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INTRODUCTION
For the first time, lactose was isolated from whey by evaporation in 1633 by
Bartolettus (Holsinger, 1998). He described it as “essential salt without
nitrogen” (Jelen, 2007). In 1780, Scheele established that lactose is a
carbohydrate and introduced the term “lactose” (Fox, 2009; Sinelnikov, 2007).
Since then, numerous papers have been devoted to the research of its chemical
and physical properties (Whitter & Gould, 1930; Herrington, 1934a; Haase &
Nickerson, 1966; Nickerson & Moore, 1974a). During the twentieth century,
along with the improvement of crystallisation process (Nickerson, 1956;
Nickerson, 1962; Kreveld & Michaels, 1964; Sinelnikov, 2007), the interest to
the ways of lactose usage and its effect on human body gradually increased
(Wong & Hartel, 2014). At the same time, lactose was mainly used in food
industry and became a commercial commodity (Jelen, 2007). In food industry,
lactose was used mainly in infant formula, and additionally in frozen desserts,
confectionary, bakery foods and soft drinks (Nickerson, 1975; Sinelnikov,
2007). In pharmaceutical industry, lactose was widely used as a base material
for tableting because of its natural taste, good flowing, low hygroscopicity and
reactivity. (Atkinson et al., 1957; Jelen 2007; Sinelnikov, 2007).
Since the beginning of the twenty-first century, lactose production has been
continuously growing (CLAL, 2016). In addition to extensive use of lactose in
food industry and pharmaceuticals (EMEA, 2002; Affertsholt-Allen, 2007;
Gänzle et al., 2008), research is conducted on the use of lactose derivatives
(Sinelnikov, 2007; Schaafsma, 2008; Gänzle et al., 2008). In future, lactose will
continue to be a required source of energy in infant food formulations.
Furthermore, there exists a growing interest to the production of lactose
derivatives, high-value nutraceuticals (Sinelnikov, 2007). Despite the search of
lactose alternative in pharmaceutical field, it is clear, that lactose will continue
holding the position of a neutral filler for a long time (Gänzle et al., 2008;
Paterson, 2009).
Lactose is one of the main components of whey; therefore, growing rates of
lactose production partially help to solve the problem of whey processing.
Whey used to be dumped onto the fields or into the ocean, causing
7

considerable environmental problems (Khramtsov, 2011; Chandrapala, et al.,
2015). Nowadays, whey is widely used for the production of different powders,
as an ingredient of numerous foods and beverages (Khramtsov, 2011;
Smithers, 2015), in pharmaceuticals and agriculture. Therefore, continuous
research of lactose crystallisation and whey recovery is important to reduce the
number of problems, associated with whey processing (Khramtsov, 2011).
The morphology and dimensions of lactose crystals are important factors
assuring high quality of the products containing lactose. (Weinbuch et al.,
2015). Therefore, it is very important to follow the rules in a process of lactose
production to provide the pure crystals with uniform size and morphology
(Hartel, 2013). Microscopy development enabled investigation of the medium
influence on crystal size and morphology (Garnier et al., 2002; Parimaladevi &
Srinivasan, 2015), as well as thorough examination of their surfaces (Dincer et
al., 2009; Dincer et al., 2014). Scientists have continuously tried to investigate
the nucleation process using a microscope, however, due to the complexity of
the process, the results were difficult to obtain and sometimes controversial
(Hartel & Liang, 1989; Arellano, 2004; Parimaladevi & Srinivasan, 2014;
Paterson, 2016). The development of optical techniques makes it possible to
measure particles dimensions in a wide range of sizes in situ, thereby allowing
for the monitoring of the nucleation and crystallisation processes (Pecora,
2000; Kaszuba et al., 2008; Pandalaneni & Amamcharla, 2016).
The present thesis explores lactose crystallisation process from the primary
clustering of molecules to the formation of crystals. The influence of several
crystallisation parameters on crystal nucleation and morphology, as well as the
suitability of DLS technique for lactose nucleation analysis and Ricotta cheese
whey, as an additional source of lactose production, have been studied.
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1. REVIEW OF LITERATURE
1.1 Characteristics of lactose
Lactose is a disaccharide (4-0-β-D-galactopyranosyl-D-glucopyranose) that
occurs in the milk of most mammals (Holsinger, 1998; Schaafsma, 2008).
Lactose is reducing sugar that defines its behavior in some technological
processes (for example, mutarotation or Maillard reaction) (Sinelnikov, 2007;
Fox, 2009). Lactose can exist in two forms (isomers): α- and β-lactose (Fig. 1),
wherein, β-lactose is thermodynamically more stable. In an aqueous solution,
alpha and beta lactose exist in equilibrium in a ratio of approximately 63% of
beta form and 37% of alpha form (Fox, 2009), which is affected by differences
in temperatures (Nickerson, 1962; Tan, 2009). The mutarotational equilibrium
is also sensitive to changes of pH (Nickerson & Moore, 1974a; Gänzle et al.,
2008), concentration of lactose in solution (Sinelnikov, 2007), and presence of
sucrose or some salts (Haase & Nickerson, 1966; Patel & Nickerson, 1970).
Lactose anomers differ in their degree of solubility (at 20 °C 7.5 g and 48 g
100 g-1 for α- and β-lactose, respectively) and in specific rotation (+89° and
+35° for α- and β-lactose, respectively) (Fox, 2009; Muir, 2002).

Figure 1. The molecular structure of α- and β-lactose (Dincer et al., 1999).
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The solubility of α-lactose is more temperature dependent than that of the βform (Fox, 2009). Solubility of lactose could be affected by the presence of
other sugars in a solution, for example sucrose (Hunziker & Nissen, 1926).
Initial solubility of α-lactose is its ability to dissolve rapidly in an aqueous
solution. Then some amount of α-lactose converts into β form, making the
solution unsaturated and enabling more α-lactose to dissolve until final
solubility is reached. This process continues until the equilibrium between αand β form is reached and no more α-lactose is able to dissolve. This condition
is called final solubility (Holsinger, 1998). Due to the fact that β-lactose
solubility is significantly higher than that of α form, α-lactose crystallises at a
temperature lower than 93.5 °C (Sinelnikov, 2007).
Thermal stability of aqueous lactose solutions depends on their concentration,
pH, purity and other factors. Hydrolysis of lactose is caused by β-Dgalactosidase (lactase) enzyme, some acids (Holsinger, 1998), and changing of
the solution temperature to critical values (Muir, 2002). Lactose transition to
derivatives (lactulose, tagatose, dextrins) is possible during severe heating of
the solution (Sinelnikov, 2007). Lactose also participates in non- enzymatic
browning reactions (Maillard reaction), resulting in the production of brown
polymers and off-flavors (Fox, 2009). Heating the solution to the temperature
higher than 100 °C induces the reaction occurring between the products of
thermal hydrolysis of carbohydrates and nitrogen-containing compounds
(Sinelnikov, 2007; Fox, 2009). Viscosity of aqueous lactose solutions depends
on temperature and concentration: it increases with concentration increase and
decreases with temperature increase (Morison & Mackay, 2001).
Depending on the conditions, lactose crystallises in several different forms
with different crystal structures: α-lactose monohydrate, β-lactose, α- stable
anhydrous, α- unstable anhydrous, amorphous “glass” lactose (Holsinger,
1998). α-lactose monohydrate is the common form of crystallised lactose and
can be observed in a variety of shapes. Due to its lower solubility, it crystallises
at temperatures below 93.5 °C. β-lactose crystallises at temperatures above
93.5 °C and typically has diamond or needle-like shapes. Stable α-lactose is
formed by heating of α-lactose monohydrate at temperatures around 150 °C
in the presence of water vapour. Stable α-lactose is not hygroscopic, but it
10

rapidly forms α-lactose monohydrate crystals when dissolved in water.
Unstable α-lactose is formed by heating α-lactose monohydrate to the
temperature higher than 100 °C in vacuum. This form is stable in dry air but
highly hygroscopic in normal atmospheric conditions (Sinelnikov, 2007).
Amorphous lactose is formed when the solution is dried or frozen rapidly.
Amorphous lactose is hygroscopic, it rapidly adsorbs moisture from air, and
forms α- lactose monohydrate (Herrington, 1934a).
In comparison to other sugars, lactose is significantly less sweet. Its relative
sweetness is about 20% compared to sucrose (Muir, 2002; Fox, 2009). Optical
densities of aqueous lactose solutions are 1.540 – for α- hydrate and 1.589 –
for β- anhydrous, and depend on pH and concentration of the solution
(Holsinger, 1998; Sinelnikov, 2007).
1.2 Production of lactose
Cheese whey is a major source of lactose production. Whey is the serum of
milk remaining after coagulation and casein removal during cheese production
(Khramtsov, 2011). Whey contains 6-7% of dry matter, from which lactose is
approximately 70-72% of the total solids, whey proteins (approximately 10%),
minerals (approximately 12-15%) and fat (around 1%) (Jelen, 2002; Jelen,
2003; Khramtsov, 2011). The composition of whey depends on the type of
cheese production. Depending on casein coagulation method, there are two
types of whey: sweet and acid whey (Jelen, 2002; Jelen, 2003; Smithers, 2015).
In some regions, casein whey is allocated into separate group (Khramtsov,
2011). The sweet whey originates from hard cheese and rennet casein
production, and acid whey – from cream, ricotta, cottage cheese and Greek
style yogurt (Smithers, 2015). Lactose content in whey depends on the whey
type: acid whey usually has lower lactose content, as a consequence of the
preceding fermentation process, during which some amount of lactose is
converted to lactic acid. The mineral composition, pH and lactic acid content
of different types of whey also vary significantly (De Wit, 2001; Khramtsov,
2011; Chandrapala, 2015). Whey contains valuable proteins such as, αlactalbumin, β-lactalbumin, serum albumin and immunoglobulins (De Wit,
2001).
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The scotta, used in present work, refers to the acid whey and is a major byproduct of Ricotta cheese production. It is obtained by heating cheese whey
to 85-90 °C with further precipitation and separation of proteins (Sommella,
2016). Scotta contains smaller amounts of proteins and lactose, but higher levels
of minerals and greater concentration of lactic acid (Sansonetti et al., 2009),
which complicates its manufacturing (Chandrapala, 2015). Ricotta production
growth in Mediterranean and other countries (including Estonia) leads to an
increase of the amount of scotta. However, the scientific interest to this byproduct is relatively weak and is limited only by several works focusing on
possibilities of its processing. These include papers exploring, for example, its
conversion into bio-fuel and biotechnological substrate for fermented
products (Sansonetti, et al., 2009; Sansonetti, et al., 2010), development of sport
drinks (Valadao et al., 2016), and extraction of potential health-promoting
compounds (Sommella, 2016).
The major steps of lactose production from whey are protein removal, syrup
concentration, lactose crystallisation, separation, washing and drying of
crystals. Proteins are usually removed by ultrafiltration, concentration of whey
is done by evaporation or reverse osmosis. Concentrated whey is then cooled
down to the desired temperature (usually the final temperature is between 15
and 25 °C) in batch crystallisers, and crystallisation is initiated in the majority
of cases by seeding and rarely by spontaneous nucleation. Nucleation and
growth of crystals are very complex processes, sensitive to any changes of
crystallisation conditions. Incorrect cooling profile, stirring or pH of the
solution can lead to unfavourable or second nucleation, resulting in significant
losses. Raw material quality assurance and monitoring of operating conditions
can provide a sufficient amount of high quality product. Afterwards, the
formed crystals are separated by centrifugation, washed and dried. Depending
on lactose grade, additional purification may be needed (Paterson, 2009;
Sinelnikov, 2007; Khramtsov, 2011; Paterson, 2016).
1.3 Principles of crystallisation
Crystallisation is the main process in lactose production technology. It consists
of several steps including (1) nucleation, (2) growth of nucleus and (3) growth
12

of crystal (Hartel, 2001). Some authors identify one more step preceding
nucleation. This is a process where the system reaches the supersaturated zone
and gets a driving force for overcoming the energy barrier, necessary for the
onset of crystallisation (Dirksen & Ring, 1991; Hartel, 2013).
1.3.1 Nucleation
Primary and secondary nucleation mechanisms are distinguished, where the
former is divided into two classes: homogeneous and heterogeneous
nucleation (Dirksen & Ring, 1991; Hartel, 2001; Myerson & Ginde, 2001).
Primary homogeneous nucleation rarely occurs in practical situations,
however, it is considered a classical example of the formation of nuclei
(Dirksen & Ring, 1991; Hartel, 2001). Following this theory, molecules in a
solution come together, singly or in units, and form a primary cluster. This
cluster is continually being formed and dissociated because of fluctuations of
environmental conditions. When conditions are correct (suitable
supersaturation and temperature), the rate of association is greater than rate of
dissociation and a stable cluster of critical size is formed (Hartel, 2001;
Myerson & Ginde, 2001). According to the classical nucleation theory, these
molecules come together at once into an ordered structure. However,
according to a new two-step theory, molecules form a liquid-like cluster of
solute molecules first and then, when the desired number of molecules is
reached, they are arranged in an ordered structure, forming a stable cluster,
which starts to grow (Erdemir et al., 2009).
Heterogeneous primary nucleation occurs more frequently and molecules stick
together because of external factors. It may be dust or dirt particles, or rough
surfaces of the vessel or crystalliser wall, in case of industrial crystallisation
(Hartel, 2001; Myerson & Ginde, 2001). Such microparticles give impetus to
the association of molecules at lower temperatures than required at
homogeneous primary nucleation (Hartel, 2001).
The process when nuclei are formed due to the presence of existing crystals is
called secondary nucleation. Secondary nucleation is divided into several types
(Hartel & Shastry, 1991). Secondary nuclei can be formed from the seed
13

