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Purpose. Thermophysical properties of three tableting excipients;
microcrystalline cellulose, lactose and dicalcium phosphate dihy-
drate were observed to evaluate their ability to resist temperature
induced changes in tablet form.

Methods. Two thermophysical parameters, thermal diffusivity and
specific heat, were measured by a pulse heating method. The ma-
terials were also evaluated by differential scanning calorimetry
(DSC).

Results. Microcrystalline cellulose in tablet form was found to be
rather insensitive to heating and cooling treatments, even though the
tablets seemed to remain in a stressed state four‘weeks after tablet-
ing. This stress, indicated by low temperature anomalies, was ob-
served by the pulse method, but not by DSC. When magnesium
stearate was incorporated as a lubricant within the microcrystalline
cellulose powder, the thermophysical parameters indicated that the
internal structure of the tablets changed with heating and cooling.
Magnesium stearate eliminated the low temperature anomalies as
well. The heat treatment changed the thermophysical properties of
tablets made of the crystalline excipients lactose and dicalcium
phosphate dihydrate, permanently causing irreversible structural
changes.

Conclusions. The melting of the lubricant together with enhanced
stress relaxation in the structure of microcrystalline cellulose most
probably caused the improved thermal diffusivity. The observed
thermophysical changes with the crystalline excipients were due to
changes in tablet’s structure and material. The combination of meth-
ods used was found to be an accurate and reliable way to obtain
useful information on the structural changes and material relax-
ations of intact tablets during temperature treatment and age-related
changes in material properties.

KEY WORDS: thermal diffusivity; specific heat; tablets; structural
relaxation; pulse method; differential scanning calorimetry.

INTRODUCTION

In manufacturing of pharmaceutical tablets, the partic-
ulate materials are subject to strong mechanical stress, and
during compression powder compacts are warmed up. This
rise in temperature is dependent on several process and for-
mulation related factors. Thermophysical properties of phar-
maceutical powders have usually been studied by differential
thermal analysis and differential scanning calorimetry. Sev-
eral studies have examined the thermodynamics of tableting
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processes (e.g., 1,2). Some studies have investigated the ef-
fects of temperature on the mechanical properties of phar-
maceutical powders (e.g., 3,4). However, studies on changes
in the thermophysical parameters of tablets, due to aging or
structural relaxation phenomena, have not been reported.
The method used in this study, namely the pulse heating
method, in which the studied objects; e.g., tablets, need no
special treatment and remain intact, has previously been
used to study structural relaxation of metallic systems and
carbon based composites (5,6).

Various composite systems; €.g., glasses, ceramics and
polymers, typically undergo structural changes during aging
or annealing to reach a more stable thermodynamic state,
and such transformations cause changes in the physical
properties of these materials (6). In principle, two basic
types of structural changes exist: structural relaxation and
structural phase transformation. The former can occur at
lower temperatures or shortly after the production proce-
dure and is most probably correlated with the weak attrac-
tion mechanisms; e.g., cohesion forces (often dependent on
water content), and intermolecular forces; i.e., Van der
Waals forces, hydrogen bonds or electrostatic forces, cre-
ated during the plastic deformation or fragmentation of par-
ticles (7). In the case of compressed powders, the particle
surface 1s the most dynamic component of structural relax-
ation, where relaxation is a function of the attractive forces
between individual powder particles. The second type of
relaxation, structural phase transformation, can occur at
higher temperatures and is related to a structural rearrange-
ment with longer distance mechanisms (6). The structural
phase transformations found at higher temperatures are most
often caused by the processes like dehydration, melting or
recrystallization of materials in the compacts. All structural
changes are functions of time and temperature, and the
higher the temperature, the shorter the time needed for cer-
tain changes in physical properties. Thus, the thermal diffu-
sivity and specific heat of a material are modified through
structural changes induced by heat treatment or aging.

In this study the thermophysical properties of some
pharmaceutical excipients compressed to tablets were eval-
uated by a pulse heating method in combination with differ-
ential scanning calorimetry (DSC). Also, attention was paid
to the physical stability and structural relaxation of tablets.
The applicability of pulse heating method with DSC to study
tableting materials and tablets is also discussed.

MATERIALS AND METHODS

Materials

The excipients studied were microcrystalline cellulose
(Avicel® PH102, FMC Co., Philadelphia, Pennsylvania,
USA) with and without magnesium stearate (Ph. Eur., 2%
w/w) as a lubricant, along with a-lactose monohydrate (Lac-
tose M80, DMV, Veghel, The Netherlands) and dicalcium
phosphate dihydrate (Emcompress®, Mendell Co., Patter-
son, New York, USA), both without a lubricant. Avicel®
was considered as a partially crystalline material with plastic
flow properties, while lactose and Emcompress® as more or
less fragmenting crystalline materials. Magnesium stearate
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was used to demonstrate the effect of a typical lubricant on
the thermophysical parameters of Avicel® tablets.

The material densities of the compressed powders were
determined by a pycnometer method (Multipycnometer
MVP-1, Quanta Chrome, Syosset, New York, USA), using
helium as an inert gas. The density of Avicel® without the
lubricant was 1.60 g/cm® and with the lubricant, 1.59 g/cm>.
Lactose and Emcompress® had densities of 1.55 and 2.33
g/cm?, respectively.

