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1. Introduction

The physical characterization of drugs or excipients in the solid
state is usually performed by collecting data which constitute the
“identity card” of a compound, and is performed by using rou-
tine techniques such as X-ray diffraction, DSC and TG, FTIR and
Raman spectroscopies, optical and electronic microscopies, etc.
(Byrn et al., 1994; Giron, 1995; Brittain, 1999; Vippagunta et al.,
2001). This characterization can be completed by supplementary
investigations devoted to the stability of the product as a func-
tion of its environment, including possible interactions with other
components when mixtures or galenic forms are considered (Byrn

∗ Corresponding author. Tel.: +33 2 35 52 24 28; fax: +33 2 35 52 29 59.
E-mail address: samuel.petit@univ-rouen.fr (S. Petit).

1 Present address: Analytical R & D, Novartis Pharma AG, Postfach, CH-4002 Basel,
Switzerland.

2 Present address: GlaxoSmithKline, Gunnels Wood Road, Stevenage, Herts, SG1
2NY, UK.

0378-5173/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2008.05.023
erature and the magnitude of thermal events observed during DSC anal-
can be strongly affected by various treatments such as ageing, manual

of preliminary dehydration and rehydration). In the case of grinding and
ration pathways was further investigated by using a suitable combination
including X-ray powder diffraction (XRPD) performed with a synchrotron
ietveld analysis), scanning electron microscopy (SEM), laser particle size
py and 1H NMR for the determination of �-lactose contents in samples. It
mechanism is affected not only by a smaller particle size distribution, but
ice distortions and by the formation of surface defects or high energy sur-
ion process occurring between anhydrous forms of �-lactose at ca. 170 ◦C
grinding, whereas a preheating treatment induces an unexpected large
ted with this transition. Our observations and interpretations confirm the
les in the crystal cohesion of the title compound and illustrate the neces-

ach sample for a satisfactory understanding of the physical properties and
t pharmaceutical excipient.

© 2008 Elsevier B.V. All rights reserved.
et al., 1995; Crowley and Martini, 2001). It has also been high-
lighted in recent research papers and reviews that manufacturing
processes such as freeze–drying (Chongprasert et al., 1998), com-
paction (Fukuoka et al., 1993), grinding (Fukuoka et al., 1995),
drying (Hüttenrauch and Keiner, 1979), tabletting (Hüttenrauch,
1983; Shakhtshneider and Boldyrev, 1999), wet granulation, etc.
can affect crystal packings and induce physical transformations of
solid state samples (Brittain and Fiese, 1999; Morris et al., 2001).
Characterization procedures should therefore take into account the
preparation route of solid state samples, and investigate the influ-
ence of processing on the chemical, physical and thermal stability
of samples.

These studies are of particular importance in the case of
hydrated or solvated crystalline solids since solvent molecules
may contribute significantly to the packing cohesion through
intermolecular interactions (Van der Sluis and Kroon, 1989). The
dehydration or desolvation mechanisms can range from highly
cooperative to destructive–reconstructive (Stephenson et al., 1998;
Galwey, 2000), and may depend on experimental conditions (Petit
and Coquerel, 1996; Willart et al., 2002). Owing to their struc-
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tural features (Morris, 1999; Görbitz and Hersleth, 2000), and often
in connection with partial or complete desolvations (Stephenson
and Diseroad, 2000), solid state properties of hydrates and sol-
vates are therefore more likely to be affected by processes like
grinding and drying (Khankari and Grant, 1995; Morris et al.,
1998). This statement is nicely illustrated for instance by the
case of lactitol hydrates (Yajima et al., 1997; Halttunen et al.,
1997).