crystals or existing crystals due to dendritic form fragmentation at high level
of supersaturation (Herrington, 1934a). These particles are larger than critical
nucleus size, and thus, act as nucleation sites. Alternatively, secondary
nucleation can be generated by contacts between the existing crystals, as well
as between crystals and other components of the crystalliser (walls or stirrer)
(Shi et al, 1989; Dirksen & Ring, 1991). Such interaction coupled with changing
environmental conditions of heat and mass transfer causes some small pieces
of crystals to be chipped away and act as nucleation sites (Myerson & Ginde,
2001).
1.3.2 Factors affecting nucleation process
There are two aspects estimating the effectiveness of nucleation process. The
first is the rate of nucleation – number of nuclei formed per volume unit per
time unit. The second one is induction time – the time required for nuclei to
form (Hartel, 2001). Temperature, supersaturation, rate of cooling, agitation
rate, pH, seeding and presence of additives or impurities also affect the
nucleation process to a certain extent (Hartel, 2001; Hartel & Shastry, 1991).
Supersaturation and temperature are the major factors influencing
homogeneous nucleation in a given system (Hartel, 2001; Hartel & Shastry,
1991). When some critical supersaturation is reached, it gives a driving force
for the beginning of nucleation and leads to an increase of nucleation rates
(Hartel, 2001a) and reduction of induction time (Herrington, 1934a; Raghavan,
et al., 2001). Supersaturation and temperature are interrelated phenomena.
Solution temperature decrease frequently leads to increasing of crystallisation
rate as a result of supersaturation increase (Livney et al., 1995). On the contrary,
in some other systems, increased nucleation rate is caused by an increase of
temperature (Whittier & Gould, 1930; Nickerson, 1956; McLeod et al., 2011).
Additionally, lowering the temperature and increasing of concentration lead to
increased viscosity which eventually results in decreased nucleation rate
(Hartel, 2001; Livney et al, 1995). In sugar manufacture, where high nucleation
level is required, nucleation temperature should be balanced by the
supersaturation pursuable at a given temperature (Hartel & Shastry, 1991).
Agitation or energy input promotes nucleation rate increase both in primary
14

and secondary mechanisms (Hartel & Shastry, 1991; Wong et al., 2012), due to
an increase of molecule movement to the surface of nuclei (McLeod et al.,
2016). Seeding promotes the secondary nucleation. When seed crystals are
present, nucleation occurs more rapidly than in the absence of seeds
(Nickerson, 1956; Kreveld, 1965). Another factor affecting nucleation is pH
of the solution. Raghavan et al. (2001) noted in their work that pH values
higher than normal pH of saturated α-lactose solution increase the induction
time. Cooling rate effect is mainly expressed in the size of future crystals
(Paterson, 2009). When cooling is slow, some nuclei appear earlier and these
crystals will grow larger than other crystals formed later. Conversely, if cooling
is rapid, nucleation occurs at approximately the same time and crystals grow
about the same size (Shi et al., 1989; Wong et al., 2012). However, extremely
rapid cooling can lead to the formation of excessive number of small crystals
and result in product losses (Paterson, 2009). Generally, products containing
lactose are multicomponent and include proteins, starches, salts and other
minor ingredients, like color and flavor additives. Each of these ingredients
may inhibit or accelerate the formation of nuclei (Gänzle et al., 2008). Insoluble
materials added to the solution are likely to speed up nucleation via addition
of catalytic sites that support heterogeneous nucleation. Conversely, soluble
components are more likely to inhibit nucleation, because they may prevent
the ability of molecules in the solution to come together and form stable nuclei
(Hartel, 2001). Large quantaties of β-lactose also inhibit the nucleation process
(Raghavan, et al., 2001). Various marine and vegetable gums act as nucleation
inhibitors (Gänzle et al., 2008), while gelatine, on the other hand, cannot
suppress nucleation (Nickerson, 1962). Vu et al. (2009) found that glycerol
obstructed primary nucleation process.
1.3.3 Crystal growth
Once stable nuclei have formed, crystals quickly begin to grow depending on
the environmental conditions. Crystals continue growing as long as all available
supersaturation is consumed and the solution reaches equilibrium phase
defined by the phase diagram (Hartel, 2001). Similarly to nucleation, the
mechanism of crystal growth is divided into few steps also: (1) mass transport
from the solution to the crystal surface, (2) surface integration, and (3) latent
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heat transport away from the growing crystal (Hartel & Shastry, 1991; Wong
& Hartel, 2014).
The first step in crystal growth is movement of molecules from the
surrounding solution to the surface of the growing crystal. The driving force
for this step is the difference in concentrations between the bulk solution and
interfacial concentration (on the surface of the adsorption layer) (Hartel &
Shastry 1991; Hartel, 2001).
When molecules have arrived at the surface of the growing crystal, they must
find an appropriate incorporation site and integrate into crystal lattice
structure. Depending on growth conditions, molecules can choose different
sites for incorporation. When growth is slow, molecules (or growth units)
choose energetically favourable sites for incorporation, which generally leads
to growth of crystals with smooth surfaces. Under the rapid growth conditions,
growth units find less energetically favourable sites, and therefore, crystals with
imperfections are formed. According to another theory, when the crystal
surface is completely smooth and there is no site for the molecules to
incorporate, two-dimensional nucleation process takes place. Twodimensional nuclei form on the surface of the growing crystal making the
surface less smooth and allowing for future molecule incorporation into the
newly formed sites (Sangwal, 1998; Hartel, 2001; Myerson & Ginde, 2001).
Dincer et al. (2009) found that some faces of lactose grow by spiral and growth
occurs by incorporation of molecules to unit cells emanating from the spiral.
Heat transfer away from the growing crystal may limit crystal growth rate in
some melt systems (Hartel, 2001). For lactose, the growth rate is controlled by
surface integration (Kreveld & Michaels, 1965; Nickerson & Moore, 1974a;
Schmitt et al., 1999).
1.3.4 Crystal shape
Crystal shape is an important technological parameter in many systems.
Lactose crystal may be found in different shapes, from needle-shaped to welldeveloped tomahawk crystals (Herrington, 1934b; Arellano et al., 2004; Dincer
et al., 1999; Pandalaneni & Amamcharla, 2016; Parimaladevi & Srinivasan,
16

2014a; Parimaladevi & Srinivasan, 2014b) (Fig. 2 and 3). There is another type
of crystals that are formed under extremely rapid crystallisation conditions and
have a shape of dendrites (Hartel, 2001; Parimaladevi & Srinivasan, 2015).
Crystal morphology depends on environmental conditions, under which the
crystal was formed (Hartel, 2001). Generally, crystals grow in three directions
(Fig. 2), and each individual face grows at a different speed (Dincer et al., 2014),
which leads to different growth rates (Shi et al., 1989). The distribution of
growth rates is called growth rate dispersion (GRD) (Hartel, 2001). Depending
on growing conditions, GRD may be extremely wide if some crystals grew
faster and become larger than other slow-growing crystals. There are some
theories trying to explain the occurrence of GRD. It can depend on the
conditions under which crystal was formed (Shi et al., 1989), differences in
microstructure of faces between crystals, and incorporation of impurities into
the lattice of some crystals (Myerson & Ginde, 2001).
Tomahawk shaped α-lactose monohydrate crystals mainly grow in - b direction
and have large (0īī) and (0ī1) faces and a small (0ī0) face (Kreveld & Michaels,
1965). Plate-shaped crystals occur as a result of fast growth of (0ī0) face and
moderate growth of (0 ī 1), (0īī) and (010) faces (Arellano et al., 2004).

Figure 2. Typical tomahawk-shaped α-lactose monohydrate crystal with Miller indices
indicating its faces (Kreveld & Michaels, 1965).

β-lactose plays an important role in the formation of different crystal forms.
β-molecules incorporate into the lattice of apex faces and block their growth.
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Lactose molecules in this direction (-b) are situated with their glucose moieties,
so they might form bonds with the galactose moiety of β-molecules. Once
incorporated, β-lactose can inhibit further growth of that site. Respectively, in
faces (010), (110) and (011) α-lactose molecules are situated with their galactose
moieties, so they are least affected by β-lactose (Visser & Bennema, 1983).
Needle-shaped crystals grow in aqueous solutions with low β-lactose content.
These crystals typically have large (010), (0 ī0) and (100) and small (0 ī1) faces
(Visser & Bennema, 1983).

Figure 3. The crystalline habit of lactose α- hydrate crystals, sketched by Herrington (1934b).
(A) Needle shaped crystal, formed at a very high growth speed. (B) Crystal, formed more
slowly than A form. (C) Diamond-shaped plate, transition between prism and pyramid. (D)
Pyramid resulting from an increase in the thickness of the diamond. (E)-(G) Different forms
of tomahawk shaped crystals, where the latter is usually described as fully developed. (H) A
crystal with 13 faces. (I) A profile view of H with sharpened tomahawk blade.
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1.3.5 Factors affecting crystal growth
Numerous factors affect crystal growth rate and its final shape. These include
the level of supersaturation and temperature of the solution during the growing
process; viscosity, pH, agitation rate in the syrup phase and presence of
additives and impurities.
Supersaturation (supercooling) is the driving force for crystallisation process,
so it is a dominant parameter in determining crystal growth rate. Concentration
increase to a certain level induces an increase of crystal growth rate. However,
if solution supersaturation is excessively high, the mobility of molecules is
reduced, which leads to rapid decrease of crystal growth rate (Shi et al., 1989).
Supersaturation also affects the final shape of the crystal. Crystals that grew at
low supesaturation generally have well developed faces and are larger in size
compared to those that grew at higher levels of supersaturation (Kreveld &
Michaels, 1965; Parimaladevi & Srinivasan, 2014). Temperature increase
elevates the crystallisation rate (Shi et al., 1989). Jelen & Coulter (1973) found
that lactose crystal growth in solutions of comparable excess supersaturation
increases between 50 and 70 °C. According to several authors (Ribeiro et al.,
2006; Whittier & Gould, 1930; Tan, 2009), the optimal lactose crystallisation
temperature is between 30 and 20 °C. Whittier and Gould (1930) found that
there are no advantages in decreasing of temperature below 20 °C because its
leads to crystallisation rate decrease. One of the reasons is viscosity and
solution concentration increase resulting in crystallisation rate decrease (Livney
et al., 1995). Another reason is temperature dependent mutarotation rate. For
example, at extremely low temperatures (near the water freezing point)
mutarotation rates are slower than α-lactose crystallisation rate, which, in turn,
limits future crystallisation (Tan, 2009). The mutarotation equilibrium can also
be influenced by a change of pH (Nickerson & Moore, 1974a; Gänzle et al.,
2008) or presence of sucrose and some salts (Patel & Nickerson, 1970).
Mutarotation can be accelerated by alkali and high acidic conditions
(Nickerson & Moore, 1974b). Highly alkaline conditions (pH>10) may inhibit
crystallisation process (Nickerson & Moore, 1974a; Miumoni et al., 2009)
because of an increase in the formation of lactose degradation products
(Gänzle et al., 2008). Raghavan et al. (2001) pointed out that the mean size of
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final crystals was almost twice as large during growth at high pH level (pH>8).
Modler & Lefkovitch (1986) also did not find any significant change in final
crystal size during crystallisation from condensed whey under high pH level.
Adequate seeding increases relative gross lactose yield (Guu & Zall, 1991) and
prevents development of large crystals (Nickerson, 1954).
The largest group of the factors influencing crystal growth and shape is the
presence of additives or impurities in the solution, i.e. sugars, salts,
macromolecules (proteins, starches, dextrans, etc.) and other additives, such as
alcohols, gelatin and some organic compounds. A list of additives and their
impact on crystal growth and shape are summarized in Table 1.
Table 1. Summary of some additives and their influence on lactose crystal growth
Additive/impurity
Whey protein

Lactic acid

Impact
Presence of proteins significantly
lowered the final crystal size.

Reference
Miumoni et al. (2005)

Lactose size decreased twice when
content of denaturated protein
increased.
It retards lactose crystallisation.

Modler & Lefkovitch
(1986)

Milk fat
β-lactose

It limits crystal growth.
It influences α-lactose crystal
morphology.

Glucose

Glucose accelerates lactose crystal
growth.

Disaccharides

They retard the growth of lactose.
Sucrose in addition prevents
development of tomahawk shaped
crystals.
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Jelen & Coulter (1973);
Nickerson & Moore
(1974b)
Kelly (2009)
Dincer et al. (1999);
Nickerson
&
Moore(1974a);
Raghavan et al. (2000);
Raghavan et al. (2001)
Nickerson & Moore
(1974b); Nickerson &
Pattel (1972); Hunziker
& Nissen (1926)
Kreveld, van (1969);
Nickerson & Moore
(1974b); Nickerson &
Pattel (1972); Hunziker
& Nissen (1926)

CaCl₂

NaH₂PO₄
LiCl
MgSO₄
Ca lactate
KCl

K₂HPO₄
Combination of K⁺,
Ca²⁺, PO₄³¯
Interaction of K⁺ and
PO₄³¯
Lactose phosphates

Riboflavin

Alcohols

Gelatine
Gels
Galacto-oligosaccharides

At low impurity level, it promotes
growth, and at high impurity level,
inhibits growth.
It promotes growth.

Jelen & Coulter (1973);
Guu & Zall (1991);
Bhargava & Jelen (1996)
Jelen & Coulter (1973);
Guu & Zall (1991)

It causes a significant increase in
growth rate.
It increases lactose crystal growth
rate.
It inhibits the growth of crystals.
At low impurity level, it promotes
growth, and at high impurity level,
inhibits growth.
It decreases lactose crystal growth
rate.
It reduces relative lactose yield.

Bhargava & Jelen (1996)

It reduces relative lactose yield.

Guu & Zall (1991)

They inhibit lactose crystal growth
by adsorbing onto several faces.

Visser (1984); Visser
(1988); Lifran et al.
(2007); Hartel & Shastry
(1991)
Kreveld & Michaels
(1965); Lifran et al.
(2007)
Gänze et al. (2008)

It retards growth in the direction of
a-axis, influences the final crystal
shape.
They reduce lactose solubility and
promote spontaneous nucleation.

Bhargava & Jelen (1996)
Bhargava & Jelen (1996)
Jelen & Coulter (1973)

Bhargava & Jelen (1996)
Guu & Zall (1991)

At high temperatures, they
promote β-lactose generation.

Vu et al. (2009)

They influence lactose crystalline
habit.
It reduces crystallisation rate.
They decelerate crystallisation rate
and affect crystal shape.
They have a retarding effect on
the nucleation and growth of
lactose.

