Chapter 8
Crystallization
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Abstract Ethanol-mediated crystal transformation is a promising method for
obtaining stable anhydrous crystals with a porous structure. The DSC (Differential
scanning calorimetry)-coupled ethanol method was used to obtain anhydrous tre-
halose crystals with a specific size and shape by controlling the water content of the
ethanol. DSC analysis of the crystal transformation reaction of trehalose or maltose
under isothermal and non-isothermal conditions allowed an overall evaluation of
the activation energy of crystal transformation, and presumably revealed two dif-
ferent transformation reactions in the glassy state before the click point tempera-
tures and the rubbery state after the click point temperatures. Anhydrous sugar
crystals with an increased specific surface area were produced via ethanol-mediated
crystal transformation under appropriate conditions. These porous crystals with
high surface area could be applied to encapsulate flavor or functional foods. Thin
needle-shaped sugar crystals can also be used to form a creamy, non-oil gel in over
supersaturated solution conditions.

Keywords Trehalose - Sugar - Ethanol .- Dehydration anhydrous - Hydrous -
Crystal transformation

8.1 Introduction

Sugars are among the most important major components in food. Sugars come
naturally in their hydrous forms. This study includes (1) the concept and molecular
arrangement of hydrous crystal sugar or amorphous solid to the formation of
anhydrous crystal sugar, and (2) the concept of physical property changes and
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molecular mobility around the glass transition, as well as mathematical descriptions
of crystal transformation and influences on food stability.

Diffusion of water in foods is important in product development, processing, and
storage design. The rate of crystal structure changes often depends on the physical
state and, therefore, on temperature and water content.

Crystal forms are very useful in the food industry for storing sugar or salt food
additives. Hartel and Shastry (1991) reviewed sugar crystallization in food prod-
ucts, with an emphasis on the relationship between these crystallization phenomena
and the solution structure for comparison purposes. The effects of fat crystals in
food emulsion formation and stability are reviewed by Rousseau (2000). During
processing and/or storage, intraglobular fat (e.g. in cream) may solidify, forming
crystals that can protrude through the interface, leading to droplet coalescence
(Boode et al. 1991). There are several papers on fat crystal and water-in-oil
emulsion stability (Supratim and Rousseau 2011), but little is known about the
crystal transformation of sugars. Crystalline sugars typically exist in anhydrate and
hydrated forms, such as lactose and lactose monohydrate, glucose and glucose
monohydrate, maltose and maltose monohydrate, trehalose and trehalose dihy-
drates, a-, -, and y-cyclodextrins (CDs), and hexa-, dodeca-, and higher hydrates
(Nakai et al. 1986). It is well known that hydrous and anhydrous forms are usually
present as forms of crystalline saccharides and that hydrous crystals can be con-
verted into anhydrous crystals, and vice versa. The forms are mutually converted
through a dehydration process performed by heating (drying method) and moisture
absorption. Saccharides can be effectively used on an industrial scale by using those
characteristics of converting the forms between hydrous and anhydrous crystal.

Carbohydrates have a wide range of applications in a variety of industries
(textiles, plastics, food, pharmaceuticals, etc.) and are also used in biological
applications. For example, lactose is commonly used as filler in pharmaceutical
capsule and tablet formulations and as a carrier in dry powder inhalation devices
(Chidavaenzi et al. 1997; Buckton et al. 2002). It is also commonly applied as an
ingredient in dairy-based food products such as infant formula. The o-monohydrate
is typically used in wet granulation formulations, while the B-anhydrous phase is
used as a direct compression ingredient. For direct tableting, different forms of
agglomerated lactose, such as spray-dried lactose, are used. The drying step in the
manufacturing of spray-dried a-monohydrate is a very sensitive operation because
of the possibility of physical modifications of lactose occurring during the drying
process (Vromans et al. 1987).

This chapter investigates crystal transformation characteristics from the hydrate
to the anhydrate via solvent-mediated transformation, in order to produce new
crystalline material with an improved specific surface area. The kinetics and
mechanism of the crystal transformation are discussed, as well as the influence on
the crystal structure and possible applications.
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8.2 Phase Transitions of Carbohydrates