Among well-known excipients, �-lactose is widely used in the
pharmaceutical industry, mainly as a diluent in tablets and cap-
sules (Goodhart, 1994). Either crystalline or amorphous forms of
lactose have been extensively studied during the last 35 years, lead-
ing sometimes to controversial results or interpretations (Buma,
1978; Kirk et al., 2007). Previous research papers have reported in
particular (i) preparation routes, identification and quantification
of crystalline/amorphous forms (Buma and Wiegers, 1967; Lim and
Nickerson, 1973; Walstra and Jenness, 1984; Angberg, 1995; Figura
and Epple, 1995; Fix and Steffens, 2004; Niemelä et al., 2005), (ii)
studies on mutarotation in aqueous medium (Walstra and Jenness,
1984) and its influence on nucleation and crystal growth (Dincer
et al., 1999; Raghavan et al., 2000, 2001), (iii) structural and mor-
phological investigations (Beevers and Hansen, 1971; Fries et al.,
1971; Noordik et al., 1984; Clydesdale et al., 1997; Platteau et al.,
2004, 2005; Lefebvre et al., 2005) including the possible influence
of structurally related additives (Van Kreveld, 1969; Garnier et al.,
2002a), (iv) calorimetric, X-ray diffraction, microscopy and DVS
studies on crystallization from amorphous lactose (Berlin et al.,
1971; Roos and Karel, 1992; Sebhatu et al., 1994; Darcy and Buckton,
1997; Burnett et al., 2004; Dilworth et al., 2004; Price and Young,
2004; Haque and Roos, 2005), and (v) insights into the dehydration
mechanism of �-lactose monohydrate (Figura and Epple, 1995; Gar-
nier et al., 2002b).

The influence on solid state characteristics and thermal
behaviour of particle size distribution (Vromans et al., 1985), com-
pressive deformation behaviour (Wong et al., 1991; Busignies et
al., 2004), crystallinity (Morita et al., 1984; Di Martino et al., 1993;
Bronlund and Paterson, 2004) and physical pretreatments such as
grinding, drying and heating (Itoh et al., 1977; Lerk et al., 1984;
Irwin and Iqbal, 1991; Otsuka et al., 1991; Longuemard et al.,
1998; Willart et al., 2004; Bridson et al., 2007) were also inves-
tigated but led in some cases to contradictory conclusions. For
instance, several studies (Lerk et al., 1984; Otsuka et al., 1991) have
shown that grinding induced both isomerization and ‘decrystal-
lization’ through mechanical activation (Hüttenrauch et al., 1985)

but other authors postulated that changes of DSC curves were only
due to a disruption of the water molecule environment within the
crystal lattice and/or to the decrease of mean particle size (Irwin
and Iqbal, 1991; Longuemard et al., 1998). Crystallinity fluctua-
tions were assumed to be responsible for different physical and
thermal properties (Morita et al., 1984; Di Martino et al., 1993),
although distinct dehydration behaviours were interpreted by con-
sidering only particle size variations, claiming that dehydration is a
surface-dependent phenomenon (Vromans et al., 1985). Preheating
treatments in organic solvents at the reflux temperature revealed
irreversible changes referred to the initial structure (Wong et al.,
1991), but the corresponding DSC results were not discussed (Itoh
et al., 1977).

In the continuity of our previous work devoted to the dehy-
dration mechanism and to the crystallization of lactose (Garnier
et al., 2002b), the present paper reports new insights on the
thermal and physical characterization of �-lactose monohydrate
(L�-H2O) samples as a function of ageing, grinding and pre-
heating (dehydration–rehydration) treatments. A combination of
experimental techniques was used in order to elaborate reliable
interpretations.
harmaceutics 361 (2008) 131–140

2. Material and methods

2.1. Preparation of samples

Commercial �-lactose monohydrate (Acros, 99.5%) was puri-
fied and gently recrystallized according to a procedure described
elsewhere (Garnier et al., 2002a,b). After filtration by suction, solid
state samples were dried under a ventilated atmosphere at room
temperature from 24 h (“freshly recrystallized” samples) to several
weeks (“aged” samples). Hereafter, initial L�-H2O depicts our start-
ing material, and consists of freshly recrystallized samples dried in
room conditions during 3–5 days.

Manual grinding was carried out with a pestle and mortar
for increasing periods of time (20 min, 120 min, 300 min). Further
grinding was shown to have no influence.

Thermal pretreatments were performed by maintaining non
ground L�-H2O samples at 130 ◦C for 3 h in order to produce
the dehydrated L�H form (Garnier et al., 2002a). Complete rehy-
dration occurred at room temperature within three days under
atmospheric humidity. Both dehydration and rehydration were
monitored by gravimetry.

2.2. Characterization techniques

Routine X-ray powder diffraction (XRPD) patterns were col-
lected on a Siemens D5005 diffractometer (Cu K�, � = 1.5418 Å).
High-quality XRPD patterns were obtained with a synchrotron
source at the ESRF, Grenoble (France) on the BM16 line (Dr. A.
Fitch). The selected wavelength was 0.949531 Å, with 5 min expo-
sure. Owing to the quality of these measurements, no background
correction was applied.