Vu et al. (2009)
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Gänze et al. (2008)
Zeng et al. (2000)
Ihli & Paterson (2015)

In addition to aforementioned factors, in recent years, there is a growing
preference for using of ultrasound, electric and magnetic fields to control the
crystallisation process (Hartel, 2001). For example, sonicated samples show
rapid crystallisation and little dispersion in crystal sizes (Bund & Pandit, 2007).
1.4 Crystal characterization techniques
There are several techniques available to measure the size, shape and number
of crystals. The sieving is the oldest method used for sorting, sizing and
counting of crystals. Evaluation of crystal shape was done through visual
observation. The development of microscopes has granted this technique the
leading position in the study of crystal growth, development and shape
investigation (Hartel, 2001). In addition to standard optical microscopy, there
are numerous of types of techniques, including: scanning electron microscopy
(SEM), transmission electron microscopy (TEM), polarized light microscopy,
confocal laser scanning microscopy (CLSM) and atomic force microscopy
(AFM) (Hartel, 2013). Polarized light video microscopy (PLV) is used for
investigation of crystal growth kinetics in real time (Mazzobre et al., 2003). This
technique allows to monitor the growth of both single isolated crystals and
bulks of crystals. In addition, digital video-microscopy allows to track
induction times, because it is possible to detect even very small crystals
(Arellano et al., 2004). SEM differs in terms of higher resolution and allows to
make three-dimensional images (Kalab, 1993). TEM and cryo-TEM provide
an even better clarity of images. Furthermore, cryo-TEM allows for
investigation of frozen samples (Hartel, 2013).
Optical techniques have many advantages for measuring a wide range of crystal
sizes without isolating them from the system or altering the original conditions
(Pandalaneni & Amamcharla 2016; Pecora, 2000; Kaszuba et al., 2008). They
are capable to measure particle size distribution in minutes and in a wide range
of sizes, from nanometres to several millimetres. One such method is dynamic
light scattering (DLS), also known as photon correlation spectroscopy (Eimer
& Pecora, 1991; Pecora, 1985; Hartel, 2001). This technique measures
hydrodynamic particle size (translational or rotational diffusion coefficients),
which are then correlated to sizes via theoretical relations (Pecora, 2000).
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Gravimetry proved to be useful for determining crystallisation rates and
lactose induction time (Schmitt et al., 1999). Differential scanning calorimetry
(DSC) is the most frequently used technique to verify the type and quantity of
a certain crystalline material presented in a food system. This technique is very
sensitive and requires a small sample size (Hartel, 2001; Mazzobre et al., 2003).
The lactose crystallisation process was thoroughly investigated in different
crystallisation conditions and using a variety of techniques. Usually, pure
lactose solution was used for the experiments, and whey was used relatively
rarely. However, the use of traditional and not so traditional sources of lactose
will have a positive impact on the environment and provide substantial added
value for dairy by-products. Moreover, the process of nucleation and
formation of lactose primary clusters is still attractive. Investigation of this
process, using new techniques, will provide answers to numerous questions
related to crystallisation of lactose and all other sugars, as well as
crystallography in general.
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2. HYPOTHESIS AND AIMS OF THE STUDY
Hypothesis of the study are the following:
1. The size of lactose primary clusters in a solution can be reliably estimated
by DLS-method.
2. The number of lactose molecules in primary clusters depends on the
solution temperature and concentration.
3. The form, dimensions and microstructure of lactose crystals are reliable
indicators in the studies of the factors affecting lactose crystallisation process
in concentrated Ricotta cheese whey.

The aims on the current work are:
1. To estimate lactose particle size in a pure solution below the supersaturated
level using DLS method;
2. To investigate the influence of temperature and different concentration
levels, from highly supersaturated solutions down to solutions below the
supersaturated level, on lactose primary clustering using DLS method;
3. To investigate lactose crystallisation process in Ricotta cheese whey (scotta)
at different pH levels and concentration factors;
4. To investigate lactose crystallisation process in Ricotta cheese whey (scotta)
at low temperatures, using rapid and extra rapid cooling profiles.
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3. MATERIALS AND METHODS
3.1 Measuring of particle size using the DLS method
Measuring a single lactose molecule size and investigation of the influence of
temperature and different concentration levels of highly supersaturated
solutions down to lactose solutions below the supersaturated level on lactose
primary clustering was done in pure lactose solutions (I). D (+)-lactose –
monohydrate (AppliChem GmbH, Germany) with the purity of ≥ 99% was
used in the experiments. Concentrations of the used solutions based on pure
lactose content. For example, the 10 % w/v solution was made by adding of
10.53 g of alpha lactose monohydrate and the solution made up to 100
millilitres. Then, the obtained liquor was stirred till visible material dissolved.
Solutions with a low concentration range (0.1% to 1% w/v (here and below
g/ml)) were prepared in ultra-pure water to estimate lactose molecule size in a
pure lactose solution. Lactose solutions of 10, 20, 30, 40 and 50% (w/v) were
prepared in ultra-pure water to determine the relation of the solution
temperature and concentration and the primary clustering process. The highest
lactose concentration in the solution was restricted to 50% due to the capacity
of the analyser. The solutions with the concentrations, starting from 20% were
prepared at a temperature of approximately 60 °C for better lactose
dissolution. All the samples were filtered through Whatman Anotop 0.02 µm
pore size filters (Whatman GmbH, Germany) to avoid the ingress of the
particles which size exceeded 20 nm. One millilitre of each sample was directly
inserted into the Disposable Sizing Cell (where the required temperature for
analysis was automatically established). Samples with low concentration range
(investigation of particle size distribution) were analysed at a temperature of
24 °C. Samples with high concentration range (investigation of temperature
and concentration influence) were cooled from 60 °C to 0 C within a period
of 3 h (cooling rate -0.34 °C/min). At intervals of every five degrees, the
particle size was measured.
Measurements for all samples were conducted using a Malvern Zetasizer Nano
ZS (Malvern Instruments Ltd., UK) equipped with a 633 nm He-Ne laser. The
following software parameters were selected for the analysis: detection angle
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173º, equilibration time 120 s, attenuator index 11 and analysis model “multiply
narrow modes”. At least three measurements of each sample were taken to
check for result repeatability (more details in paper I).

3.2 Lactose molecule modelling
For the consistent geometrical representation of lactose molecule the
conformational space of molecule was analysed. For this, OPLS-2005
(Optimized Potential for Liquid Simulations) force field (Banks et al.,
2005) was used to initially describe atoms, bonds and angles between
them. The MCMM (Monte-Carlo Multiple Minimum) search method (Chang
et al., 1989; Saunders et al., 1990) was used for generating conformations that
were ranked according to the energy. These methods were used as
implemented in MacroModel (MacroModel, 2014) module, a part of
Schrödinger Software Suites packages. Up to 10,000 conformations were
scanned. For the condensed environment, the continuum model for water was
accounted for by using a GB/SA model (Still et al., 1990) using generalized
Born (GB) equation augmented with the solvent accessible surface area (SA).
Other variables for the conformational search were set automatically and the
conformer with the lowest energy was selected out of all the conformations.
To measure the longest dimension of a lactose molecule, the solvent-excluded
surface, i.e. the Connolly surface (Connolly, 1983), was modelled and the
longest distance of the molecule from this molecular surface was measured.
3.3 Calculation of predicted molecule number in lactose primary
cluster
Theoretical number of molecules in one particle recorded by the analyser was
calculated using hydrodynamic diameter of a lactose molecule obtained during
the investigation of samples with low concentration range and a simple
formula of a volume of a sphere. The sphere was used because the analyser
provides the hydrodynamic diameter of the detected particles, which is a
calculated hypothetical value (ISO/IDF, 2008). The maximum value (74%) of
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packing efficiency (Chang, 1991) was used to bring results closer to a reality,
because lactose molecules are non-spherical and will be packed very tightly in
a crystal lattice (Hartel, 2001). The equation The equation, used for calculation
the predicted molecule number in a particle of a certain size is provided below.
𝐴

𝑁 = (𝐵) ³𝑘,
where N is predicted number of molecules in one particle, A is hydrodynamic
diameter of the lactose particle, B is hydrodynamic diameter of the lactose
molecule and k is packing efficiency (74%) given by Chang (1991).
3.4 Preparation of scotta for experiments
Unsalted Ricotta cheese whey (scotta) was used (II, III) for the investigation of
the influence of pH, concentration factor, crystallisation temperature and
cooling profile on crystal dimensions. Scotta was provided by a local cheese
factory OÜ Põltsamaa Juustutööstus, Estonia. Fresh scotta, was collected at the
plant at the end of the turn (at approximately 90 °C) and then stored in
refrigerator at approximately 4 °C during the night. Although Ricotta cheese
whey had passed deproteinisation process carried out during Ricotta
production at the cheese factory, additional purification was done before whey
concentration the following day. Ricotta cheese whey was heated up to 90 °C
and then 0.4% (w/v) of lactic acid (Sigma-Aldrich Chemie GmbH, Germany)
was inserted for precipitation of protein residues. Furthermore, they were
removed by filtering through common paper filter. Concentration was
conducted via water evaporation at 60 °C until the desired concentration factor
was reached. Afterwards, scotta was used in further experiments.
Lactose, fat, and protein contents of raw material were measured at the Milk
Analysis Laboratory of the Estonian Livestock Performance Recording Ltd
using an automated infrared milk analyser (CombiFoss FT+, Foss Electric,
Denmark). The ash content was measured using the International IDF
Standard 42B:1990 (IDF 1990); pH was measured by the METTLER
TOLEDO pH-meter (Mettler-Toledo International Inc., Switzerland) and the
dry matter content was measured using METTLER TOLEDO RH83
moisture analyser (Mettler-Toledo International Inc., Switzerland). Viscometer
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Brookfield RVDV-III U EZ (Brookfield Engineering Labs. Inc, USA)
equipped with the spindle YULA-15 EK was used to determine sample
viscosity. Dry matter, fat, protein and lactose contents in Ricotta cheese whey
are given in Table 5.
3.5 Influence of scotta pH and concentration factor on crystal
dimensions
Lactose crystallisation was carried out in scotta samples at six pH values: 10, 8,
6, 4, 3, and 2 to investigate pH influence. Lactic acid (Sigma-Aldrich Chemie
GmbH, Germany) was used for lowering pH (pH 4, 3 and 2) and sodium
hydroxide (Sigma-Aldrich Chemie GmbH, Germany) was added to reach pH
levels of 6, 8, and 10.
Five samples of scotta with different concentration factors: 5, 6, 8, 10, and 12
were analysed to investigate the influence of concentration factor. Different
concentration factors were reached by water evaporation at low temperatures.
Additional information about the time of evaporation, sample viscosity, pH
and resultant concentration factors can be found in paper II.
Lactose crystallisation in the samples was carried out at the room temperature
(23 °C) without agitation or adding the seeds during 24 h. At the end of
experiment, crystals were washed with 10% w/v ethanol solution and distilled
water, and dried. Neither the yield of lactose nor losses during the process were
evaluated in this experiment.
3.6 Cooling rate and low crystallisation temperature effect on
morphology of lactose crystals obtained from Ricotta cheese whey
Concentrated samples of scotta were poured into test tubes, 10 ml into each
tube. Crystallisation was carried out at the temperatures of 2, 6 and 12 °C
during 24 hours without agitation or adding the seeds in an incubator
Panasonic MIR-154-PE (Panasonic Biomedical, Japan). Two cooling profiles
were used for achievement of these temperatures: fast (0.5 °C/min) and extra
fast (3 °C/min) profiles. Extra fast cooling was carried out using ultra low
temperature freezer Panasonic MDF-C8V1 (Panasonic Biomedical, Japan).
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Lactose solution with concentration of 50% w/v prepared in ultra-pure water
was used as reference solution. At the end of experiment, crystals were washed
with 10% w/v ethanol solution and distilled water, and dried. Neither the yield
of lactose nor losses during the process were investigated in this experiment.
3.6 Investigation of crystal size and shape
Crystal dimensions were determined using a microscope “Nikon SMZ 1000”
(Nikon Corporation, Japan), equipped with the digital camera “Nikon DSU2/L2 USB” (Nikon Corporation, Japan). Data collection and processing was
done using “NIS-Elements D 3.1” (Nikon Corporation, Japan) software. A
special technique for investigation of crystal dimension was developed:
projection surface area, crystal height and width have been taken as parameters
for crystal characterization. Projection surface area was defined as the area of
the crystal projection on the focal plane of the microscope. Crystal height was
defined by measuring the perpendicular from the top to the opposite base (was
defined as width) of the crystal (additional information can be found in paper
II). Such technique is laborious and to an extent produces biased results but it
provides an opportunity to inspect only single, well-developed crystals and to
exclude poorly developed or clumps of crystals from the data set. To minimize
biasing effect, the crystals of different shapes and sizes were included into the
sample set. This technique was also applied for the investigation of crystals in
paper III. Additionally, a scanning electron microscope “Leo 1430VP” (LEO
Electron Microscopy Ltd, England) was used for studying the surface of
crystals in both papers II and III. For this purpose, crystals were fixed with a
glue on a tin plate and gilt in vacuum. The samples were then placed under the
microscope and certain selected fields of view were digitally recorded.
3.7 Statistical analysis
All statistical analyses were performed using Statistical Package R. The effects
of lactose concentration, temperature, and concentration in relation to
temperature on the study variables in paper I were tested with a two-way
analysis of variance (ANOVA). The Tukey test was used to estimate particle
size characteristics at different lactose concentrations and temperatures (I).
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The Tukey test was also used in paper II to study the impact of scotta pH level
on crystal dimensions. The linear and nonlinear regression analyses were
performed to study the relationship between scotta concentration factor and
the average height, as well as crystal projection surface area (II). Statistical
analysis of the effect of cooling rate, low crystallisation temperature and
solution on morphology (height, width and area) of lactose crystals was tested
with full-factorial three-way analysis of variance. The pairwise comparisons of
specific groups were performed with Tukey post-hoc test. As all morphology
traits were right skewed, they were logarithm transformed before the analyses
to achieve normality (III).
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4. RESULTS
4.1 Particle size in solutions below supersaturated level
First, the lower limit of lactose solution concentration for adequate analysis
using the Zetasizer Nano ZS was determined. For this purpose, tests with a
low content of lactose in the sample were carried out. Tests showed that
minimum concentration for analysis should be not lower than 0.5% (I). When
lactose content in the solution was lower, the analyser gave unreliable results
(for example distributions with a peak mean around 300 nm) or measuring was
aborted. When the concentration of lactose in samples ranged from 0.6% to
1%, there was a multimodal distribution with the main peak average around a
1 nm diameter and a number of peaks with values around 300 nm and 5000
nm. As a result, Z-average values did not reflect the actual size of the particles
in the solution. All values of the polydispersity index (PdI) obtained for the
samples with low lactose concentrations exceeded 0.7, which also indicates
that samples have wide distribution of particle sizes. The size of lactose particle
was indicated by the main peak on the intensity curve and varied in a range of
0.89-1.17 nm (I).
When working with the samples with such low concentration, it is necessary
to track the correlation function. It is one of the key points in assessing the
reliability of the results. Paper I Fig. 2 shows a typical correlation function
obtained from measurements performed for samples with concentrations of
0.1, 0.5 and 1% (w/v). Excess scattering of 0.07 was obtained from the samples
with a 0.1% lactose concentration. The 0.5% lactose concentration resulted in
an excess scattering of around 0.1. Samples with a lactose concentration of 1%
resulted in excess scattering exceeding of 0.1, which is considered the lower
limit for reliable measurements. Correlation values of less than 0.1 indicate
poor data quality (Kaszuba, 2008). All correlation graphs showed rapid decay
rates (up to 0.8 µs) corresponding to a single lactose molecule size. The lower
part of the curves was kinked, which is typical for contaminated samples, or
those with too low or too high concentrations. This means that although the
lactose particle was detected, the result may be unreliable and usage of
extremely low concentrations for DLS analysis is therefore not rational.
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A lactose molecule was represented also via molecular modelling as a spacefill model (CPK model). The standard Van der Waals radius and the solventexcluded surface on the top of it was used. The longest distance was measured
to be 11.8 Å (1.18 nm). Fig. 4 shows space-fill model and solvent-excluded
surface of lactose molecule with the dimension along the longest distance.