A phase transition is the transformation of a thermodynamic system from one phase
or state of matter to another. The phases of a thermodynamic system and the states
of matter have uniform physical properties. In the case of sugars, the possible phase
transitions are summarized in Fig. 8.1. Starkting from a sugar solution, either the
hydrate or the anhydrate crystalline forms can be obtained by crystallization under
appropriate conditions. The anhydrate formation is typically favored by
high-temperature conditions (Roos and Karel 1992; Figura and Epple 1995; Jones
et al. 2006). The amorphous (i.e. non-crystalline form) phase can be produced by
processes such as grinding (Lappalainen et al. 20006), freeze drying (Gabarra and
Hartel 1998; Kedward et al. 1998; Gloria and Sievert 2001; Mazzobre et al. 2001),
spray drying (Aguilar et al. 1994; Sussich and Cesaro 2008), lyophilization (Van
Scoik and Carstensen 1990), by cooling after melting (Sussich et al. 2002), or
dehydration and melt quenching (Surana et al. 2004; Simperler et al. 2006). The
hydrate form is also produced from either the anhydrate or the amorphous phase by
moisture absorption under mild or high relative humidity conditions (Crowe et al.
1996; Arvanitoyanis and Blanshard 1994; Kedward et al. 2000). The anhydrate
phase can sometimes be obtained from the amorphous phase by cold crystallization
(Saleki-Gerhardt and Zografi 1994) or by vacuum drying (O’Brien 1996). Note that
the stability of the anhydrate crystal is an important parameter, which is studied in
this dissertation. Finally, the transformation from hydrate to anhydrate is called
dehydration (Jones et al. 2008; Kilburn and Sokol 2009). It is literally the removal
of water from the hydrate to form the anhydrate.

8.3 “Soft” Dehydration and “Hard” Dehydration

Carbohydrate materials, especially mono- and disaccharides and products in which
these are the main components such as fruit juices, are difficult to dry because of
their sensitivity to temperature and water. In the food industry, it is the usual
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procedure to detect and to use the most stable structure that consequently has the
lowest solubility and the lowest free energy. Unfortunately, this is inconsistent with
the demand for high dissolution rates because the phase with the lowest solubility in
a certain solvent usually has the lowest dissolution rate.

In order to improve the dissolution rates, it is often necessary to lower the
stability or to modify other physical properties of the compound. One of these
physical properties is the shape of the crystals. Needle-like crystals lead to a sig-
nificant increase in the specific surface area, thus improving the dissolution
behavior and chemical reactions. Such an increase can be achieved by suspending
crystalline substances in a solvent that induces phase transformations (Nordhoff and
Ulrich 1999). In order to find new structures of several crystalline compounds, the
methodology presented and applied in this chapter is devoted to the dehydration
mechanism of molecular crystals and uses the existence of hydrates to promote the
formation of new molecular packings by means of suitable dehydration conditions.

The simplified representation presented in Fig. 8.2 illustrates the fact that, starting
from a hydrated structure, the use of hard dehydration conditions (such as
high-temperature drying) is likely to produce an amorphous material, which can in
turn evolve towards an anhydrous variety by means of a nucleation and growth
mechanism. On the contrary, soft dehydration conditions (such as solvent-mediated
crystal transformation) usually lead to a cooperative departure of water molecules,
followed by a structural reorganization step leading to the nearest possible crystalline
packing. This type of mechanism is, therefore, characterized by the persistence during
the dehydration process of similar molecular contacts in the whole sample, in con-
nection with the occurrence of continuous and cooperative molecular movements.

Moreover, the resulting packing is, at least to a certain extent, determined by the
initial hydrated structure, so a part of the structural information is preserved, whereas
the critical step for destructive-reconstructive mechanisms is likely to be the nucleation
of the anhydrous variety, and the structural information is lost during such processes.

8.4 Solvent-Mediated Crystal Transformation Applied
to Sugars

Trehalose, the disaccharide of a-p-glucose, is a naturally occurring sugar thought to
confer anhydrobiotic properties (the ability to survive desiccation for long periods
of time and rapidly resume metabolism upon rehydration) on various organisms in
which it is found (Sussich et al. 2001, 2010). Trehalose shows polymorphism
(Akao et al. 2001). In addition to the dihydrate, at least two anhydrous forms can be
produced (Pinto et al. 2006). The anhydrous B-form can be formed from trehalose
dihydrate by heating at 130 °C for 4 h (Reisener et al. 1962) or heating in a
calorimeter under highly humid conditions, when it forms at 90 °C (Furuki et al.
2006). The anhydrous o-form is produced from the dihydrate by a slow thermal
dehydration or supercritical CO, fluid extraction of the crystallization water
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Fig. 8.2 Simplified representation of the methodology allowing the research of new polymorphic
forms on the basis of different dehydration mechanisms (Garnier et al. 2002)

(Nagase et al. 2003; Willart et al. 2003). This anhydrous o-form can also be
produced by dehydrating trehalose dihydrate at low relative humidity (0.1 % RH)
and ambient temperature (25 °C) (Jones et al. 2006).

However, during these transformations, no drastic changes have been reported
on the crystal structure.