The synchrotron X-ray patterns (1.03◦ < 2� < 27.98◦, 2�
step = 0.005◦) were analyzed using the Le Bail method (Le
Bail et al., 1988) implemented in FULLPROF (Rodriguez-Carvajal,
2001) interfaced by the WinPLOTR graphic software (Roisnel and
Rodriguez-Carvajal, 2001), and taking into account the instrumen-
tal resolution function. This function was obtained through a Le Bail
whole-powder-pattern profile refinement using a powder pattern
of a standard compound (Na2Ca3Al2F14, NAC) in the angular range
7.0–41.9◦ (2�). The Bragg peak profiles (Thompson–Cox–Hastings
function; Thompson et al., 1987) were found to be both Gaussian
and Lorentzian, and the full width at half-maximum (FWHM) to
have an angular dependence given by:

2
HG = U tan � + V tan � + W with U = 0.00091(5),

V = −0.00051(2) and W = 0.000080(1)

HL = X tan � + Y

cos �
with X = 0 and Y = 0.00799(2)

In order to determine the microstructural effects gener-
ated by grinding and preheating, the peak-shape function, a
Thompson–Cox–Hastings profile function was used (Thompson et
al., 1987). The best refinement has been obtained by using isotropic
size effects and anisotropic strain effects (Stephens, 1999). The
number of fitted parameters was 34 (four cell parameters, two
asymmetry corrections, one zero-shift, 17 background points (16
for 300 min), nine anisotropic strain parameters and one Lorentzian
strain coefficient (for 300 and 0 min) and 1 Y parameter (for 300 and
120 min).

DSC experiments were carried out using a Setaram 141 appara-
tus with a constant 2 K/min heating rate, from 30 ◦C to 200 ◦C. Non
sealed aluminium crucibles were used in order to allow a free water
escape during dehydration. When required, simultaneous TG/DSC
measurements were performed in identical conditions, using a Net-
zsch STA 409 PC apparatus.
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Native and ground or preheated samples were observed by SEM
using a LEO 1530 apparatus at various magnifications.

Crystal size distribution of solid state samples was evaluated by
using a laser particle size analyzer (LS 230, Beckman Coulter). L�-
H2O samples were dispersed in CHCl3 and each stirred suspension
was submitted to measurement during 90–100 s. The presence of
very small particles (from 0.04 �m to 1 �m) was estimated using
the integrated PIDS module.

FTIR spectroscopy measurements were carried out with a
Paragon 500 (Perkin Elmer) apparatus. Samples were conditioned
in dry KBr disks and spectra were collected from 400 cm−1 to
4000 cm−1 with an instrumental resolution of 2 cm−1.

1H NMR spectra were collected with a Bruker Avance sys-
tem (300 MHz) in deuteriated DMSO. In this solvent, mutarotation
of lactose (�-lactose ↔ �-lactose) occurs very slowly (Dincer et
al., 1999), so proportions of the two anomeric forms could be
accurately determined by using a procedure described elsewhere
(Willart et al., 2004).

3. Results and discussion

3.1. Influence of ageing

The DSC curves in Fig. 1 allow the comparison between the ther-

mal behaviour of freshly recrystallized L�-H2O (analyzed less than
24 h after filtration) and that of aged L�-H2O (analyzed more than
three weeks after filtration). The large endothermic phenomenon
at ca. 130 ◦C (onset temperature) corresponds to the dehydration
of L�-H2O towards the hygroscopic anhydrous phase (L�H), and
presents similar shapes and enthalpies in the two curves. Between
160 ◦C and 180 ◦C, a double endothermic–exothermic phenomenon
can be observed, but its magnitude decreases continuously with
ageing (for the endothermic part, ca. 14 J/g after 24 h, 8 J/g after 7
days, 2 J/g after 3 weeks, 1.5 J/g after 4 weeks or more). These weak
thermal events were previously interpreted as a polymorphic trans-
formation between hygroscopic (L�H) and stable (L�S) anhydrous
forms of �-lactose (Garnier et al., 2002b). However, this double
phenomenon has not been observed in numerous previous studies
(Vromans et al., 1985; Otsuka et al., 1991), or has been detected only
when using form L�H as starting material (Figura and Epple, 1995).