Figure 4. Space-fill model and solvent-excluded surface of lactose molecule showing the
largest dimension. Solvent-excluded surface is depicted by a light gray cover according to the
charge distribution on atoms.

4.2 Aggregation of lactose molecules depending on temperature and
concentration
The aggregation of lactose molecules depending on temperature and
concentration was investigated using the samples with high concentration
range. In most cases, the monomodal distribution was obtained, but some
results were multimodal (Table 2). The distribution of mean particle size in the
lactose solution measured by the analyser during the experiment varied from
0.98-3.49 nm in diameter and peak location depended on sample temperature
and concentration. The effect of lactose concentration and temperature on
particle size in solution with maximum and minimum values is shown on Fig.
5. The relation of average values of particle sizes to each other can be found
in paper I.
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Figure 5. The influence of temperature (from 60 °C to 0 °C) and lactose concentration (values
shown in the left lower corner of the figures) on particle size in a pure lactose solution. Lower
and upper line correspond to minimum and maximum particle size, respectively, middle line
with crosses marks the average particle size, vertical arrows and grey area mark the range of
the particle size; average sizes are presented numerically.

For all experiments, the Z-average was found. Z-average is the best parameter
for particle size characterization, when the sample is monomodal (ISO
standard, 2008). It includes numbers from the whole dataset, and reflects even
small changes in the solution, so it cannot be used in polydisperse distribution.
It is expressed in implausible results. For an example, the average value of the
first peak in the sample with the concentration of 10% (w/v) was in
accordance with the size of a single lactose molecule.
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Table 2. Intensity distribution for peak 1 mean, nm (Id), polydispersity index (PdI), and Z-average (for every index ± standard deviation) for
main peaks obtained from samples with a concentration of lactose from 10% to 50% w/v at different temperatures. Three measurements of at
least 15 runs were taken for each sample.
60
10 %
w/v

Id
PdI

55

50

45

40

Temperature, °C
35
30

25

20

15

10

5

0

0.983±0.03 1.009±0.03 1.019±0.01 1.066±0.02 1.099±0.06 1.11±0.05 1.136±0.03 1.144±0.03 1.158±0.02 1.188±0.11 1.225±0.07 1.243±0.02 1.236±0.04
0.14±0.02

0.1±0.03

0.07±0.01

0.08±0.02 0.06±0.01 0.12±0.02 0.12±0.05 0.11±0.05 0.08±0.01 0.12±0.03 0.12±0.02 0.08±0.01 0.07±0.02

Z- Average 161.3±38.78 92.25±81.17 32.26±53.50 34.05±56.71 1.28±0.09 12.48±19.95 1.12±0.21 1.41±0.69 1.11±0.04 0.82±0.60 1.1±0.02 1.14±0.01 1.17±0.02
20 %
w/v

Id
PdI
Z- Average
Id

30 %
w/v

40 %
w/v

50 %
w/v

PdI

1.221±0.02 1.184±0.06 1.268±0.01 1.261±0.02 1.304±0.04 1.31±0.03 1.334±0.04 1.329±0.01 1.363±0.02 1.381±0.03 1.379±0.02 1.426±0.03 1.439±0.02
0.07±0.04

0.1±0.01

0.09±0.04

0.11±0.03

0.1±0.02

0.04±0.02 0.06±0.03 0.01±0.01 0.05±0.01 0.03±0.02 0.01±0.02 0.03±0.01 0.01±0.0

4.4±5.56

1.08±0.06

1.14±0.01

1.11±0.04 1.13±0.02 1.25±0.04 1.24±0.04 1.3±0.01 1.29±0.02 1.3±0.03 1.34±0.01 1.38±0.03 1.41±0.03

1.484±0.16 1.473±0.04 1.475±0.05 1.444±0.04 1.497±0.06 1.541±0.02 1.586±0.08 1.597±0.04 1.655±0.01 1.736±0.02 1.745±0.04 1.763±0.06 1.888±0.08
0.08±0.03

0.09±0.03

0.07±0.03 0.07±0.03 0.08±0.03 0.08±0.03 0.05±0.03 0.1±0.02 0.08±0.01 0.08±0.01 0.06±0.05 0.11±0.03

Z- Average 18.66±15.61 1.44±0.12

1.33±0.03

1.32±0.05 1.38±0.02 1.43±0.01 1.47±0.00 1.51±0.03 1.54±0.04 1.58±0.03 1.64±0.02 1.68±0.03 1.68±0.03

Id
PdI

0.08±0.03

1.736±0.10 1.737±0.04 1.743±0.02 1.779±0.01 1.832±0.01 1.914±0.05 1.994±0.02 2.097±0.04 2.070±0.03 2.162±0.09 2.206±0.02 2.370±0.08 2.464±0.03
0.08±0.03

0.09±0.03

0.1±0.03

0.06±0.03 0.04±0.04 0.05±0.04 0.06±0.02 0.06±0.02 0.05±0.03 0.06±0.03 0.04±0.01 0.05±0.02 0.05±0.02

Z- Average 1.61±0.11

1.55±0.06

1.57±0.07

1.67±0.06 1.74±0.02 1.80±0.04 1.90±0.02 1.95±0.03 1.97±0.03 1.73±0.59 2.11±0.02 2.24±0.03 2.35±0.00

Id
PdI

2.298±0.17 2.025±0.02 2.089±0.03 2.194±0.02 2.268±0.03 2.469±0.06 2.475±0.08 2.656±0.11 2.699±0.09 2.811±0.04 2.891±0.05 3.179±0.08 3.486±0.12
0.08±0.00

0.09±0.00

0.04±0.01

0.05±0.02 0.03±0.01 0.07±0.01 0.04±0.02 0.09±0.02 0.05±0.02 0.05±0.01 0.03±0.00 0.04±0.02 0.08±0.02

Z- Average 2.09±0.18

1.86±0.02

1.99±0.01

0.71±0.03 2.18±0.02 2.29±0.05 2.37±0.03 2.47±0.04 2.58±0.07 2.67±0.01 2.81±0.04 3.03±0.03 3.32±0.05
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However, result was multimodal and the Z-average of this solution was
disproportionately large. In order to compare the results from the
samples with mono- and multimodal distributions, it was decided to use
the average value of the first peak only and consider the appearance of
other peaks misleading.
Having analysed the data on average particle size in solutions with
different concentration factors, the conjectural number of molecules
that could form this cluster was found. Theoretical calculations show
that aggregates, obtained during an experiment may be formed on
average by 1 to 19 molecules respectively. The correct results of the
relation between hydrodynamic particle diameter, measured by the Nano
ZS instrument, and approximate molecule number in a particle are given
in Table 3.
Table 3. Hydrodynamic diameter of lactose particles obtained by the Nano ZS
instrument and calculated number of molecules in these particles, assuming the size of
a single lactose molecule is 1.18 nm.
Measured hydrodynamic diameter of a
lactose particle (nm)
1.18–1.88
1.94–2.37
2.41–2.71
2.74–2.98
3.0–3.2
3.23–3.49

Number of lactose molecules in
one particle
1–3
3–6
6–9
9–12
12–15
15–19

Comparing the data from this table with a data from Fig. 5, it can be
said, that aggregation of molecules was noticeable in the solution with
lactose concentration of 50% (during the cooling process, the number
of aggregated molecules increased to 19 molecules). According to
statistical tests, there was a statistically significant interaction (p<0.05)
between lactose concentration, solution temperature and particle sizes
in this solution (I). Paper I shows that the average particle size increased
with lactose concentration increase and temperature decrease.
Moreover, at higher concentration, average particle size is more
dependent on temperature (the slope characterizing the linear trend of
particle size depending on temperature was bigger in case of 50%
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concentration compared to other values). The minimum, maximum and
the range of particle sizes increased proportionally to solution
concentration increase. The pairwise comparison of temperatures over
concentrations shows that there was no statistically significant change in
average particle size between temperatures from 60 to 40 °C. At lower
temperatures, an increase of particle average sizes was statistically
significant. The main effect of temperature was bigger in case of the
average and minimum particle size, in case of the maximum and the
range of particle size, the temperature effect depends more on lactose
concentration. The maximum and especially the range were the most
unpredictable characteristics of the dataset (I). Dependence of the mean
particle size on temperature and concentration can be mathematically
described by the following linear regression formula:
D = a∙T + b,
where, D is hydrodynamic diameter of the particle (cluster) in nm, T is
temperature in °C, a and b are constants depending on lactose solution
concentration.
Values of a and b at different concentrations, and R 2 describing
correlation between regression formula and experimental data are given
in Table 4.
Table 4. Coefficients and R2-value of the linear regression at different lactose solution
concentrations.
Values
Solution concentration

a

b

R²

10%
20%

-0.0043
-0.0038

1.2565
1.437

0.9621
0.9466

30%
40%
50%

-0.0069
-0.0133
-0.0209

1.8144
2.3951
3.2066

0.8943
0.9726
0.8829
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4.3 Influence of scotta pH and concentration factor on the crystal
dimensions
The crystal dimensions varied depending on scotta pH level or
concentration factor. The influence of scotta pH and concentration factor
on the height and projection surface area of crystals and visual
representation of changes in crystals dimensions can be found in paper
II.
Table 5. Summary table comprising data from papers II and III, including dry matter,
fat, protein, lactose, ash content (%w/w), and pH in native Ricotta cheese whey. Values
are means of 15 independent measurements.

Average
Standard deviation
Max
Min

Dry
matter
5.26
0.4
5.82
4.72

Fat
0.21
0.09
0.36
0.11

Protein
0.48
0.54
0.42
0.04

Lactose
4.04
0.2
4.31
3.79

pH
5.6
0.14
5.75
5.36

Ash
content
0.48
0.07
0.63
0.41

Only weak positive correlation was observed between solution pH and
crystal dimensions (II). The largest dimensions (average height – 274
μm and projection surface area – 45,789 μm2) and clear pyramidal shape
were obtained in experiments at pH 4. In experiments where pH was
lower (2 and 3), crystals were significantly smaller and their shapes were
irregular without clearly distinguished faces. The surface was rough,
covered with numerous small crystallised formations. The average
height values were 82 and 65 μm and crystal projection surface areas
were 6,605 and 2,981 μm2. In experiments with pH starting from 6,
average height and projection surface area were the biggest at pH 8 (214
μm; 29,992 μm2). At pH 6, crystals were short but with large projection
surface area, with average dimensions of 130 μm and 2,996 μm2,
correspondingly. At pH 10, crystals were elongated. Their average height
was 172 μm and projection surface area – 17,812 μm2. An increase of
solution pH (in a range from 4 to 10) resulted in pyramid-shaped crystals
with smoother surfaces. Both, at low and high pH values, crystal surfaces
were rough and modified, they were covered with scales and numerous
small formations were found (II).
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There was a strong linear correlation between the solution concentration
factor and dimension of crystals. When the scotta concentration factor
was 5, crystals had the biggest dimensions (654 μm and 23,5341 μm2)
and pyramidal shapes with clear faces and smooth surfaces. An increase
of concentration factor led to crystal dimensions decrease and their faces
became poorly distinguished. At concentration factor 12, there were
many small, poorly developed crystals with the smallest average height
and projection surface area (107 μm and 7,815 μm2). A detailed study
with the SEM revealed that crystal surfaces from all concentrations are
not so smooth. Only the nature of defects was different. The surface of
the crystals obtained from the solution with concentration factor 5 was
partially covered with holes, which during future increasing of
magnification appeared to be folds. Crystals received from scotta with a
high concentration factor appear to consist of scales or plates.
4.4 Cooling rate and low crystallisation temperature effect on the
crystal dimensions
Average values of crystal dimensions are given in Fig. 6. The
corresponding microscopic photos of the crystals obtained in
experiments with fast cooling profiles and low crystallisation
temperatures can be found in paper III. The analysis of variance
revealed statistically significant effect of crystallization temperature on
all studied morphology parameters (all p<0.001), as well as statistically
significant effect of solution type and cooling rate on the height and
width of lactose crystals (all p<0.05, Table 6). However, statistical
significance of most interaction effects shows complex nature of the
solution type, cooling rate, and crystallization temperature effect on
lactose crystal morphology.
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Table 6. Results of full-factorial three-way analysis of variance, testing the effect
cooling rate (rapid versus extra rapid; CR), low crystallization temperature (2, 6 and 12
◦C; Temp) and solution type (Ricotta cheese whey versus pure lactose solution) on
lactose crystal morphology (height, width and projection surface area).
Factor