Ohashi et al. (2007) investigated the crystal transformation of dihydrate tre-
halose to anhydrous trehalose using ethanol, and a new type of crystal particle
with porous structure was obtained. The specific surface area of the anhydrous
crystal transformed at 50 °C was 3.3 m?/g, which was 5-8 times greater than that
for anhydrous trehalose produced by vacuum drying and, for comparison, about 6
times higher than spray-dried a-lactose monohydrate (Cal et al. 1996) and 4-6
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Fig. 8.3 SEM photomicrographs of anhydrous trehalose: a—c dihydrate crystal from solution,
a x100, b x500, ¢ x2000, d—f anhydrous crystal transformed by the ethanol method, d %100,
e x500, f x2000, g-i anhydrous crystal transformed by vacuum drying, g x100, h x500, and
i x2000 (Ohashi et al. 2007)

times higher than some lactose excipients (Pitchayajittipong et al. 2010). The
ethanol-mediated crystal transformation was performed in a glass reactor equip-
ped with an agitation system. The porous structure of the anhydrous trehalose is
shown in Fig. 8.3.

Garnier et al. (2002) observed the formation of whisker-like crystals during the
dehydration of a-lactose monohydrate to anhydrous o-lactose in methanol or
anhydrous B-lactose in acetone. Crystalline a-lactose monohydrate was obtained by
Parrish and Brown (1982) from aqueous methanol or acetone solutions. The authors
highlighted that the transformations were solid-state reactions, and not dissolution
followed by recrystallization. In a recent work by Ohashi et al. (2009),
a-cyclodextrin (a-CD) hexahydrate was transformed by the ethanol method, and
porous crystalline ethanol dihydrate was obtained. The pore volume measured was
0.25 mL/g and the median pore diameter was 0.11 pm. The dissolution rate of this
crystal was several times higher than that of (a-CD) hexahydrate or anhydrate
obtained by drying.
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8.5 Kinetics of Solvent-Mediated Crystal Transformation

For isothermal crystal transformation, the crystallization kinetics of many crystalline
materials can be analyzed by the Avrami equation, which is generally written as:

xe(t) = 1 = exp(— (k)" (8.1)

In this equation, x.(¥) is the normalized crystalline content at time 7, and k and n are
Avrami constants and are indicative of crystallization mechanisms that are involved.
The exponent n in can provide information on nucleation type and crystal growth
geometry. k is dependent upon the shape of the growing crystalline entities (e.g.
whether they are spheres, discs, or rods), as well as the type and amount of nucleation
(sporadic or predetermined). Basically, & is dependent on the reaction temperature, 7,
which affects the nucleation and growth rate. This equation is also called the Weibull
distribution function, which has been successfully applied to describe shelf-life failure.
A general empirical equation described by Weibull (1951) could be adapted to the
dissolution/release process. This Avrami equation is essentially analogous to the
equation of Kohlraush-Willian-Watt (KWW) (Alie 2004). Taking the logarithm of
both sides of Eq. (8.1), we can get the parameter n as slope by plotting In[—In(x,)]
versus Int and release rate constant k from the interception at Inz = 0. Forn value,n = 1
represents the first-order reaction, and n = 0.54 represents the diffusion-limiting
reaction kinetics. Table 8.1 shows the proposed equation for various solid reaction
n values by Hancock and Sharp (1972). The derivation of the original model equation
for solid reaction can be checked in the review by Hulbert (1969). Flavor release rates
are strongly affected by the environmental humidity and temperature.

Figure 8.4 shows a typical endothermic peak of crystal transformation from
hydrous sugar to its anhydrous form obtained from the isothermal measurement.

At constant temperature, the conversion fraction, x(f), of the crystal transfor-
mation at time 7 is defined as:

x(t) = (8.2)

Table 8.1 Comparison of release mechanism n values using the model in the Avrami equation

Value of n Release mechanism Model equation
0.54 Diffusion-controlled (sphere) [1 _ Rl/s}zz kt
0.57 Diffusion-controlled (cylinder) RImR+1—-R=kt
0.62 Diffusion-controlled (tablet) (1— R)Z: kt

1.00 First-order mechanism —InR =kt

1.07 Moving interface mechanism (sphere) 1—RV3 =kt

1.11 Moving interface mechanism (disk) 1—RY2 =kt

1.24 Zero-order mechanism 1-R=kt
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Fig. 8.4 DSC thermogram for crystal transformation from dihydrate trehalose to anhydrous
trehalose under the isothermal conditions at 70 °C in ethanol with 2.5 % water content. Solid line
Endothermic peak of crystal transformation; Dashed line conversion of the transformed material
(using Simpson’s rule); Dotted line conversion of the transformed material calculated with the
Avrami equation for n = 10

where F(7), as given by Eq. (8.2), is the integration of the DSC curve between the
onset time of the crystal transformation reaction ¢, and an arbitrary time ¢ before
complete transformation is achieved at 7., and F(z.) is the integration between ¢, and
t., corresponding to the complete transformation.