This first result shows to which extent the thermal behaviour
of L�-H2O can be sensitive to the preparation of the sample and
to operating conditions. It can be assumed that the reason why
the L�H → L�S transformation was not or only partially detected in
previous studies is due not only to the weakness of the heat flows,

Fig. 1. DSC curves of freshly recrystallized L�-H2O, dried under ventilated atmo-
sphere for less than 24 h (upper) and aged more than three weeks (lower).
harmaceutics 361 (2008) 131–140 133

Fig. 2. DSC curves of initial and ground samples of L�-H2O ((a) initial; (b) 20 min;
(c) 120 min; (d) 300 min).

but also to the delay between the preparation of the samples and
their analysis.

The decrease upon ageing of the heat exchange associated with
this transformation probably results from the existence of two
opposite (endo- and exothermic) contributions, probably corre-
sponding to a fusion and recrystallization process. The apparent
decrease of the associated enthalpy may actually be the conse-
quence of an increasing overlap of the two thermal events, caused
by a progressive decrease of the onset temperature for the exother-
mic phenomenon (recrystallization). Factors that may explain this
decrease are the progressive release of residual water upon ageing
and the slow relaxation of L�-H2O crystals. For instance, the com-
pleteness of the drying process in a ventilated atmosphere could
affect the dehydration process itself, leading to L�H crystals with
different particle size distributions and/or crystallinities (Petit and
Coquerel, 1996). The change in proportion and location of crystal
defects in L�H may also have an impact on the subsequent trans-
formation (Mnyukh, 1979).

3.2. Influence of grinding

It can be seen from Fig. 2 that the thermal behaviour of L�-
H2O is deeply affected by grinding. The narrow DSC peak associated
with dehydration of the initial sample (onset ca. 132 ◦C) is progres-
sively replaced by a distinct thermal event starting at about 105 ◦C.
The curve obtained after 120 min of grinding clearly demonstrates

the existence of two distinct dehydration peaks. Furthermore, the
continuous decrease in magnitude of the initial dehydration peak
with the increase of the new peak at lower temperature indicates a
change of the dehydration mechanism of ground L�-H2O but does
not lead to a different crystalline variety since the resulting phase
is still L�H solely (checked by conventional XRPD).

From a previous analysis of L�-H2O crystal structure, we had
postulated that the departure of water molecules from the 3D pack-
ing should occur along independent structural channels parallel
to the crystallographic c-axis (Garnier et al., 2002b). The sudden
decrease by about 30 ◦C of the dehydration temperature reveals
that manual grinding may generate new pathways for the evacu-
ation of water molecules. It could be envisaged, for instance, that
channels are not anymore independent in ground material, induc-
ing that water molecules have more degrees of freedom during their
evacuation and become less sensitive to defects that could block the
channels.

The appearance of new dehydration pathways is therefore due to
the structural and macrocrystalline consequences of manual grind-
ing. Various physical factors may be involved since grinding could
simultaneously induce:
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Fig. 3. Simplified representation of hypothetical structural and macrocrystalline consequ
particle size; (c) sharp increase in the number of crystal defects; (d) anisotropic lattice di

- a decrease of the mean particle size (probably with anisotropic
cleavage directions),

- the formation of crystal defects in the crystal lattice (0D or 1D)
and the disruption of intermolecular hydrogen bonds,

- some anisotropic distortions of the 3D lattice,
- the formation of an amorphous (or ill-crystallized) layer mainly

at the surface of particles (Chikhalia et al., 2006),
- an increase of the proportion of �-lactose molecules.

Considering as a reference an ideal crystal packing without any
defect, a schematic representation of each of these parameters is
shown in Fig. 3, and it should be kept in mind that their simulta-
neous occurrence may result in synergetic effects that could make
them difficult to characterize individually.

Fig. 4. XRPD patterns (synchrotron source, � = 0.949531 Å) of initial and ground
samples of L�-H2O ((a) initial; (b) 20 min; (c) 120 min; (d) 300 min).
ences of manual grinding of L�-H2O ((a) idealized initial packing; (b) decrease of
stortions; (e) amorphous layer at surfaces; (f): mutarotation in the solid state).

Changes in crystal size distribution, putative partial amorphiza-
tion and anisotropic lattice distortions were investigated from
high-quality XRPD patterns collected with a synchrotron source
(Fig. 4). The absence of new diffraction peaks and the background
profile indicate that no solid–solid transformation occurs upon
grinding, and confirms that the L�-H2O phase remains highly crys-
talline.