Height
Width
F
p
F
p
Solution
F1,351=31.87 <0.001 F1,286=5.92 0.016
Temp
F2,351=19.09 <0.001 F2, 286=206.8 <0.001
CR
F1,351=17.47 <0.001 F1, 286=23.71 <0.001
Solution*Temp
F2,351=0.86 0.424 F2, 286=25.57 <0.001
Solution*CR
F1,351=40.60 <0.001 F1, 286=2.79 0.096
Temp*CR
F2,351=12.31 <0.001 F2, 286=7.82 <0.001
Solution*Temp*CR F2,351=0.93 0.394 F2, 286=25.84 <0.001

Area
F
p
F1,218=1.65 0.200
F2,218=18.22 <0.001
F1,218=1.43 0.233
F2,218=10.75 <0.001
F1,218=66.03 <0.001
F2,218=23.39 <0.001
F2,218=17.98 <0.001

The studied factors affected crystal height in the most straightforward
way, where the average crystal height was bigger in case of pure lactose
solution, rapid cooling and higher crystallization temperatures.
However, the effect of cooling rate in its turn depends on the solution
type and crystallisation temperature – in case of pure lactose solution
and higher crystallisation temperatures, the average height of crystals
was smaller at rapid cooling compared with extra rapid cooling (Fig. 6).
The width and projection surface area of lactose crystals depend on the
solution type to a greater extent due to interaction with other factors.
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Figure 6. Average (± standard deviation) height, width and projection surface area of
crystals obtained from Ricotta cheese whey and pure lactose solution under different
crystallisation temperatures and cooling rates (rapid and extra rapid). The number of
samples per group varies between eight (area of crystals obtained from pure lactose
solution under crystallisation temperature 6 °C and rapid cooling) and 42 (height of
crystals obtained from Ricotta cheese whey under crystallisation temperature 12 °C and
extra rapid cooling), and is characterized by the size of the circles. Groups without
common letter for the same morphology trait are statistically significantly different
(Tukey post-hoc test following the three-way analysis of variance was applied to
logarithm-transformed variables).
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In case of higher crystallisation temperatures, the width and projection
surface area of lactose crystals were bigger, especially in pure lactose
solution, but this impact was different depending on the cooling rate.
The use of SEM (Fig. 7) revealed interesting results about the
microstructure of crystal faces. Some faces were modified and their
surface was rough. Several changes were found on all the faces of
tomahawk- and pyramid-shaped crystals, except for (010) faces (Fig. 7a).
Some faces of needle- and plate-shaped crystals were also irregular (Fig.
7b-c). Crystals grown in reference solution had smooth and welldeveloped faces (III).

Figure 7. SEM pictures of lactose crystals growing in Ricotta cheese whey at different
temperatures and cooling profiles: a – rapid cooling and crystallisation at 6 °C; b – extra
rapid cooling and crystallisation at 6 °C; c – extra rapid cooling and crystallisation at 12
°C; d – rapid cooling and crystallisation at 12 °C.

Certain irregular crystals, that consist as though from sheets or needles,
appear peculiar (Fig. 7d). Such crystals were observed only in solutions
with crystallisation temperature 12 °C and extra fast cooling profile.
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5. DISCUSSION
5.1 Single particle size in solutions below supersaturated level
and aggregation of lactose molecules depending on temperature
and concentration
Experiments with extremely low lactose concentration in solutions
enabled to determine the size of a single lactose molecule. For a long
time, it was thought that the size of a single lactose molecule ranges from
1 to 9 nm (Kelly, 2003). In the present work, we got a smaller range of
sizes (0.89-1.18 nm), which, however, corresponds to effective
hydrodynamic radius of lactose, found in some other works: 0.433-0.452
nm (Ribeiro et al., 2006). Similar dimensions had been found using DLS
methods for another disaccharide–sucrose (Weinbuch et al., 2015;
Kaszuba, et al., 2008). The reliability of our result was also confirmed by
the data obtained through molecular modelling. The longest distance of
a lactose molecule was estimated to be 11.8 Å, (1.18 nm). Aforesaid
entitles us to assert that the particle we measured in solutions below
supersaturated level corresponds to a size of a single lactose molecule.
Although the temperature and concentration are interdependent factors,
in our experiments concentration has a larger effect on the particle size
than temperature. It correlates with the results obtained by McLeod
(2011), who found that temperature has less noticeable effect on the
lactose nucleation process than concentration. Temperature effect on
the particle size was only noticeable in the sample with high
concentration factor, which is also argue for greater influence of
concentration.
A noticeable increase of the average size of lactose particles was
observed in the solution with 50% concentration at low temperatures.
This is in accordance with Pandalaneni & Amamcharla (2016), who
observed lactose crystals after 120 min of the experiment. Conversely to
the experiments by Pandalaneni & Amamcharla (2016), our test was
carried out without stirring. That may be the reason why, at the end of
experiment, there was only a slight increase in cluster size (up to 19
molecules). It is not enough to form a stable critical cluster for crystal
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formation (Hartel, 2001). According to Visser & Bennema (1983), every
lactose molecule can form the connection with 14 other lactose
molecules, so, at the end of the experiment, we had only one cell of
molecules, which strained to the limit in the context of cluster formation.
At concentration factor of 50%, the initial particle size was greater than
at other concentrations (Fig. 5). According to our calculations, these
clusters already consisted of more than 5 molecules (Table 3). It may be
due to incomplete dissolving of lactose during sample preparation.
These not completely dissolved lactose microparticles act as sources of
secondary nucleation (Hartel, 2001).
Regarding the influence of temperature, the experiments show that
minor aggregation of molecules starts at 40 °C. This is close to
commonly used crystallisation temperatures in many industrial plants:
30-15 °C (Ribeiro et al., 2006; Paterson, 2009; Wong & Hartel, 2014).
5.2 Influence of pH and concentration factor on crystal
dimensions obtained from scotta
Starting the discussion about crystals dimensions and morphology, it
should be noted that most fundamental works (Kreveld & Michaels,
1965; Kreveld, 1969; Visser, 1980) were carried out using pure lactose
solutions. In this work, we used a medium, where all the components
can influence crystal morphology and came into opposition with each
other (Guu & Zall, 1990).
Strong linear correlation between sample concentration factor and final
crystal dimensions and morphology was observed in experiments with
scotta. It is in line with both some older works (Herrington, 1934b) and
recent papers (Parimaladevi & Srinivasan, 2014). It should be
emphasized that dimensions of crystals obtained from samples with all
concentration factors were larger than those from other works
(Raghavan, et al., 2001; Miumoni et al., 2005; Lifran et al., 2007; Vu et al.,
2009; Parimaladevi & Srinivasan, 2014). This can be explained by the
fact that, in present work, not common growth medium was used. Scotta
composition differs from that of cheese whey (Jelen, 2002; Jelen, 2003)
due to the differences in the production (Modler, 1988; Jelen, 2002;
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Jelen, 2003). Scotta has lower content of dry matter and protein, which
could be one of the reasons for producing large crystals (Jelen & Coulter,
1973a). According to Miumoni et al. (2005), the presence of proteins
reduces the final size of lactose crystals. β-lactose also acts as strong
growth inhibitor in solutions with low concentration (Garnier et al.,
2002). In addition, large crystal size can be due to crystallisation without
stirring, which according to Zeng et al. (2000), leads to the formation of
large and well-developed crystals. However, higher content of some
naturally presented salts and sugar phosphates in scotta could have a
negative impact on crystal growth (Jelen & Coulter, 1973a; Visser, 1988;
Guu & Zall, 1991).
Furthermore, solution pH has a strong influence on lactose final crystal
dimensions. The biggest difference in sizes was obtained between
crystals from solutions with pH 2-3 and pH 4-10. Very small sizes and
irregular shapes of crystals obtained from the samples with pH 2 and 3
can be caused by the presence of lactic acid, which hinders nucleation
and slows down crystallisation velocity due to increasing of viscosity of
mother liquor (Jelen & Coulter, 1973a; Chandrapala et al., 2016).
According to Visser (1980), growth retarders with acidic character
inhibit crystal growth, especially that of the (010) and (110) faces: at pH
between 2 and 3, the growth of these faces was about zero. In paper II
we can see a crystal with a poorly developed (010) face in Fig. 3a. The
remains of denaturated whey proteins also retard the growth of crystals
(Modler & Lefkovitch, 1986; Sinelnikov, 2007). Along with fine crystals
with sharp edges, there are agglomerates of particles of protein and
mineral origin at pH 2 and 3, which look like dark blurs (II). In addition,
high concentration of lactic acid can lead to the formation of
agglomerates (Chandrapala et al., 2016). Therefore, pH 4 is close to
optimum for the production of high quality crystals (Nickerson &
Moore, 1974b) and close to the value mainly used in lactose
manufacturing (Sinelnikov, 2007). Consequently, crystals, obtained from
this sample have the largest dimensions and pyramidal shapes. It
contradicts Visser’s results (1980), who found that the maximum growth
of each face of the crystal in a pure lactose solution was at pH value of
approximately 7. In our case, a further increase of pH value negatively
affected the size and morphology of crystals. This accords with the
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results by Visser (1984), who, four years later, found that some
disaccharide phosphates are able to retard crystals growth at pH value
of 7. Also, the overall decrease in crystal sizes at pH values higher than
4 can be caused by weakly alkaline environment, which can be
destructive for carbohydrates and might retard crystallisation due to the
appearance of certain degradation products (Nickerson & Moore,
1974b; Gänzle et al., 2008). Compared with the results from pH 2 and 3,
at pH 8 were more common pyramid-shaped crystals with large
dimensions, but there was also a number of agglomerated crystals. It can
be caused by acceleration of mutarotation at pH >7 (Wong & Hartel,
2014), that enhances lactose crystallisation (Herrington, 1934b). It is
interesting to note that, at pH 8, the average size of crystals was larger
than those at pH 6 and 10, and almost reached the average value at pH
4. However, the standard deviation at pH 8 was two times bigger than
at pH 4 indicating a very large distribution of data.
5.3 Cooling rate and low crystallisation temperature effect on
crystal dimensions obtained from scotta
In general, dimensions of crystals grown at low crystallisation
temperatures were smaller than crystals obtained from samples with the
same concentration factor but grown at higher crystallisation
temperature (II). A rapid decrease in temperature has an unfavourable
effect on mutarotation and subsequent crystallisation (Tan, 2010). Due
to the use of extra rapid cooling profiles the content of crystalline
material increased rapidly, promoting the appearance of numerous
crystallisation centres (Paterson, 2010), leading to the formation of tiny
crystals. As seen in paper III there also were agglomerates of proteins
and minerals, looking like dark shapes. The presence of proteins and
minerals in solution can inhibit lactose crystallisation and lower the final
size of crystals (Modler & Lefkovitch, 1986; Guu & Zall, 1991; Miumoni
et al., 2005). Also, these blurs can consist of numerous small crystals
(aggregates), which appear as a result of rapid increase in concentration
(Parimaladevi & Srinivasan, 2015) and rapid growth of crystals, which
contact each other (Wong & Hartel, 2014), or uncontrolled secondary
nucleation (Wong et al., 2012), due to extra rapid decrease of
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temperature. At increased level of supersaturation in the solution, most
crystals were nucleated within a short period of time and β-lactose effect
on crystal morphology was low (Parimaladevi & Srinivasan, 2014b). This
causes the formation of pyramidal and triangular crystals in pure
solution, and trapezoidal crystals – in scotta concentrate. A noticeable
number of needle-like crystals in solutions with extra rapid cooling
profile may be due to the presence of galacto-oligosaccarides (GOS) or
some other than lactose carbohydrates that are naturally present in scotta.
Both, GOS (Ihli & Paterson, 2015) and other dissachharides (Kreveld,
1969) incorporate into crystalline structure and cause the formation of
needle-like crystals. Scotta contains less lactose and more mono- and
other disaccharides than standard cheese whey. This is due to the
destruction of a part of lactose under the influence of high temperature
and acid (the method of acidic termocoagulation) (Sinelnikov, 2007)
during the treatment of cheese whey. Due to this thermotreating, lactic
acid bacteria were inactivated and undesirable fermentation during the
storage did not occur. There was no additional formation of GOS, so
GOS in scotta should not be more than in usual cheese whey. Therefore,
their influence should not be greater than when obtaining lactose from
cheese whey. However, the relationship between the rate of cooling of
the solution and their action is not clear.
5.4 Microstructure of crystals
Microstructure of crystals was studied using SEM. All crystals obtained
during experiments at different conditions had different degrees of
modifications.
Lactose crystals grow in a spiral (Dincer et al., 2009), and every following
layer grows one upon the previous one (Hartel, 2001). In case of low
concentration, crystals grow slowly, and molecules have enough time to
build a new smooth layer (Hartel, 2001; Myerson & Ginde, 2001). In our
case, crystals, obtained from solutions with low concentration factor had
modified faces. This could be due to the fact that protein and mineral
particles from the solution adsorbed on the crystal faces and prevented
new layers from growing (Hartel & Shastry, 1991).
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A new layer needs time to completely cover immobile impurity particle,
stopping the lower layer growth. Apparently, protein and mineral
particles from scotta were too big to be covered completely, whereupon
small folds were formed on several faces, as in samples with low pH
value and low concentration factor (II). The molecules of riboflavin can
also adsorb on crystal faces (Holsinger, 1998) and affect the top of the
crystal, making it irregular (Lifran et al., 2007). In addition, the most
effective adsorption of riboflavin occurs exactly at low concentrations
of samples (Holsinger, 1998). In case of high concentration, impurities
also interfere with smooth growth of layers. Therefore, higher
concentrations favor the appearance of aggregated primary crystals
(Parimaladevi & Srinivasan, 2015) and promote the formation of a
number of tiny crystals. The latter adsorbed on growing crystal faces and
acted as nucleation centres, creating agglomerates of crystals (Myerson
& Ginde, 2001) (II). Moreover, large difference in sizes predisposed
crystals to form agglomerates (Shi et al., 2006).
The same effect was found for crystals grown at rapid cooling rate and
low crystallisation temperatures. When crystal grow very rapidly,
molecules from the solution do not have time for attaching to the right
place in crystal lattice and quickly incorporate at random place, causing
the roughness of crystal surfaces (Hartel, 2001; Myerson & Ginde, 2001).
Nucleation centres play a considerable role in the formation of
roughness on crystal faces, which at low temperatures will be formed
rather at rapid cooling profiles than at slow cooling (Hartel, 2001).
However, the presence of impurities in the solution (natural
components of whey) play a key role in the formation of folds on crystal
faces, because faces of crystals obtained from reference solution based
on pure water, were smooth and clearly distinguished. It contradicts the
theory (Holsinger, 1998) that impurities cannot adsorb on the growing
surface when rapid cooling profile is used.
The microstructure of a crystal in Fig. 7d. is also not explained. On the
one hand, it is similar to dendritic crystals, which grow under extremely
rapid crystallization conditions (Hartel, 2001). On the other hand, the
absence of such crystals in the reference solution refutes this theory.
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It remains unclear why most of crystals from the solutions with low
crystallisation temperatures and samples with low concentration factor
have well-developed (010) faces. This can be explained by the fact that
(010) face is the fastest growing face (Hartel, 2001; Dincer et al., 2009)
and starts to form until concentration of the solution reaches the critical
level, and impurities accumulate in the boundary layer of the crystal
(Hartel & Shastry, 1991). In addition, this face adsorbs the least amount
of β-lactose compared to other faces (Raghavan, 2000) and therefore, its
influence is minimal (Visser & Bennema, 1983).
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6. CONCLUSIONS