F(t)/(i—?)dt (8.3)

The term H represents the enthalpy of crystal transformation. The integration of
Eq. (8.3) was approximated by numerical integration using Simpson’s rule. The
great number of data points makes this approximation highly accurate. For
isothermal crystal transformation, the crystallization kinetics of many crystalline
materials can be analyzed by the Avrami Eq. (8.1) (Avrami 1939, 1940).

For each T, the parameter n was fixed at 10, and the value of & that fitted best to
the experimental data was calculated using Microsoft Excel Solver (dotted line in
Fig. 8.4). The activation energy of the reactions was then approximated by the
Arrhenius equation:

k=A exp (— RE; ) (8.4)
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Fig. 8.5 Morphology of the anhydrous crystals obtained after a 30-min reaction at 70 °C with
ethanol of a, a’ 0.005, b, b’ 0.4, ¢, ¢’ 2.5, d, d’ 4.0 % water content. The microscopy was
performed at x100 (a—d) and x500 magnification (a’—d’)

where A is the frequency factor, E; is the activation energy in J/mol, R is the gas
constant (8.314 J/mol-K), and 7. is the reaction temperature in K. The activation
energy was determined experimentally by carrying out the reaction at different
reaction temperatures 7.

8.6 Trehalose

Trehalose is a natural, non-reducing sugar formed from two glucose units joined by
a 1-1 alpha bond, giving it the name of o-p-glucopyranosyl-(1 — 1)-a-p-gluco-
pyranoside. Trehalose can be synthesized by fungi, plants, and invertebrate animals.
It is implicated in anhydrobiosis, the ability of plants and animals to withstand
prolonged periods of desiccation. It has high water retention capabilities and is used
in food and cosmetics (Higashiyama 2002; Teramoto et al. 2008). There are two
dominant theories as to how trehalose works within an organism in a state of
cryptobiosis. They are the verification theory (Sussich et al. 2001), a state that
prevents ice formation, and the water displacement theory (Crowe 1971), whereby
water is replaced by trehalose, although it is possible that a combination of the two
theories are at work (Sola-Penna and Meyer-Fernandes 1998). The only hydrous
form of trehalose is dihydrate trehalose, but there are several anhydrous forms of
trehalose. The first is known as the B-form and shows a characteristic melting point
at 215 °C. The second is the a-form. Thermograms for this anhydrous o-form
display a first endothermic peak at 125 °C and a melting slightly above 215 °C. The
third anhydrous form, v, is not stable, and can be distinguished from the a-form by
the method of preparation, the enthalpy of melting, and the X-ray diffraction pat-
terns (Sussich et al. 1998). Ohashi et al. (2008) investigated the encapsulation of
flax seed oil in anhydrous crystalline maltose and trehalose with porous structure.
Porous crystalline trehalose could be used as the matrix to encapsulate functional
compounds. However, there are few investigations about the formation of anhy-
drous trehalose with porous structure by using solvent dehydration.
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In the present study, the dehydration of trehalose in ethanol was performed in a
differential scanning calorimeter in a high pressure crucible pan filled with ethanol.

Figure 8.5 shows the morphology of the anhydrous trehalose crystals obtained
with ethanol of different water content after a 30 min transformation at 70 °C
(isothermal conditions). The crystal size is highly dependent on the water content of
the ethanol used. The crystals obtained with ethanol of 0.005 and 0.4 % water
content had similar size and shape, with an average diameter of about 3 pm and an
average length of 100 um (Fig. 8.5a, b). When the water content in ethanol
increased to 2.5 %, the size of the acicular crystals also increased, reaching an
average diameter and length of 6 and 150 pum, respectively (Fig. 8.5¢). At 4.0 %
water content, the size of the acicular crystals greatly increased, achieving an
average diameter and length of up to 50 and 500 pm, respectively (Fig. 8.5d).