The progressive decrease of peak intensities and their simulta-
neous broadening was assumed to be due to the decrease of the
mean particle size, which was confirmed by simulations of XRPD
patterns at different crystal size, through a Scherrer’s fit (Azároff
and Buerger, 1958). Despite the assumption, in this first approach,
of an isotropic decrease of particle size, a satisfactory agreement

Fig. 5. Superimposition of experimental XRPD patterns with that simulated with
different values of particle size � (lower: initial sample, � = 2000 Å; upper: ground
for 300 min, � = 550 Å).
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Table 1
Main results of the Rietveld refinements of synchrotron XRPD patterns achieved wi

Grinding time (min) 0 20
Lorentzian strain coefficient 0.74(2) 0.75
Anisotropy strain × 10−4 9.1968 (1.6518) 14.7704 (3.0355)

a (Å) 7.93933(5) 7.93886(7)
b (Å) 21.5780(1) 21.5770(1)
c (Å) 4.81594(3) 4.81575(4)
ˇ (◦) 109.7671(4) 109.7653(5)
Rp 12.3 11.8
Rwp 15.7 15.0
Rexp 8.23 8.50
�2 3.66 3.13
RB 0.5 × 10−4 0.0028
RF 0.97 × 10−4 0.0041

was obtained from these simulations (Fig. 5), and it could be esti-
mated that the mean crystal size is decreased approximately by a
factor 4 by considering the two extreme situations (initial L�-H2O
sample and L�-H2O ground for 300 min).

A more detailed analysis of XRPD patterns was performed
through Rietveld refinements, using FULLPROF (Table 1). This anal-
ysis could not confirm the estimated ratio of decrease of apparent
particle size, due to missing values for initial L�-H2O and for
the sample ground for 20 min However, beside the evolution
of CSD, Table 1 reveals a continuous increase of the anisotropy
strains from ca. 0.09% to 0.36% upon grinding. The directions of
this limited but progressive lattice distortion can be visualized
in Fig. 6, indicating that the main residual deformations are run-

Fig. 6. Anisotropic distortion profiles of the crystal lattice as deduced from the analysis
L�-H2O; ground 20 min; 120 min; 300 min). The dashed curves correspond to the dehydr
harmaceutics 361 (2008) 131–140 135

FULLPROF software

120 300 Dehydrated– rehydrated
0.82 0.68(2) 0.259(11)
23.1609 (7.1417) 36.0632 (14.9247) 44.6801 (15.8406)

7.9390(1) 7.9391(1) 7.9399(2)
21.5785(2) 21.5851(4) 21.5994(4)
4.81602(5) 4.81691(9) 4.8116(2)
109.7605(8) 109.758(1) 109.694(2)
11.7 10.7 13.5
14.8 14.7 15.2
8.48 8.33 11.1
3.03 3.10 1.87
0.029 0.0056 0.017
0.036 0.0074 0.02

ning along bisectors of (a, c) and (b, c) axes, whereas the weakest
remaining strains are observed along the three crystallographic
axes.

These data can be discussed in view of the H-bonding network
existing in the crystal structure of L�-H2O, since previous structural
descriptions (Fries et al., 1971; Noordik et al., 1984; Clydesdale et al.,
1997; Garnier et al., 2002a; Platteau et al., 2004) have shown that
the strongest periodic bond chains (PBCs) are running along the
three main crystallographic directions. As a consequence, the crys-
tal packing may exhibit a weaker elastic character (and probably
a brittle character) along these axes, whereas bisectors are more
likely to undergo lattice distortions, associated with the appear-
ance, at a lower energetic cost, of crystal defects.

of powder patterns obtained from Le Bail refinements (by increasing size: initial
ated–rehydrated sample. The circle depicts a distortion of 0.36%.
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Fig. 7. Crystal size distribution of initial and ground L�-H2O ((a) initial; (b) 20 min;
(c) 120 min; (d) 300 min).

Hence, the analysis of residual lattice distortions from high-
quality XRPD patterns indicates that manual grinding produces
a highly anisotropic deformation of the crystal packing affect-
ing predominantly directions of weakest cohesion energy. Since
strain effects are known to be caused by crystal defects (Platteau
et al., 2004), it can be expected that grinding actually induces
the breaking of H-bonds (lactose–lactose or lactose–water bonds),
and this partial disruption of the H-bonding network may con-
tribute to explain the easier departure of water molecules and
the lower dehydration activation energy, as revealed by DSC anal-
yses. Moreover, it can be postulated that H-bond disruptions
may affect a larger proportion of lactose–water bonds, referred
to lactose–lactose contacts, since it was shown previously, using
molecular modeling tools that direct lactose–lactose H-bonds con-
tribute more strongly to the energetic cohesion in the packing of
L�-H2O than lactose–water interactions (Clydesdale et al., 1997).