The size of lactose molecule was determined using solutions
below supersaturation level and it ranged from 0.89 to 1.17 nm.
The result was confirmed by molecular modelling which gave
1.18 nm as the largest dimension of a lactose molecule. Our
result significantly expanded the knowledge about lactose
molecule size given in literature.
Measured lactose particle sizes varied from 0.9 to 3.5 nm in
diameter depending on the solution temperature and
concentration. It increased with temperature decrease and
concentration factor increase. At high concentration, solution
temperature had a bigger effect on the average particle size than
at low concentrations. A noticeable increase in average particle
size was observed in solutions with temperature below 40 °C,
which indicates the beginning of aggregation of molecules.

Thus, it can be concluded that DLS method can be used as the basic
method for investigation of lactose nucleation process.






The optimum pH of solution for lactose crystallisation was
determined at pH 4. At higher and lower pH levels, crystal
growth was inhibited: crystal dimensions were smaller, shape
was modified and difficult to recognize, and surface was rough.
Also, the standard deviation at high pH level was big and
indicated wide crystal size distribution.
Crystal dimensions increased linearly with a decrease of
concentration factor. Concentration factor decrease resulted in
changes in the morphology of crystals: from irregular crystals
with a lot of formations on a surface at concentration factor of
12 to pyramidal-shaped crystals with clearly recognizable edges
at concentration factor 5.
Fast and extra fast cooling profiles and low crystallisation
temperature mainly affected the size of lactose crystals. Crystals
obtained from scotta using extra rapid cooling were smaller than
crystals obtained using rapid cooling profile at all crystallisation
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temperatures. Also, there was a strong increase in crystal sizes in
pure solutions, using extra rapid cooling profile and
crystallisation temperature increase.
The impurities have the greatest effect on the morphology of crystals
compared to other factors. Practically all faces of crystals obtained
from scotta at low crystallisation temperatures and cooling profiles
were irregular and rough, while crystals, obtained from pure
solution, had smooth faces at the same crystallisation conditions.
Furthermore, crystals, obtained from scotta using low crystallisation
factor, have modified and rough faces, although, based on the theory
of crystal growth at low supersaturation, they are supposed to have
smooth faces. Crystals, obtained from scotta at high concentration
factor do not have typical shapes for a given concentration or consist
of agglomerates, due to the influence of lactic acid during
crystallisation process.
Based on the results obtained during the investigation of
crystallisation, it can be concluded that the form, dimensions and
microstructure of lactose crystals are reliable indicators to study
factors affecting lactose crystallisation process in concentrated
Ricotta cheese whey. These indicators can be used in elaboration of
basic technology for lactose production from Ricotta cheese whey.

50

REFERENCES
Affertsholt-Allen, T., 2007. Market developments and industry
challenges for lactose and lactose derivatives. IDF Symposium “Lactose
and its derivatives”. Moscow, Russia.
Arellano, M.P., Aguilera J.M., Bouchom P., 2004. Development of a
digital video- microscopy technique to study lactose crystallisation
kinetics in situ. Carbohydrate Research, 339, 2721-2730.
Atkinson, R. L., Kratzer, F. H., Stewart, G.F., 1957. Lactose in Animal
and Human Feeding: A Review. Journal of Dairy Science, 40, 1114-1132.
Banks, J.L., Beard, H.S., Cao, Y., Cho, A.E., Damm, W., Farid, R., Felts,
A.K., Halgren, T.A., Mainz, D.T., Maple, J.R., Murphy, R., Philipp,
D.M., Repasky, M.P., Zhang, L.Y., Berne, B.J., Friesner, R.A.,
Gallicchio, E., Levy, R.M., 2005. Integrated modeling program, applied
chemical theory (IMPACT). Journal of Computational Chemistry, 26,
1752-1780.
Bhargava, A., Jelen, P., 1996. Lactose solubility and crystal growth as
affected by mineral impurities. Journal of Food Science, 61, 180-184.
Bund, R.K., Pandit, A.B., 2007. Sonocrystallization: Effect on lactose
recovery and crystal habit. Ultrasonics Sonochemicstry, 14, 143-152.
Chandrapala, J., Duke, M.C., Gray, S.R., Zisu, B., Weeks, M, Paliner, M.,
Vasiljevic, T., 2015. Properties of acid whey as a function of pH and
temperature. Journal of Dairy Science, 98, 4352-4363.
Chandrapala, J., Wijayasinghe, R., Vasiljevic, T., 2016. Lactose
crystallization as affected by presence of lactic acid and calcium in model
lactose systems. Journal of Food Engineering, 178, 181-189.
Chang, G., Guida, W.C., Still, W.C., 1989. An internal-coordinate monte
carlo method for searching conformational space. Journal of American
Chemical Society, 111, 4379-4386.
Chang, R., 1991. Chemistry (4th edn., Chapt. 11.4) New York, USA,
McGraw-Hill Inc.
51

CLAL. 2016. Lactose production and stocks with the market price
trends.
Available
at:
http://www.clal.it/en/?section=lattosio
(30.11.2016).
Connolly, M.L., 1983. Analytical molecular surface calculation. Journal
of Applied Crystallography, 16, 548-558.
De Wit, J.N., 2001. Lecturer`s handbook of whey and whey products.
European whey products association, Brussels, Belgium.
Dincer, T.D., Ogden, M.I., Parkinson, G.M., 2009. Crystal growth
mechanisms of the (010) face of α-lactose monohydrate crystals. Journal
of Crystal Growth, 311, 2427- 2432.
Dincer, T.D., Ogden, M.I., Parkinson, G.M., 2014. Investigation of
growth rate dispersion in lactose crystallization by AFM. Journal of
Crystal Growth, 402, 215- 221.
Dincer, T.D., Parkinson, G.M., Rohl, A.L., Ogden, M.I., 1999.
Crystallization of α-lactose monohydrate from dimethyl sulfoxide
(DMSO) solutions: influence of β-lactose. Journal of Crystal Growth.
205, 368-374.
Dirksen, J.A., Ring, T.A., 1991. Fundamentals of crystallization: kinetic
effects on particle size distribution and morphology. Chemical
Engineering Science, 46, 2389-2427.
Eimer, W., Pecora, R., 1991. Rotational and translational diffusion of
short rodlike molecules in solution: oligonucleotides. The Journal of
Chemical Physics, 94, 2324-2329.
EMEA., 2002. Risk and regulatory assessment of lactose and other
products prepared using calf rennet. Public report. The European
Agency for the Evaluation of Medicinal Products.
Erdemir, D., Lee, A.Y., Myerson, A.S., 2009. Nucleation of crystals from
solution: classical and two-step models. Accounts of Chemical Research,
42, 621-629.
Fox, P.F., 2009. Lactose: chemistry and properties. In: McSweeney
P.H.L & Fox P.F (editors) Advanced dairy chemistry, Volume 3:
52

Lactose, water, salts and minor constituents. 3rd ed. New York,
Springer. pp. 17-30.
Gänzle, M.G., Haase, G., Jelen, P., 2008. Lactose: crystallization,
hydrolysis and value-added derivatives. International Dairy Journal, 18,
685-694.
Garnier, S., Petit, S., Coquerel, G., 2002. Influence of supersaturation
and structurally related additives on the crystal growth of α-lactose
monohydrate. Journal of Crystal Growth, 234, 207-219.
Guu, M.Y.K., Zall, R.R., 1991. Lactose crystallization: effects of minerals
and seeding. Process Biochemistry, 26, 167-172.
Haase, G., Nickerson, T.A., 1966. Kinetic reactions of alpha and beta
lactose. I. Mutarotation. Journal of Dairy Science, 49, 127-132.
Hartel, R.W., Shastry, A.V., 1991. Sugar crystallization in food products.
CRC Critical Reviews in Food Science and Nutrition, 1, 49-112.
Hartel, R.W., 2001. Crystallization in foods. Gaithersburg, MD, USA:
Aspen Publishers, Inc.
Hartel, R.W., 2013. Advances in food crystallization. The Annual
Review of Food Science and Technology, 4, 277-292.
Herrington, B.L., 1934a. Some physico-chemical properties of lactose. I.
The spontaneous crystallization of supersaturated solutions of lactose.
Journal of Dairy Science, 17, 501-518.
Herrington, B.L., 1934b. Some physico-chemical properties of lactose.
II. Factors influencing the crystalline habit of lactose. Journal of Dairy
Science, 17, 533-542.
Holsinger, V.H., 1998. Lactose. In Noble P. Wong (Ed.), Fundamentals
of Dairy Chemistry, third ed., New York, USA, CBS Publishers &
Distributors., pp. 279-342.
Hunziker, O.F., Nissen, B.H., 1926. Lactose solubility and lactose crystal
formation. Journal of Dairy Science, 9, 517-537.

53

IDF, International Dairy Federation. 1990. Milk and milk products.
Determination of total phosphorus content. Spectrometric method.
International IDF standard 42B:1990.
ISO/IDF. 2008. Particle size analysis- dynamic light scattering. ISO
22412. Geneva, Switzerland: International Organisation for
Standardisation.
Ihli, J., Paterson, A.H.J., 2015. Effect of galacto-oligosaccharide
concentration on the kinetics of lactose crystallization. International
Dairy Journal, 41, 26-31.
Jelen, P., 2002. Whey processing: utilization and products. Encyclopedia
of Dairy Science. Editor-in-Chief Roginski, H. Academic Press, pp.
2739-2745.
Jelen, P., 2003. Whey: Composition, properties, processing, and uses.
Encyclopedia of Food Science and technology. Editor-in-Chief Francis,
F.J. Academic Press, pp. 2653-2661.
Jelen, P., 2007. Properties of lactose as determinants of crystallization
behaviour and of industrial applications. IDF Symposium “Lactose and
its derivatives”. Moscow, Russia.
Jelen, P., Coulter, S.T., 1973a. Effect of certain salts and other whey
substances on the growth of lactose crystals. Journal of Food Science,
38, 1186-1189.
Jelen, P., Coulter, S.T., 1973b. Effects of supersaturation and
temperature on the growth of lactose crystals. Journal of Food Science,
38, 1182-1185.
Kalab, M., 1993. Practical aspects of electron microscopy in dairy
research. Food Structure, 12, 95-114.
Kaszuba, M., McKnight, D., Connah, M.T., McNeil-Watson, F.K.,
Nobbmann, U., 2008. Measuring sub nanometre sizes using dynamic
light scattering. Journal of Nanoparticle Research, 10, 823-829.
Kelly, P.M., 2009. Significance of lactose in milk powders. In:
McSweeney P.H.L & Fox P.F (editors) Advanced dairy chemistry,
54

Volume 3: Lactose, water, salts and minor constituents. 3rd ed. New
York, Springer. pp. 80-95.
Kelly, P.M., 2003. Membrane separation. In H. Roginski, J.W. Fuquay,
P.F. Fox (Eds.), Encyclopaedia of Dairy Sciences Amsterdam, The
Netherlands: Academic Press. pp. 1777-1786.
Khramtsov, A.G., 2011. Phenomenon of whey = Храмцов, А.Г. 2011.
Феномен молочной сыворотки. Санкт-Петербург: изд-во
"Профессия" (in Russian).
Kreveld, van, A., 1969. Growth rates of lactose crystals in solutions of
stable anhydrous α-lactose. Netherlands Milk and Dairy Journal, 23, 258275.
Kreveld, van, A., Michaels, A.S., 1965. Measurement of crystal growth
of α-lactose. Journal of Dairy Science, 48, 259-265.
Lifran, E.V., Vu, T.T.L., Durham, R.J., Hourigan, J.A., Sleigh, R.W.,
2007. Crystallization kinetics of lactose in the presence of lactose
phosphate. Powder Technology, 179, 43-54.
Livney, Y.D., Donhowe, D.P., Hartel, R.W., 1995. Influence of
temperature on crystallization of lactose in ice-cream. International
Journal of Food Science and Technology, 30, 311-320.
MacroModel version 10.3, Schrödinger, Inc., Portland, (2014)
Mazzobre, M.F., Aguilera, J.M., Buera, M.P., 2003. Microscopy and
calorimetry as complementary tehniques to analyze sugar crystallization
from amorphous system. Carbohydrate Research, 338, 541-548.
McLeod, J., Paterson, A.H.J., Jones, J.R., Bronlund, J.E., 2011. Primary
nucleation of alpha-lactose monohydrate: the effect of supersaturation
and temperature. International Dairy Journal, 21, 455-461.
McLeod, J.S., Paterson, A.H.J., Bronlund, J.E., Jones, J.R., 2016. The
effect of agitation on the nucleation of α-lactose monohydrate.
International Dairy Journal, 61, 114-119.