Figure 8.6 shows the crystal transformation behavior from the initial dihydrate
crystals to the anhydrous form. The dihydrate trehalose crystals surface is smooth
and no porosity is observed (Fig. 8.6a). After 20 min of reaction at 70 °C in the
ethanol of 0.005 % water content, cracks were observed on the surface of the
crystals (Fig. 8.6b). At 25 min, slender acicular crystals were forming presumably
from the surface to the core of the initial dihydrate crystal (Fig. 8.6c, d). These
crystals are agglomerated in an acicular arrangement. Each needle has a diameter
between 1 and 9 pm and an average length around 100 um. The length-to-diameter
ratio was over 10. The acicular crystals adopted a radial orientation. In these
experiments, the anhydrous crystals obtained with the ethanol method were on
average 10 times smaller than the dihydrate crystals. The needle-like crystal form
can be attributed to the high local supersaturations during the dehydration phase
(Nordhoff and Ulrich 1999). This property can be explained by the lower solubility
of trehalose in pure ethanol (close to 0) than in water (0.509 g/g solution)
(Bouchard et al. 2007). Assuming that the initial dihydrate crystals are squares with
a diameter of 800 pum, the specific surface area increases by a factor of more than
150 if these squares are transferred into a number of smaller anhydrates crystals of

Fig. 8.6 Evolution of crystal structure through the isothermal crystal transformation at 70 °C
using ethanol with 0.005 % water content. a, a' initial dihydrate trehalose; b, b’ 20 min after
reaction; ¢, ¢’ 25 min after reaction; d, d’ anhydrous trehalose obtained 30 min after reaction. The
microscopy was performed at X100 (a—d) and x500 magnification (a’-d")
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Fig. 8.7 Typical DSC thermographs of dihydrate trehalose (thin line), anhydrous trehalose
obtained under isothermal (thick line) and non-isothermal conditions (dashed line)
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Fig. 8.8 Effect of the water content of ethanol on the crystal transformation kinetics under the
a isothermal and b non-isothermal conditions (Kissinger’s method). The water content of ethanol
was 0.005 (filled square), 0.4 (filled circle), 2.5 (upward pointing filled triangle), and 4.0 %
(downward pointing filled triangle)

100 pm in length and 3 pm in diameter. The increase in specific surface area is
stronger if the diameter of the needle-like crystals is thinner.

Figure 8.7 shows the comparison between the DSC curves for the dihydrate and
anhydrous trehalose. The dotted line represents the DSC curve of the anhydrous
trehalose obtained under non-isothermal condition. The thermograph of the dihy-
drate trehalose revealed two peaks: a comparatively sharp peak at 100 °C, and a
wider peak around 200 °C. The area of the endothermic peak of crystal transfor-
mation was approximated by numerical integration using Simpson’s rule. The great
number of data points makes this approximation highly accurate.

The crystallization kinetics of trehalose can be analyzed by the Avrami equation
with 10 for the n parameter and the value of k£ which gave the best to the experi-
mental data was calculated.
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Table 8.2 Various properties of different f-maltose samples

N. Verhoeven et al.

Properties Purity B-form Degree of DSC peak Crystallinity-corrected
sample (%) crystallinity temperature heat of fusion

(%) (°C) (J/g-crystal)
As-received 99.3 96 91.0 131.6 191
MB-H,O
M, 99.3 95 89.0 165.5 120
MBy, 99.3 93 84.8 132.4 73

M@, was obtained by ethanol-mediated transformation at 70 °C for 60 min, and M}, was obtained
by vacuum drying at 56 °C for 4 days

Arrhenius plots of the transformation reaction rate constant, k, obtained under
isothermal conditions are shown in Fig. 8.8. All displayed results correspond to an
n value of 10. The activation energies of the crystal transformation E; in ethanol of
0.005, 0.4, 2.5, and 4.0 % water content were determined to be 69, 62, 34, and
62 kJ/mol, respectively (Table 8.2). The activation energy at 2.5 % water content
was only about half of that of the other treatments. In ethanol of 4.0 % water
content, dehydration did not occur at temperatures below 65 °C.

The crystal transformation of dihydrate trehalose to anhydrous trehalose might
be made up of two steps, which are crystal transformation from dihydrate trehalose
to amorphous trehalose including the dehydration step and crystal growth from
amorphous trehalose to anhydrous trehalose. The driving force of dehydration
might be due to the higher chemical potential of water in the trehalose crystals.

We suppose that, for low temperature processes, the main phenomenon would be
a diffusion of water of hydration of trehalose to the ethanol, increasing its water
content. Moreover, the driving force of dehydration might be dependent on the
water content in ethanol, and the diffusion coefficient of water in dihydrate trehalose
might depend on the physical phase state of trehalose such as glassy state or
rubbery state. Thus, the dehydration does not happen at low temperatures (glassy
state) with 4.0 % water content in ethanol (lower driving force). The crystal growth
rate might depend on the trehalose solubility in ethanol containing water. The
increase in ethanol fraction causes a decrease in solubility of the dihydrate tre-
halose, has already been reported (Bouchard et al. 2007). Therefore, the water
content of ethanol is the most important factor on this crystal transformation and
affected the complex dependency of the crystal transformation rate.