The physical characterization of initial and ground L�-H2O
samples was completed by CSD measurements with a laser gran-
ulometer and by SEM observations. The CSD curves shown in
Fig. 7 indicate that the homogeneous distribution (mean diame-
ter 20–30 �m) of the initial sample is transformed upon grinding
into a more complex distribution, with a bi-modal population of
particles in the ranges 5–9 �m and 150–300 �m. It is notewor-
thy that an analogy can be highlighted between the DSC curves
and the evolution of the mean particle size from ca. 25 �m to ca.
7 �m. In both cases, one can indeed contemplate a jump from the
starting situation to the final state, instead of a continuous shift
of DSC peaks or crystal size of the smallest particles. This state-

ment confirms the predominant roles of defects and crystal size
distribution in the dehydration mechanism, probably related to the
necessary diffusion of water molecules along suitable pathways. In
the present case, it is likely that a ‘low energy’ grinding allows the
formation of defective particles of homogeneous size, from which
water molecules can be evacuated more easily through anisotropic
pathways. The relevance of a size effect is confirmed by the ratio
of particle size decrease (ca. a factor four from 25 �m to 7 �m)
since this ratio is close to that deduced from the Scherrer analy-
sis of XRPD patterns. The appearance of a population of larger CSD
(150–300 �m) during manual grinding may be due to an agglom-
eration effect of ground particles caused by friction forces, welding
or electrostatic effects that probably increase the surface energy of
powder particles (Kumon et al., 2006).

The formation of very small particles with a rounded shape
was confirmed by SEM observations (Fig. 8), and is consistent with
the appearance of an ill-crystallized superficial layer on L�-H2O
particles. The analysis of initial and ground samples by FTIR spec-
troscopy led to very similar spectra (data not shown). The only
detectable evolution induced by grinding is the presence of large
amounts of adsorbed water at the surface of particles (in the region
harmaceutics 361 (2008) 131–140

3700–3900 cm−1), probably in connection with the existence of
ill-defined surfaces for ground samples.

Since previous studies have shown that intensive grinding of L�-
H2O induces an isomerization in the solid state (Lerk et al., 1984;
Otsuka et al., 1991), proportions of �-lactose molecules in initial
and ground samples were determined by 1H NMR at room temper-
ature and after heating up to 180 ◦C at the 2 ◦C/min heating rate. It
should be noticed that the presence of �-lactose molecules is not
associated with the formation of L� or L�/� crystals (checked by
XRPD) but corresponds to a solid solution in L� phases (Raghavan
et al., 2000).

It can be seen from Table 2 that manual grinding is responsible
for a significant increase of the proportion of �-lactose molecules in
the crystal lattice of L�-H2O at room temperature, and this could be
an additional reason for the formation of crystal defects and lattice
distortions depicted above.

Upon heating from room temperature up to 180 ◦C, the pro-
portion of �-lactose is higher for native material than for ground
samples, which can be explained by the decrease of the dehydra-
tion temperature caused by grinding since this decrease induces a
shorter residence time of H2O molecules in the crystal lattice upon
heating. Previous studies have shown that mutarotation produced
by ball milling is much weaker than that induced by thermal treat-
ments (Willart et al., 2004), and the amount of �-lactose obtained
upon heating is probably sensitive to the presence of residual
water. We have shown in a previous study that water released by
dehydration of large crystals (ca. 500 �m) in stagnant methanolic
conditions was able to induce the mutarotation and leads to the
formation of macroscopic crystals of anhydrous �-lactose (Garnier
et al., 2002b). In the present case, the lower proportion of �-lactose
molecules formed during dehydration of ground samples is likely
to be due to the combined effect of smaller particles (and therefore
lower amounts of released water per particle) undergoing an eas-
ier dehydration at lower temperature. Therefore, the more rapid
release of water from ground L�-H2O, the weaker the catalytic
effect of dehydration on the mutarotation equilibrium.