55

Miumoni, A., Schuck, P., Bouhallab, S., 2005. Kinetics of lactose
crystallization and crystal size as monitored by refractometry and laser
light scattering: effect of proteins. Dairy Science and Technology, 85,
253-260.
Miumoni, A., Schuck, P., Bouhallab, S., 2009. Isothermal batch
crystallization of alpha-lactose: a kinetic model combining mutarotation,
nucleation and growth steps. International Dairy Journal, 19, 129-136.
Modler, H.W., Lefkovitch, L.P., 1986. Influence of pH, casein, and whey
protein denaturation on the composition, crystal size and yield of lactose
from condensed whey. Journal of Dairy Science, 69, 684-697.
Modler, H.W., 1988. Development of a continuous process for the
production of Ricotta cheese. Journal of Dairy Science, 71, 2003-2009.
Morison, K.R., Mackay, F.M., 2001. Viscosity of lactose and whey
protein solutions. International Journal of Food Properties, 4, 441-454.
Muir, D.D., 2002. Lactose: properties, production, applications. In:
Roginski, H. (Ed.), Encyclopedia of dairy science, England, London,
Elsevier Science, pp. 1525-1529
Myerson, A.S., Ginde, R., 2001. Crystals, crystal growth, and nucleation.
In Myerson, A.S. (Ed.), Handbook of industrial crystallization, 2nd ed.
England, Butterworth-Heinemann, Architectural Press., pp. 33-65.
Nickerson, T.A., 1954. Lactose crystallization in ice cream. I. Control of
crystals size by seeding. Journal of Dairy Science, 37, 1099-1105.
Nickerson, T.A., 1956. Lactose crystallization in ice cream. II. Factors
affecting rate and quantity. Journal of Dairy Science, 39, 1342-1350.
Nickerson, T.A., 1962. Lactose crystallization in ice cream. IV. Factors
responsible for reduced incidence of sandiness. Journal of Dairy Science,
45, 354-359.
Nickerson, T.A., Moore, E.E., 1974a. Alpha lactose and crystallization
rate. Journal of Dairy Science, 57, 160-164.

56

Nickerson, T.A., Moore, E.E., 1974b. Factors influencing lactose
crystallization. Journal of Dairy Science, 57, 1315-1319.
Nickerson, T.A., 1975. Use of Milk Derivative, lactose, in other foods.
Journal of Dairy Science, 59, 581-587.
Nickerson, T.A., Patel, K.N., 1972. Crystallization in solutions
supersaturated with sucrose and lactose. Journal of Food Science, 37,
693-697.
Pandalaneni K., Amamcharla J.K., 2016. Focused beam reflectance
measurement as a tool for in situ monitoring of the lactose crystallization
process. Journal of Dairy Science, 99, 1-10.
Parimaladevi, P., Srinivasan, K., 2014a. Influence of supersaturation
level on the morphology of α-lactose monohydrate crystals.
International Dairy Journal, 39, 301-311.
Parimaladevi, P., Srinivasan, K., 2014b. Studies on the effect of different
operational parameters on the crystallization kinetics of α-lactose
monohydrate single crystals in aqueous solution. Journal of Crystal
Growth, 401, 252-259.
Parimaladevi, P., Srinivasan, K., 2015. Achievement of favorable
uniform crystal size distribution of alpha-lactose monohydrate (α-LM)
through swift cooling process. Journal of Food Engineering, 15, 1-6.
Patel, K.N., Nickerson, T.A., 1970. Influence of sucrose on the
mutarotation velocity of lactose. Journal of Dairy Science, 53, 16541658.
Paterson, A.H.J., 2009. Production and uses of lactose. In McSweeney
P.L.H. & Fox P.F.(Eds.), Advanced dairy chemistry, Volume 3: lactose,
water, salts and minor constituents, third ed., New York, USA, Springer,
pp. 105-120.
Paterson, A.H.J., 2016. Lactose processing: From fundamental
understanding to industrial application: A Review. International dairy
Journal. doi: 10.1016/j.idairyj.2016.07.018.

57

Pecora, R., 1985. Dynamic light scattering: applications of photon
correlation spectroscopy, New York, USA, Plenum Press.
Pecora, R., 2000. Dynamic light scattering measurement of nanometer
particles in liquids. Journal of Nanoparticle Research, 2, 123-131.
Raghavan, S.L., Ristic, R.I., Sheen, D.B., Sherwood, J.N., Trowbridge,
L., York, P., 2000. Morphology of crystals of α-lactose hydrate grown
from aqueous solution. The Journal of Physical Chemistry B, 104,
12256-12262.
Raghavan, S.L., Ristic, R.I., Sheen, D.B., Sherwood, J.N., 2001. The bulk
crystallization of α-lactose monohydrate aqueous solution. Journal of
Pharmaceutical Science, 90, 823-832.
Ribeiro, A.C.F., Ortona, O., Simões, S.M.N., Santos, C.I.A.V., Prazeres,
P.M.R.A., Valente, A.J.M., Lobo, V.M.M. & Burrows, H.D., 2006.
Binary mutual diffusion coefficients of aqueous solutions of sucrose,
lactose, glucose and fructose in the temperature range from (298.15 to
328.15) K. Journal of Chemical & Engineering Data, 51, 1836-1840.
Sangwal, K., 1998. Growth kinetics and surface morphology of crystals
grown from solutions: recent observations and their interpretations.
Progress in Crystal Growth and Characterization of Materials, 36, 163248.
Sansonetti S., Curcio S., Calabro V., Iorio G., 2009. Bio-ethanol
production by fermentation of Ricotta cheese whey as an effective
alternative non-vegetable source. Biomass & Bioenergy, 33, 1687-1692.
Sansonetti S., Curcio S., Calabro V., Iorio G., 2010. Optimization of
ricotta cheese whey (RCW) fermentation by response surface
methodology. Bioresource Technology, 101, 9156-9162.
Saunders, M., Houk, K.N., Wu, Y.D., Still, W.C., Lipton, M., Chang, G.,
Guida, W.C., 1990. Conformations of cycloheptadecane. A comparison
of methods for conformational searching. Journal of American
Chemical Society, 112, 1419-1427.
Schaafsma, G., 2008. Lactose and lactose derivatives as bioactive
ingredients in human nutrition. International Dairy Journal, 18, 458-465.
58

Schmitt, E.A., Law, D., Zhang, G.G.Z., 1999. Nucleation and
crystallization kinetics of hydrated amorphous lactose above the glass
transition temperature. Journal of Pharmaceutical Sciences, 88, 291-296.
Shi, Y., Hartel, R.W., Liang, B., 1989. Formation and growth phenomena
of lactose nuclei under contact nucleation conditions. Journal of Dairy
Science, 72, 2906-2915.
Sinelnikov, B.M., Khramtsov, A. G., Evdokimov, I.A., Ryabtseva, S.A.,
Serov, A.V., 2007. Lactose and its derivatives = Синельников, Б.М.,
Храмцов, А.Г., Евдокимов, И.А., Рябцева, С.А., Серов, А.В. 2007.
Лактоза и ее производные. Санкт-Петербург: изд-во "Профессия"
(in Russian).
Smithers, G.W., 2015. Whey-ing up the options e Yesterday, today and
tomorrow: A Review. International Dairy Journal, 48, 2-14.
Sommella, E., Pepe, G., Ventre, G., Pagano, F., Conte, G.M., Ostacolo,
C., Manfra, M., Tenore, G.C., Russo, M., Novellino, E., Campiglia, P.,
2016. Detailed peptide profiling of “Scotta”: from a dairy waste to a
source of potential health-promoting compounds. Dairy Science and
Technology, 96, 763-771.
Still, W.C., Tempczyk, A., Hawley, R.C., Hendrickson, T., 1990.
Semianalytical treatment of solvation for molecular mechanics and
dynamics. Journal of American Chemical Society, 112, 6127-6129.
Tan, R., 2009. Manufacture of sweetened condensed milk and the
significance of lactose therein. In McSweeney P.L.H. & Fox P.F.(Eds.),
Advanced dairy chemistry, Volume 3: lactose, water, salts and minor
constituents, third ed., New York, USA, Springer, pp. 36-57.
Valadao, N.K., Andrade, M.G.D., Jory, J.C., Gallo, F.A., Petrus, R.R.,
2016. Development of a Ricotta Cheese Whey-based Sports Drink.
Journal of Advanced Dairy Research, 4:156, doi:10.4172/2329888X.1000156.
Visser, R. A., 1980. A natural crystal growth retarders in lactose.
Netherlands Milk and Dairy Journal, 34, 255-275.

59

Visser, R. A., 1984. Experiments for tracing growth retarders in lactose.
Netherlands Milk and Dairy Journal, 38, 107-133.
Visser, R.A., 1988. Crystal growth retarding of α-lactose hydrate by sugar
phosphates; a continued study. Netherlands Milk and Dairy Journal, 42,
449-468.
Visser, R. A., Bennema, P., 1983. Interpritation of the morphology of
alpha-lactose monohydrate. Netherlands Milk and Dairy Journal, 37,
109-137.
Vu, L.T.T., Huynh, L., Hourigan J.A., 2009. Effects of solvents on
characteristics of crystalline lactose extracted in ternary and quaternary
systems. Advanced Powder Technology, 20, 251-256.
Weinbuch, D., Cheung, J.K., Ketelaars, J., Filipe, V., Hawe, A.,
Engelsman, J., Jiskoot, W., 2015. Nanoparticulate impurities in
pharmaceutical-grade sugars and their interference with light scatteringbased analysis of protein formulations. Pharmaceutical Research, 32,
2419-2427.
Whittier, E.O., Gould, S.P., 1930. Speed of crystallization of lactose,
galactose, glucose and sucrose from pure solution. Industrial and
Engineering Chemistry, 23, 670-673.
Wong, S.Y., Bund, R.K., Connelly, R.K., Hartel, R.W., 2012. Designing
a lactose crystallization process based on dynamic metastable limit.
Journal of Food Engineering, 111, 642-654.
Wong, S.Y., Hartel, R.W., 2014. Crystallization in lactose refining- a
review. Journal of Food Science, 79, 257-272.
Zeng, X.M., Martin, G.P., Marriott, C., Pritchard, J., 2000. Crystallization
of lactose from carbopol gels. Pharmaceutical research, 17, 879-886.