8.7 Maltose

Maltose is arguably one of the most important sugars used in the food industry
(Hodge et al. 1972, Odaka 1989). It is a disaccharide formed from two units of
glucose joined with an o(1 — 4) bond. It is found in germinating seeds such as
barley as they break down their starch to use for growth. Anhydrous maltose and
maltose monohydrate are commercialized worldwide mostly as 90 % pure
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crystalline product for the food industry. In addition, maltose is used in pharma-
ceuticals as a raw material, for example, in infusions in which it is sold as 99 %
purity or above as a crystalline product. There are two anomers for maltose crystals:
the o- and the B-forms, which have different crystal structures, melting points,
solubility, and dissolution rates. In solution, one anomer can be converted into
another by rearrangement of the position of the OH group in the open chain
(anomerization). Maltose has three crystalline forms: anhydrous o-maltose (Quigley
et al. 1970), B-maltose monohydrate (Takusagawa and Jacobson 1978), and anhy-
drous B-maltose. Although they are anomers related via mutarotation, these forms
can be regarded as polymorphs since there is a rapid inter-conversion between forms
within solution. It is well recognized now that polymorphs, due to the difference in
their potential energy levels, can have significant impact on the pharmaceutical
behavior of a compound, for example, stability, solubility, and bioavailability.

In this study, the as-received maltose monohydrate (MB-H,O) crystals were
dehydrated using ethanol, and a new stable anhydrous B-maltose crystal form (M)
with fine pores was obtained. X-ray diffraction was used to characterize the crys-
talline difference from the anhydrous B-maltose obtained by vacuum drying (M,).
In order to elucidate the reaction mechanism of the overall crystal transformation,
the evolution of water content in the sample was measured. Thermal analysis was
performed and the reaction kinetics was analyzed by the Jander and the Arrhenius
equations. The evolution of the surface structure and anomer ratio was also
investigated using scanning electron microscopy and gas chromatography.

The evolution of the crystal structure during crystal transformation at 50 °C is
shown in Fig. 8.9. Before the reaction started, the as-received MB-H,O crystals
were present in a variety of shapes with sizes ranging from 100 to 300 pm and
smooth surfaces. After 10 min of reaction time, some small pores were formed at
the surface of the initial crystals. The number of pores increased as the reaction
progressed. After 60 min of reaction, the crystal surface was covered with
numerous needle-like crystals with a diameter below 1 pm and a maximum length
of 10 um. The crystal surface looked similar after 180 min of reaction and did not

x300 50pm

0 min 10 min 20 min 60 min 180 min

Fig. 8.9 Evolution of maltose crystal structure during crystal transformation in ethanol at 50 °C
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Fig. 8.10 Morphological comparison of a the as-received MB-H,O, b Mf,, and ¢ M, crystals

seem to evolve more. The surface structures of three kinds of maltose crystals, the
as-received MB-H,0, M, and M, are shown in Fig. 8.10. Mf particles appeared
to be porous aggregations of fine needle-like crystals. In contrast to MJ;, the
as-received MB-H,O and My, both presented smooth surfaces.

The specific surface area of the porous M35, measured by the nitrogen adsorption
isotherms, was 3.39 m*/g, and those of the as-received MB-H,O and Mp,, were 0.46
and 0.82 m%/g, respectively. The specific surface area of M, was about four- to
sevenfold larger than those of the as-received MB-H,O and M. M, also showed a
relatively large intrusion volume (1.05 mL/g) and a median pore diameter of 1.26 pum,
as measured by the mercury filling method (Ohashi 2010). The as-received MB-H,O
and M By, had much larger median pore diameters of 11.2 and 14.7 pm, respectively.

DSC profiles of the as-received M B-H,O, M, and My, are illustrated in Fig. 8.11.
M used was obtained by ethanol-mediated transformation at 70 °C for 60 min, and
M, was obtained by vacuum drying at 56 °C for 4 days. The as-received MB-H,O
presented a single endothermic peak at 131.6 °C (a), while M}, showed a unique peak
at 132.4 °C (c). Although M, is anhydrous, the similarity in melting point between
these two crystalline forms revealed that M B, was actually metastable and would tend
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Fig. 8.12 Powder X-ray diffraction patterns of a the as-received MB-H,O, b Mf;, and ¢ M. The
symbol “asterisk” denotes a specific diffraction peak

to adsorb water to switch back to MB-H,O. On the contrary, M (b) had a single peak
at amuch higher temperature (165.5 °C), which may be a clue of a higher stability. The
as-received MB-H,O crystals were of ca. 99.3 % purity, and the pure MB-H,O was
present mostly in the crystalline state (ca. 91 %), with a small fraction existing in the
non-crystalline form (ca. 8.3 %). Table 8.1 shows the crystallinity-corrected heat of
fusion of the three types of B-maltose crystals: the as-received MB-H,O, M, and
Mpy,. The uncorrected heat of fusion of the as-received MB-H,O and M3, measured by
DSC were 174 and 107 J/g of sample, respectively. The crystallinity-corrected heat of
fusion of the B-form crystals were 191 and 120 J/g-crystal, respectively.