Hence, the decrease by about 30 ◦C of the dehydration temper-
ature caused by manual grinding results from the formation of a
new population of particles with a smaller mean size associated to
the appearance of new pathways, allowing an easier diffusion of
water molecules upon heating. This jump towards different dehy-
dration pathways is the consequence of several changes of physical
parameters affecting the structural and macrocrystalline cohesion
of L�-H2O. In particular, the discontinuous reduction of the mean

particle size, the anisotropic distortion of the crystal lattice, the for-
mation of crystal defects or lattice disruptions and the formation of
ill-crystallized layers at the surface of particles may account for the
considerable change of L�-H2O dehydration mechanism. In con-
trast with ‘hard’ milling conditions that are known to induce large
amorphous contents (Otsuka et al., 1991; Willart et al., 2004), the
‘soft’ manual grinding applied in the present study does not lead
to significant proportions of amorphous lactose but, owing to the
effects depicted above, seems to constitute an intermediate step of
the ‘decrystallization’ process that may progressively generate an
amorphous solid.

3.3. Influence of preheating (dehydration–rehydration)

Under suitable conditions, the dehydration of L�-
H2O can reversibly lead to the hygroscopic L�H phase
(Figura and Epple, 1995). Nevertheless, the thermodynamic
reversibility is not necessarily associated with reversibility
in terms of dehydration mechanism or molecular process. In
order to study the influence of a preliminary cycle of dehydra-
tion/rehydration on the thermal behaviour of L�-H2O, a sample
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Fig. 8. SEM photographs of initial and ground L�-H2O ((a) initial; (b) 20 m

was maintained at 130 ◦C during 3 h and was allowed to rehydrate
at room temperature under ambient humidity for at least three
days. These two processes (dehydration and rehydration) were
monitored by means of gravimetric measurements (5.0 ± 0.2%
of weight change) and conventional XRPD identification (Buma
and Wiegers, 1967). Initial and preheated samples were then
characterized using a combination of relevant techniques.

Fig. 9 presents the superimposition of DSC curves obtained for
initial L�-H2O, rehydrated L�-H2O and L�H. For the ‘dehydrated’
phase L�H, a small endothermic phenomenon is observed at ca.
100 ◦C, revealing that rehydration has already partially occurred.

Table 2
Proportions of �-lactose molecules in L�-H2O samples at 20 ◦C and after heating up to 18

Temperature (◦C) Native L�-H2O (%) Ground L�-H2

20 2.5 4.0
180 23.6 13.1
in; (c) 300 min). Magnification is ×5000 (left) and ×20,000 (right).

More surprisingly, the endo/exothermic phenomenon correspond-
ing to the L�H → L�S transformation starts at lower temperature
than for the initial material (onset at ca. 160 ◦C), with a greater
magnitude. Since the temperature of the exothermic part does
not seem to be affected by preheating, it is likely that, as in
the case of ageing (see Section 3.1), the larger apparent enthalpy
results from the decrease in temperature of the endothermic
contribution, inducing a better resolution of the two thermal
effects.

Compared to the initial L�-H2O sample, the DSC curve of rehy-
drated L�-H2O exhibits unexpected changes.

0 ◦C at 2 ◦C/min

O (300 min) (%) Preheated L�-H2O (dehydrated–rehydrated) (%)

6.5
24.9
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and no other crystallized phase. Nevertheless, the computation,
using the modelling software Cerius2, of XRPD patterns simulat-
ing the influence of an isotropic decrease of mean particle size
leads to significant discrepancies between measured and calculated
peak intensities (data not shown). This indicates that the dehy-
dration/rehydration process occurs in a highly anisotropic way, as
anticipated earlier (Garnier et al., 2002b).

The comparative analysis of XRPD patterns by Rietveld refine-
ments with FULLPROF (Table 1) shows that the mean anisotropic
lattice distortions produced by preheating are more pronounced
(0.44%) than that resulting from grinding (0.36%), despite a larger
apparent crystal size (4690(4) Å for preheated L�-H2O vs. 1860(2) Å
for L�-H2O ground during 300 min). Interestingly, the distortion
profiles (Fig. 6) indicate that large residual distortions are observed
along the c*-direction, i.e. running parallel to structural channels
along which water molecules are assumed to be preferentially evac-
uated during a cooperative dehydration. Therefore, data presented
here are consistent with our previous interpretation of the dehy-
dration process at a molecular scale (Garnier et al., 2002b), and
the anisotropic character of a preliminary dehydration–rehydration
138 S. Garnier et al. / International Journ

Fig. 9. DSC curves of initial and preheated L�-H2O ((a) initial; (b) dehydrated-L�H;
(c) dehydrated/rehydrated).

