford, eds.), pp. 273-324, AVI Publishing Co., Inc., Westport, Conn.

Nickerson, T.A., Moore, E.E. 1972. Solubility interrelations of lactose and sucrose. J. Food Sci.
37, 60-61.

Omar, A.M., Roos, Y.H. 2006a. Water sorption and time-dependent crystallization behaviour of
freeze-dried lactose-salt mixtures. Lebensm.-Wiss. u. Technol. 40, 520-528.

Omar, A.M., Roos, Y.H. 2006b. Glass transition and crystallization behaviour of freeze-dried
lactose-salt mixtures. Lebensm.-Wiss. u. Technol. 40, 536-543.

Paterson, A.H.J., Brooks, G.F., Bronlund, J.E., Foster, K.D. 2005. Development of stickiness in
amorphous lactose at constant T-Ty, levels. Int. Dairy J. 15, 513-519.

Peleg, M. 1977. Flowability of food powders and methods for its evaluation. J. Food Process Eng.
1, 303-328.

Peleg, M. 1983. Physical characteristics of food powders. In Physical Properties of Foods (M.
Peleg, E.B. Bagley, eds.), pp. 293-323, AVI Publ. Co., Inc. Westport, CT, USA.

Peleg, M. and Mannheim, C.H. 1977. The mechanism of caking of powdered onion. J. Food
Process. Preserv. 1, 3-11.

Roos, Y. 1993. Melting and glass transitions of low molecular weight carbohydrates. Carbohydr.
Res. 238, 39-48.

Roos, Y.H. 1995. Phase Transitions in Foods, Academic Press, San Diego.

Roos, Y.H. 2002. Importance of glass transition and water activity to spray drying and stability
of dairy powders. Lait 82, 475-484.

Roos, Y., Karel, M. 1990. Differential scanning calorimetry study of phase transitions affecting
the quality of dehydrated materials. Biotechnol. Prog. 6, 159-163.

Roos, Y., Karel, M. 1991a. Plasticizing effect of water on thermal behavior and crystallization of
amorphous food models. J. Food Sci. 56, 38-43.

Roos, Y., Karel, M. 1991b. Amorphous state and delayed ice formation in sucrose solutions. Int.
J. Food Sci. Technol. 26: 553-566.

Roos, Y., Karel, M. 1991c. Nonequilibrium ice formation in carbohydrate solutions. Cryo-Lett.
12, 367-376.

Roos, Y., Karel, M. 1991d. Water and molecular weight effects on glass transitions in amorphous
carbohydrates and carbohydrate solutions. J. Food Sci. 56, 1676-1681.

Roos, Y., Karel, M. 1992. Crystallization of amorphous lactose. J. Food Sci. 57: 775-7717.



Solid and Liquid States of Lactose 33

Saltmarch, M., Labuza, T.P. 1980. Influence of relative humidity on the physicochemical state of
lactose in spray-dried sweet whey powders. J. Food Sci. 45, 1231-1236, 1242.

Saltmarch, M., Vagnini-Ferrari, M., Labuza, T.P. 1981. Theoretical basis and application of
kinetics to browning in spray-dried whey food systems. Prog. Food Nutr. Sci. 5, 331-344.

San Jose, C., Asp, N.-G., Burvall, A., Dahlquist, A. 1977. Water sorption in hydrolyzed dry milk.
J. Dairy Sci. 60, 1539-1543.

Shimada, Y., Roos, Y., Karel, M. 1991. Oxidation of methyl linoleate encapsulated in amor-
phous lactose-based food model. J. Agric. Food Chem. 39, 637-641.

Singh, K.J., Roos, Y.H. 2005. Frozen state transitions of sucrose-protein-cornstarch mixtures.
J. Food Sci. 70, E198-E204.

Slade, L., Levine, H. 1991. Beyond water activity: Recent advances based on an alternative
approach to the assessment of food quality and safety. Crit. Rev. Food Sci. Nutr. 30,
115-360.

Sugisaki, M., Suga, H., Seki, S. 1968. Calorimetric study of the glassy state. IV. Heat capacities of
glassy water and cubic ice. Bull. Chem. Soc., Jpn. 41, 2591-2599.

Supplee, G.C. 1926. Humidity equilibria of milk powders. J. Dairy Sci. 9, 50-61.

Troy, H.C., Sharp, P.F. 1930. « and (3 lactose in some milk products. J. Dairy Sci. 13, 140-157.

Vega, C., Goff, H.D., Roos, Y.H. 2005. Spray drying of high-sucrose dairy emulsions: Feasibility
and physicochemical properties. J. Food Sci. 70, E244-E251.

Vuataz, G. 1988. Preservation of skim-milk powders: Role of water activity and temperature in
lactose crystallization and lysine loss. In Food Preservation by Water Activity Control (C.C.
Seow, ed.), pp. 73-101, Elsevier, Amsterdam.

Wallack, D.A., King, C.J. 1988. Sticking and agglomeration of hygroscopic, amorphous carbo-
hydrate and food powders. Biotechnol. Prog. 4, 31-35.

Warburton, S., Pixton, S.W. 1978. The moisture relations of spray dried skimmed milk. J. Stored
Prod. Res. 14, 143-158.

White, G.W., Cakebread, S.H. 1966. The glassy state in certain sugar-containing food products.
J. Food Technol. 1, 73-82.

Williams, M.L., Landel, R.F., Ferry, J.D. 1955. The temperature dependence of relaxation
mechanisms in amorphous polymers and other glass-forming liquids. J. Am. Chem. Soc.
77, 3701-3707.



2 Springer
http://www.springer.com/978-0-387-84864-8

Advanced Dairy Chemistry

Volume 3: Lactose, Water, Salts and Minor Constituents
McSweeney, P.L.H.; Fox, P.F. (Eds.)

2009, XX, 778 p., Hardcowver

ISBN: @78-0-387-B4864-8



	Solid and Liquid States of Lactose
	2.1 State Diagram of Lactose
	2.2 Stickiness and Caking
	2.3 Crystallization and Recrystallization
	2.4 Crystallization and Recrystallization in Frozen Systems
	References