Powder X-ray diffraction of the as-received MB-H,O (a), M, (b), and M, (c) are
shown in Fig. 8.12. The as-received MB3-H,O showed characteristic diffraction peaks at
10.2°, 14.4°,20.1°, and 21.2°. M had specific diffraction peaks at 7.9°, 19.2°, 20.8°,
and 22.7°. My, showed specific diffraction peaks at 10.9° and 14.8°. The results con-
firmed that M, and MB;, had completely different crystal forms. Kirk et al. (2007) and
Crisp et al. (2010) have reported that the same characteristic powder X-ray diffraction
pattern was generated from Loy samples created by the dehydration of La-H,O using
both thermal (hard method) and solvent-mediated methods (soft method), indicating the
same crystalline structure in both cases. Nonetheless, M was not obtainable by
thermal treatment, but only via ethanol-mediated crystal transformation. The stable
form of anhydrous B-maltose, M3 prepared in this paper would be advantageous for
applications in the food and pharmaceutical industries, where thermodynamically stable
crystalline forms are preferred for improvement of the shelf stability of products.

Figure 8.13 shows the time course of the moisture content of the maltose
samples at different reaction temperatures (45, 50, 55, 60, and 70 °C). Dehydration
is part of the crystal transformation process from MB-H,O to anhydrous maltose.
The solid lines are obtained by fitting Jander’s equation to the experimental results.
These good correlations suggested that the diffusion of water in maltose might be
the rate-limiting process of this crystal transformation. The initial moisture content
of the as-received MB-H,O was 5.0 £ 0.1 %. The dehydration reaction was faster
at higher temperatures. For 60 and 70 °C, the moisture content dropped to 0.5 %
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Fig. 8.13 Time courses of
moisture content of B-maltose
during ethanol-mediated
crystal transformation at:

45 °C (circle), 50 °C
(square), 55 °C (upward
pointing triangle), 60 °C
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after 60 min of reaction. For 55 and 50 °C, the moisture content also decreased to
0.5 %, but a longer reaction time was needed (about 180 min). For the dehydration
process at 45 °C, the dehydration reaction speed was the lowest, reaching a value of
1.6 % moisture content after 180 min and needed about 500 min to be completed.
A minimum temperature of 50 °C was suitable to accomplish a complete trans-
formation from MB-H,O to M, within 200 min.

In order to calculate the crystal conversion by the heat of fusion, the heat of fusion of
both MB-H,0 and its dehydrated crystal, M3, are necessary to know. Figure 8.14 shows
the time courses of the conversions determined by the disappearance of MB-H,O (left)
and the formation of M3 (right) with time at several temperatures. The conversions were
calculated using the heat of fusion obtained by DSC measurements. Likewise, the solid
lines are obtained by fitting Jander’s equation to the empirical results. Modeling the
conversion profiles using Jander’s equation was satisfactory. The disappearance of
MPB-H,0 was roughly compensated by the formation of Mfy, indicating the conversion
of MB-H,O to M. The apparent conversion rate constant increased with the increase in
temperature. Mutarotation did not sufficiently occur during the crystal transformation of
maltose by ethanol, as shown in Table 8.1. The as-received MB-H,O contained 96 %
B-form, and Mf; contained 95 % B-form. This value is close to that obtained by Hodge
etal. (1972) for My, (93 % B-form). However, when placed in an environment at 57 %
relative humidity (RH), the water content of My, increased to 5.0 % after 2 h (initially
0.5 %), while M, had a water content of 1.0 % after 100 h of storage at 57 % RH. M3
could presumably be considered a stable form of anhydrous -maltose.