• First, the dehydration peak becomes broader, and the onset tem-
perature is lowered to ca. 105 ◦C. Nevertheless, the shape of this

phenomenon clearly differs from that obtained for ground L�-
H2O (Fig. 2), and the associated enthalpy decreases by about 10%.

• The second unexpected difference concerns the L�H → L�S path-
way at 160 ◦C. For native L�-H2O, the two events are difficult to
distinguish due to extensive overlapping. For rehydrated L�-H2O
the two thermal events are now clearly decoupled. The first ther-
mal event is associated with a large heat exchange, corresponding
approximately to one third of the dehydration enthalpy. It is inter-
preted as the (endothermic) metastable fusion of L�H rapidly
followed by the (exothermic) recrystallization of L�S.

After the double phenomenon, fusion/decomposition of L�S can
be observed from ca. 180 ◦C upwards, starting therefore about 20 ◦C
before that of initial L�-H2O. As for ground L�-H2O, DSC analysis
indicates that a thermal pretreatment generates new pathways for
the dehydration process, inducing here that the physical properties
of the dehydrated material (L�H) impact the subsequent L�H → L�S
pathway.

High-quality XRPD patterns of initial and preheated L�-H2O are
shown in Fig. 10, revealing an important decrease of peak inten-
sities with a very limited amount of amorphous material, if any,

Fig. 10. XRPD patterns (synchrotron source, � = 0.949531 Å) of initial (upper) and
dehydrated/rehydrated (lower) samples of L�-H2O.
harmaceutics 361 (2008) 131–140
Fig. 11. SEM photographs of dehydrated/rehydrated L�-H2O samples with increas-
ing magnification.
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differs to a certain extent from the consequences of a mechanical
pretreatment.

Further characterization of preheated L�-H2O samples by scan-
ning electron microscopy (Fig. 11) indicate that a large number
of small particles (1 �m to 10 �m) are produced by the prelimi-
nary dehydration–rehydration, in agreement with data obtained
from laser particle size measurements (data not shown). At high
magnification (×40,000), SEM examination of a preheated L�-H2O
sample revealed the existence of flat and well-defined morpholo-
gies that clearly differ from ill-defined round shapes generated
by grinding (Fig. 8). FTIR spectroscopy did not allow the detec-
tion of differences between initial and preheated L�-H2O (data not
shown), but determinations of �-lactose contents at room tem-
perature and at 180 ◦C (Table 2) indicated that preheating leads
to a significant mutarotation ratio, inducing that the proportion of
�-lactose molecules at 180 ◦C is slightly superior to that obtained
for native samples, despite a lower dehydration temperature. The
formation of domains made of a stoichiometric �:� = 1:1 molec-
ular compound could be envisaged, but is not expected in the
present case since this compound could only be crystallized by
heating amorphous lactose (Lefebvre et al., 2005; Lefort et al.,
2006).

Hence, the preheating treatment appears to have structural and
physical consequences differing from that produced by manual
grinding, and these distinct dehydration pathways may in turn
be responsible for the decrease of the onset temperature for the
irreversible evolution L�H → L�S.

4. Conclusion

Mechanical (manual grinding) or thermal (dehydration–
rehydration) pretreatments can deeply affect the thermal
behaviour of crystalline L�-H2O. In particular, the decrease
by about 30 ◦C of the dehydration temperature appears to be
associated with a profound change in dehydration pathways. Both
treatments induce an important (and discontinuous) decrease of
the mean particle size, as well as significant residual anisotropic
lattice distortions that constitute an intermediate step of an
amorphization process. These physical changes account for the
direct jump from an initial material to a new population exhibiting
a lower dehydration temperature. Manual grinding also produces
particles with a rounded shape and irregular surfaces inducing
that friction or electrostatic forces may be involved in the change

of dehydration mechanism. For ground samples, the limited
mutarotation ratio can be understood in terms of lower residence
time of water molecules within lactose particles upon heating. In
the case of a preliminary dehydration–rehydration cycle, surfaces
are less affected but the large lattice distortions in the direction
of channels along which water molecules are evacuated lead
to a lower onset temperature and to a decoupling of the fusion
(L�H)–recrystallisation (L�S) processes.

These interpretations are consistent with the large contribution
of water molecules to the structural cohesion of L�-H2O, and high-
light that, for hydrates and solvates, the history of a given sample
should be taken into account in order to elucidate their behaviour
and to rationalize the data collected during their solid state char-
acterization.
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