60

SUMMARY IN ESTONIAN
Laktoosi klasterdumine ja kristalliseerimine: puhta laktoosilahuse
ja ricotta juustu vadaku eksperimentaaluuring
Sissejuhatus
Laktoos on madalmolekulaarne loomse päritoluga süsivesik, mis on
valkude ja lipiidide kõrval üks kolmest piima põhikomponendist.
Laktoosi avastamisest saadik 400 aastat tagasi on selle omaduste ja
tootmistehnoloogiliste meetodite uurimine jätkunud tänapäevani.
Peamiselt 20. sajandi jooksul tehtud mahuka teadustöö käigus on
selgitatud mitmeid laktoosi iseloomustavaid füüsikalisi ja keemilisi
omadusi ning selle tootmise tehnoloogilisi võimalusi. Tänu neile
uuringutele on kristalliline laktoos ja selle modifikatsioonid muutunud
ka tähtsaks tööstuslikuks tooteks. Laktoosi kasutatakse ulatuslikult
toiduainetööstuses, farmaatsia- ja keemiatööstuses, biotehnoloogias
ning mitmesugustes muudes valdkondades. Tähtis osa on laktoosil ka
põllumajanduses, kus seda kõige ulatuslikumalt rakendatakse
piimhappelise käärimise substraadi põhilise koostisosana, toitainena
loomasöötades jms.
Tavaliselt kasutatakse laktoosi valmistamise toormena vadakut, mida on
sageli peetud piimatööstuse väheväärtuslikuks kõrvalsaaduseks. Vadak
tekib kalgendamise ja sellele järgneva kalgendi töötluse käigus eelkõige
kohupiima ja juustu tootmise protsessis. Päritolu järgi jaguneb vadak
kahte suuremasse klassi: juustu- ja kohupiimavadakuks. Üks
juustuvadaku liike on ka nn ricotta vadak. Selle moodustab valgu- ja
rasvavaene veefaas, mis jääb pärast vadakuvalkude eraldamist
traditsioonilisest juustuvadakust järele. Ricotta vadaku uurimise ja
kasutamise problemaatikaga ei ole Eestis senini tegeldud. Nende
aspektide kohta on kogu maailmas vähe teavet.
Olenevalt vadaku päritolust on selle koostises (sh laktoosisisalduses)
märgatavaid erinevusi. Näiteks happemeetodil saadud kohupiima vadak
sisaldab vähem laktoosi, sest happelisele kalgendamisele eelneb
piimhappebakterite abil toimuv fermenteerimisprotsess, mille käigus osa
laktoosist muutub piimhappeks. Traditsiooniliseks laktoosi tootmise
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toormeks on juustuvadak, mis puhastatakse, kontsentreeritakse vajaliku
tasemeni ja seejärel toimub laktoosi kristalliseerimine. Happelist
kohupiimavadakut kasutatakse laktoosi tootmise toormena suhteliselt
harva, sest laktoosi kristalliseerimise eelne pH väärtuse normaliseerimine
vajab tehnoloogilisi lisaoperatsioone. Viimastel aastakümnetel on siiski
huvi selle tooraine vastu hakanud suurenema.
Huvi on tekkimas ka ricotta vadaku kasutamise kohta laktoosi allikana.
Selle pH ei ole küll kristalliseerimiseks optimaalne, kuid valgusisaldus on
madal, mis soodustab homogeenset kristalliseerimist. Samas ei ole senini
ricotta vadakust laktoosi kristalliseerimise uurimisega süvitsi tegeldud –
isegi mitte kristalliseerimise põhiparameetreid: kontsentratsioon,
temperatuur ja pH. Täpsemalt ei ole uuritud ka laktoosi
kristalliseerumisele eelnevat faasi, mille käigus toimub molekulide
klasterdumine ehk moodustuvad molekulide esmased kogumid
(klastrid). Samuti ei ole uuritud temperatuuri ja laktoosi
kontsentratsiooni mõju klastrite suurusele, suurusjaotusele ja molekulide
arvule neis.
Käesoleva doktoritöö eesmärgid olid:
1) määrata eksperimentaalselt laktoosiosakese suurus puhtas
küllastamata laktoosilahuses ja kontrollida tulemuste paikapidavust
laktoosimolekuli ruumilise modelleerimisega;
2) uurida laktoosimolekulide klasterdumist küllastunud lahuses ja selle
käigus moodustuvate osakeste suurust sõltuvalt temperatuurist ning
laktoosi kontsentratsioonist (I);
3) selgitada pH, lahuse kontsentratsiooni (II), jahutuskiiruse ning
kristalliseerimistemperatuuri (III) mõju laktoosikristallide morfoloogiale
ricotta vadaku kasutamisel toormena.
Andmete kinnitamiseks kasutati ka modelleerimistehnikat. Töös kasutati
Väino Poikalaineni ja Anna Pisponeni välja töötatud laktoosikristallide
suuruse määramise metoodikat (II ja III). Andmeid töödeldi
tabelarvutussüsteemiga MS EXCEL ja analüüsiti statistika tarkvaraga
Statistical Package R (I, II, III).
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Metoodika
Laktoosimolekuli ja nende liitumisel tekkivate esmaste klastrite suuruse
määramiseks (sõltuvalt lahuse temperatuurist ja kontsentratsioonist)
kasutati valguse dünaamilise hajuvuse (DLS) põhimõttel töötavat
analüsaatorit Malvern Zetasizer Nano ZS (Malvern Instruments Ltd.,
Malvern, Ühendkuningriik). Laktoosimolekuli suurus registreeriti 0,1–
1,0% puhtas laktoosilahuses. Klastrite suuruse määramiseks kasutati
lahuseid, milles laktoosisisaldus oli 10, 20, 30, 40 ja 50 protsenti. Kõik
lahused valmistati veega, mis kõigepealt destilleeriti ja seejärel
deioniseeriti ning filtreeriti enne kasutamist Anotopi 0,02 µm filtriga
(Whatman GmbH, Dassel, Saksamaa). Filtreerimine aitas vältida
sekundaarse saastumise võimalikku mõju enam kui 20 nm suuruste
osakestega. Väikese laktoosisisaldusega (0,1–1,0%) katsed viidi läbi
toatemperatuuril. Suure laktoosisisaldusega (10−50%) proove jahutati
mõõtmiste käigus kolme tunni jooksul 60 °C kuni 0 °C-ni, registreerides
tulemused viiekraadiste vahedega.
DLS-i analüsaatori abil laktoosimolekuli suuruse kohta saadud andmete
paikapidavuse kontrolliks genereeriti hüdraatkihiga laktoosimolekuli
ruumiline mudel, rakendades teoreetilise keemia modelleerimise
meetodeid (I). Molekulide arvu klastris hinnati kerakujuliste osakeste
mahtmudeli põhjal, kasutades ruumitäitumuse koefitsiendi maksimaalset
väärtust (74%).
Laktoosikristallide kasvu ja morfoloogia uuringuteks kasutatud ricotta
vadak soetati OÜ Põltsamaa Meierei Juustutööstusest. Selle valgu-,
rasvaja
laktoosisisalduse
analüüsid
viidi
läbi
Eesti
Põllumajandusloomade Jõudluskontrolli piimaanalüüside laboris. Tuhaja kuivainesisaldus, pH ning viskoossus vadaku kontsentreerimisel
määrati Eesti Maaülikooli toiduteaduse ja toiduainete tehnoloogia
osakonna laborites, kasutades vastavaid standardseid metoodikaid.
Laktoosikristallide suurust uuriti digitaalkaameraga varustatud
valgusmikroskoobiga Nikon SMZ1000 (Nikon Corporation, Jaapan)
ning kristallide peenstruktuuri skaneeriva elektronmikroskoobiga Leo
1430VP (LEO Electron Microscopy Ltd, Inglismaa). Kristallide
morfoloogia uurimisel rakendasid autorid selleks spetsiaalselt välja
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töötatud metoodikat, mille näitajateks olid: 1) kristalli kõrgus, mis
registreeriti mikroskoobi vaateväljas kristalli tipust selle vastasküljeni
ulatuva perpendikulaarse joonmõõduna, 2) kristalli eripindala, mis
kujutab endast kristalli projektsiooni mikroskoobi fokaaltasandil.
Aktiivhappesuse mõju analüüsimiseks valmistati kuus erineva pHväärtusega ricotta vadakut: 10, 8, 6, 4, 3 ja 2. Laktoosi kontsentratsiooni
mõju uurimiseks kontsentreeriti vadakut 5, 6, 8, 10 ja 12 korda.
Kristalliseerimine toimus 24 tunni jooksul toatemperatuuril vadakut
segamata. Temperatuuri mõju analüüsimiseks sooritati kristallisatsioon
24 tunni jooksul madalatel temperatuuridel: 2 °C, 6 °C ja 12 °C, seejuures
vadakut segamata. Täiendavalt kasutati iga temperatuuri saavutamiseks
kiiret (0,5 °C /min) ja ülikiiret (3 °C /min) temperatuuri alandamist.
Tulemused ja arutelu
DLS-analüüsil saadi laktoosimolekuli suuruseks 0,89-1,18 nm, mis oli
tunduvalt väiksem kui Kelly (2003) töös, kuid osutus sarnaseks mõnede
teise autorite andmetega laktoosimolekuli kohta (Ribeiro jt 2006,
Weinbuch jt 2015, Kaszuba jt 2008). Laktoosimolekuli modelleerimine
kinnitas saadud tulemusi: hüdraatkihiga molekuli pikimaks
joonmõõduks osutus 11,8 Å (1,18 nm). Ühtlasi selgus DLS-analüüsil, et
lahused kontsentratsiooniga alla 1% ei sobi seatud eesmärgil uuringuteks
analüsaatoriga Zetasizer Nano ZS. Vaatamata sellele, et selliste lahuste
DLS-analüüsi autokorrelatsioonikõverad näitasid järsku langust 0,8 µs
juures (mis vastab laktoosimolekuli suurusele), olid graafikute lõpuosad
katkendlikud. See viitab liiga väiksele kontsentratsioonile (I).
Laktoosimolekulidest moodustunud klastrite suurus varieerus
vahemikus 0,98-3,49 nm. Vastavate mudelarvutuste kohaselt koosnevad
sellise suurusega klastrid 2-65 laktoosimolekulist. Klastrite suuruse ning
temperatuuri ja kontsentratsiooni vahel ilmnes tugev lineaarne
korrelatsioon (p < 0,05). Klastri keskmine suurus kasvas
kontsentratsiooni suurendamise ja temperatuuri langetamisega. Kõige
märkimisväärsem oli klastrite suuruste kasv temperatuuril alla 30 °C, mis
vastab ühtlasi tööstuses kasutatavale kristalliseerimistemperatuurile
(Ribeiro jt, 2006, Paterson, 2009, Wong ja Hartel, 2014).
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Erinevate kontsentratsioonidega lahustest saadud laktoosikristallid
osutusid suuremaks kui kirjanduses esitatu (Raghavan jt 2001, Miumoni
jt 2005, Lifran jt 2007, Vu jt 2009, Parimaladevi ja Srinivasan 2014).
Põhjuseks võib olla nii ricotta vadaku kasutamine (Modler 1988, Jelen
2002, Jelen 2003) kui ka segamiseta kristalliseerimine (Zeng jt 2000).
Kristallide suuruse ja lahuse kontsentratsiooni vahel oli tugev positiivne
seos. Kõige suuremad kristallid (654 μm ja 235 341 μm2) saadi vadakust,
mida kontsentreeriti viis korda. Nende kristallide tahud olid hästi
eristatavad ja pinnad enamasti siledad, kuigi neis esines ka lohke. Selliseid
kristallipinna defekte võisid põhjustada vadakus leiduvad lisandid, mis
kogunevad kristalli pinnale, kutsudes esile teatud karedust (Hartel 2001,
Myerson ja Ginde 2001). Kristallide mõõtmed vähenesid vadaku
kontsentratsiooni suurenemisel. Kõige suurema kontsentratsiooni korral
(kontsentratsiooni kordaja 12) olid kristallid keskmiselt 107 μm kõrged
ja 7815 μm2 eripindalaga. Lisaks väikestele mõõtmetele tekkis väga palju
ebakorrapäraseid kristalle, millel olid halvasti eristatavad tahud.
Samasugust seost kontsentratsiooni ning kristallide suuruse ja kuju vahel
tähendatud ka mõnedes kirjandusallikates (Herrington 1934b, Hartel
2001, Parimaladevi ja Srinivasan 2014).
Kristallide mõõtmete ja lahuse pH vahel ilmnes nõrk positiivne
korrelatsioon. Vadakust, mille pH oli 2 ja 3, tekkisid märgatavalt
väiksemad kristallid kui ülejäänud pH-väärtuste puhul. Kristallide kuju
oli raskesti eristatav, kusjuures palju esines aglomereeritud kristalle ja
kristalseid moodustisi. Nende suurust ja kuju võis mõjutada happesuse
reguleerimiseks kasutatud piimhape, mis suurtes kogustes pidurdab
nukleatsiooni ja kristalliseerimiskiirust ning viib aglomeraatide
tekkimiseni (Jelen ja Coulter 1973a, Chandrapala jt 2016). Vadaku pH
suurendamisega suurenesid ka kristallide kõrgus ja eripindala. Kõige
suuremad olid kristallide keskmised mõõtmed pH 4 puhul. Seda pH taset
peetakse kvaliteetsete kristallide moodustumisels optimaalseks.
(Nickerson ja Moore 1974b). Siis tekkinud kristallid olid kujult enamasti
püramiidjad, siledate pindadega ja selgesti väljendunud tahkudega.
Kristallide mõõtmete ja pH vaheline seos kadus aga lahuse pH edasisel
suurendamisel. Samuti muutus siis ka nende kuju: tekkis palju
ebakorrapäraseid kristalle. Sellist kristallide kvaliteedi halvenemist pH
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suurenemisel võib seostada leeliseliste lagusaadustega, mis pidurdavad
kristalliseerimist (Nickerson ja Moore 1974b, Gänzle jt 2008).
Kristallid, mis kasvasid madalatel temperatuuridel, osutusid ülejäänud
katsetes saadud kristallidest tunduvalt väiksemaks, millele viitavad ka
kirjanduses avaldatud andmed (Paterson 2010). Madalad
kristalliseerimistemperatuurid põhjustavad rohket nukleatsioonitsentrite
tekkimist, mis omakorda viib suure arvu väikeste kristallide (Paterson,
2010) ja aglomeraatide moodustumiseni (Parimaladevi ja Srinivasan
2015). Kristallide suuruse ja kristalliseerimistemperatuuri vahel ühest
seost ei ilmnenud. Temperatuuril 6 °C osutusid kristallid kõige
suuremaks. Puhtas vees lahustatud laktoosiga sooritatud kontrollkatses
osutusid kristallide mõõtmed peaaegu ühesuguseks kõikidel
kristalliseerimistemperatuuridel, kui kasutati kiiret temperatuuri
alandamist. Ülikiirel temperatuuri alandamisel kaasnes aga
kristalliseerimistemperatuuri tõusuga kristallide mõõtmete suurenemine
(III). Puhta laktoosilahusega korraldatud kontrollkatses tekkisid siledate
pindadega kristallid, kuid samadel tingimustel olid ricotta vadakus
tekkinud kristallid ebakorrapärased ja halvasti eristatavate tahkudega. See
näitab, et lisandid mõjutavad kristallide suurust ja morfoloogiat rohkem
kui kristalliseerimistemperatuur ning temperatuuri alandamise kiirus.
Järeldused
Üksiku laktoosimolekuli suurus jäi vahemikku 0,89-1,18 nm, mida
kinnitas ka teoreetilise keemia meetodite abil koostatud molekulimudel.
Laktoosimolekulidest moodustunud klastrite läbimõõt varieeris
vahemikus 0,9-3,5 nm ning sõltus lahuse kontsentratsioonist ja
temperatuurist. Klastrite suurus kasvas lahuse temperatuuri alandamisel
ja kontsentratsiooni suurenemisel.
DLS-tehnika sobis hästi laktoosimolekulide kristalliseerimisele eelnevate
klasterdumisprotsesside uurimiseks.
Laktoosi kristalliseerimisel oli vadaku pH optimaalne väärtus 4. Vadaku
pH-väärtuse vähendamisega alla 4 või suurendamisega üle 4 vähenesid
kristallide mõõtmed, kadusid tahkude selgelt eristatavad piirid ning
nende pind muutus krobeliseks.
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Ricotta vadaku kontsentratsiooni ja kristalliseerimisel tekkivate
laktoosikristallide mõõtmete vahel valitses tugev lineaarne seos.
Kristallide morfoloogia ja suurus sõltusid lahuse kontsentratsioonist: 12kordsel vadaku kontsentreerimisel tekisid väikesed, ebakorrapärased
kristallid, 5-kordsel kontsentreerimisel moodustusid suured hästi
arenenud püramiidjad kristallid.
Madalad kristalliseerimistemperatuurid ja kiired temperatuuri alandamise
profiilid mõjutasid eelkõige kristallide suurust. Lisandid mõjutasid
kristallide morfoloogiat sõltumata kristalliseerimistemperatuurist.
Tulemustest selgus, et kristallide kuju, suurust ja morfoloogiat saab
kasutada laktoosi kristalliseerimisprotsessi indikaatoritena. Need
indikaatorid on vajalikud ricotta vadakust laktoosi kristalliseerimise
tehnoloogia väljatöötamisel.
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