Jander’s equation was also applied to the water loss in MB-H,O to obtain the
Arrhenius plots as illustrated in Fig. 8.15. The activation energy for the dehydration of
M-H,0 was found to be 100 kJ/mol, while the activation energy for the formation of
M was 90 kJ/mol. The mechanism of the crystal transformation may consist of two
steps. The first step would be the dehydration of M3-H,O by ethanol and the dissolution
to the amorphous state, which happened comparatively quite rapidly for higher
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Fig. 8.14 Time courses of the conversions determined by the disappearance of MB-H,O (left) and
the formation of M (right) in ethanol at several temperatures. Circle 45 °C, square 50 °C,
upward pointing triangle 55 °C, downward pointing triangle 60 °C, and diamond 70 °C. The
symbols represent the calculated heats of fusion obtained by DSC measurements. The solid lines
are the fittings of the empirical data by Jander’s equation
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temperatures. The second step would be the nucleation of M on the surface and its
subsequent growth. This idea is confirmed by the variation of the conversion rates
observed for areaction carried out at 50 °C (Fig. 8.16). From this figure, itis understood
that the conversion rate of the three reactions evolved the same way. However, the
formation of M, was not instant and seemed to proceed with a slight delay. This small
lap of time would be necessary for the transition from the amorphous phase to the
anhydrous crystalline form. The difference between the solubility of MB-H,O (rela-
tively high in ethanol containing a small amount of water) (Bouchard et al. 2007) and
M, drives the dissolution process and consequently determines the supersaturation



242 N. Verhoeven et al.

Fig. 8.16 Comparison of the
conversions observed during
the crystal transformation
process carried out at 50 °C.
The plots are the experimental
data and the solid lines show
the fittings of empirical data
by Jander’s equation. Water
loss in the as-received
MB-H,O0 (circle).
Disappearance of Mf-H,O
(DSC) (square). Formation of
M, (DSC) (diamond)
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level during the crystallization of Mf3,. The ethanol-mediated crystal transformation of
maltose might be dissolution controlled for lower temperatures, and crystallization
controlled for higher temperatures, as indicated by the different activation energies for
the dehydration and crystallization. Zhu et al. (1996) pointed out that in an
anhydrate/hydrate system in mixtures of water and an organic solvent, water activity
plays a crucial role. For a given temperature, there is an equilibrium value of water
activity at which the solubility of the hydrate and the anhydrate are equal. The phase
transformation from MB-H,O to M3 may be the consequence of a deviation from the
equilibrium water activity. The moisture content of ethanol is, therefore, a very
important parameter of the crystal transformation. Anomerization of maltose is likely to
happen in anhydrous polar solvents such as ethanol. Garnier et al. (2002) observed that
the use of acetone as dehydrating solvent on single crystals of La-H,O, without stirring,
led to the unexpected formation of single crystals of the anomeric B-lactose (LB). The
phenomenon was attributed to a complex mechanism, which requires minimum dif-
fusion, so that mutarotation can occur before diffusion of water in acetone. Hence, L
was not obtained from a stirred suspension of La-H,O in acetone. In ethanol, Lo could
be obtained from La-H,O, probably via nucleation and growth processes. Since the
solubility of Lo is very low in ethanol (Bouchard et al. 2007), mutarotation would be
unlikely in this solvent at room temperature. In the present ethanol-mediated crystal
transformation of maltose, constant agitation assured sufficient diffusion preventing
mutarotation at temperatures above 50 °C. As the reaction progressed, the moisture
content of ethanol increased. This might be responsible for the reduction of M
nucleation and growth rates because of the increasing supersaturation ratio.
Encapsulation of flax seed oil in crystalline maltose and trehalose with porous
and non-porous structures was investigated to improve the stability of fatty acid
during storage in the encapsulated oil (Ohashi et al. 2008). Anhydrous crystalline
maltose and trehalose with a fine porous structure were obtained by dehydration
using ethanol. The oil powders encapsulated with anhydrous crystalline maltose
and trehalose with porous structure had good fluidity. The stability of fatty acids in
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the encapsulated oil powders was investigated for storage at 40 °C. By using
crystalline trehalose to encapsulate the fatty acids, degradation was markedly
inhibited, irrespective of structure porosity. Formation of volatile aldehydes in
porous crystalline trehalose or maltose was reduced to about half the amount of that
for the non-porous crystalline encapsulates, indicating that volatile aldehyde was
adsorbed into the fine pores.

8.8 Conclusion

In this chapter, the kinetics and mechanism of crystal transformation were dis-
cussed, as well as the influence on the crystal structure and the possible applica-
tions. The target compounds were mainly carbohydrates, including trehalose and
maltose. Ethanol-mediated crystal transformation of sugars can lead to the forma-
tion of anhydrous porous crystal material with high specific surface area. These
newly obtained sugar crystals have specific properties to form a creamy gel of sugar
at supersaturated concentration. We can apply this porous sugar crystal to encap-
sulate flavor or functional food for the delivery of those compounds with release
rate control.
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