Water contents, determined with a Mettler DL35 Karl
Fischer titrimeter (Mettler-Toledo AG, Switzerland) as a
mean of three measurements, were 4.9, 5.2 and 0.4% for
Avicel®, lactose and Emcompress®, respectively.

Sample Preparation

All powders studied were compressed into tablets with
a hydraulic compaction simulator (PuuMan Oy, Kuopio, Fin-
land) using flat-faced punches (10 mm in diameter) and a
compression time of about 500 ms. A one-sided sine-wave
was used as compression profile. The compaction simulator
was adjusted to produce tablets with a constant thicknesses
of 3.0 and 4.5 mm at a constant porosity of 15%. The mean
weights of the 3.0 mm Avicel® tablets, without and with the
lubricant, were 320 and 318 mg, respectively, and for lactose
and Emcompress® were 314 and 471 mg, respectively. Tab-
lets of 4.5 mm were used to obtain a geometry of the exper-
imental set up closer to the ideal one for the pulse heating
method.

Methods

The pulse method employed for measuring thermophys-
ical properties of the tablets had a planar heat source, which
generated a dynamic temperature field inside the sample.
Thermal diffusivity and specific heat were calculated from
the time (z,,) and the magnitude (7,,,) of the maximum tem-
perature response to the heat pulse. The sample set con-
sisted of three pieces (tablets) having thicknesses of 4.5, 3.0
and 4.5 mm, respectively. The planar heat source (a thin
metallic foil) was placed between the first and the second
piece of the sample set, while a thin thermocouple was
placed into a small groove made into the contact surface of
the third piece of the sample. A thin layer of thermoconduc-
tive silicone paste (Midland Silicones Ltd, England) was
used to improve the thermal contact between the individual
parts of the sample set. The heat pulse was generated by the
passage of an electrical current () through the metallic foil
for 6 sec (t,). Thermal diffusivity, a, was calculated as de-
scribed by equation 1 (8):

a = W2, )]

where 4 is the distance between the heat source and the
thermometer (3.0 mm), and specific heat, ¢, as described by
equation 2:
¢ = Q/Qe)"?hpT,, )
where p is the apparent density, Q the energy of the heat
pulse (2.3 J/m?), and e a constant (2.71). Q can be presented
as:
QO = RPt,, 3)

where R is the electrical resistance of the heat source.
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All measurements were made under a gentle vacuum
(103 Pa), which prevented the possibility of adsorbed water
to the surface of tablets. When the termophysical parameters
were measured, the temperature was kept constant for a
short period of time during both heating and cooling phases.
The measurements were started from the temperature of
10°C and after reaching a sample temperature of 200°C, sam-
ple sets were cooled to room temperature. The heating and
the cooling rates were typically 0.8°C/min, and near room
temperature rates were less than 0.1°C/min.

By the pulse method, five sets of samples from each
tablet batch were measured and all the measurements were
begun four weeks after tableting, to avoid possible effects of
rapid elastic recovery. A typical experimental error for the
pulse method was found to be between 4—-6%.

Differential scanning calorimetry (DSC 7, Perkin-Elmer
Co., Norwalk, Connecticut, USA) was used for all the stud-
ied materials in powder and tablet form (i.e., a small piece of
broken tablet) to compare the two methods and give more
information on the anomalies observed in tablets by pulse
heating measurements. All DSC measurements were per-
formed under a dry nitrogen atmosphere (flow 23 ml/min)
with a heating rate of 2.0°C/min. Sizes of the samples sealed
in aluminum pans with holes ranged from 2—-4 mg for pow-
ders, and 3-8 mg for pieces of broken tablets.

RESULTS AND DISCUSSION

Unlubricated Avicel® Tablets

The thermal diffusivity, a, and specific heat, ¢, of Avi-
cel® tablets without a lubricant are presented in Fig. 1 as a
function of temperature. At temperatures below 40°C some
anomalies were found in both of the thermophysical param-
eters studied. A heat treatment up to 40°C eliminated these
anomalies. In a temperature range from 40 to 190°C, both
thermophysical parameters were analogous during heating
and cooling of the sample sets.

Two types of structural relaxation were evident. The
first one, a function of short-time relaxation, was responsible
for anomalies observed near room temperature. This low
temperature anomaly was observed by the pulse method, but
not with DSC. These anomalies in thermal diffusivity and
specific heat were possibly due to a partial release of energy
which was stored in the tablets during the tableting process.
Thus, the unlubricated Avicel® tablets seemed to remain in
a stressed state for at least four weeks after compression.
Microstresses are known to modify intermolecular forces,
and could be responsible for these observed effects since the
surfaces of individual powder particles are the most dynamic
areas for material deformation during tableting. Only a mod-
est heat treatment was needed to overcome the energy bar-
rier of the observed stress in our measurements. This was
proved by a later measurement of the same sample set,
where no low temperature anomaly was observed. Tablets
tend to seek more thermodynamically and structurally stable
states via relaxation of induced short-range microstresses,
and recovery of the respective deformation of microcrystal-
line cellulose particles.

The second type of structural relaxation of Avicel® tab-
lets was observed at higher temperatures. These were seen
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Fig. 1. Thermal diffusivity, a (m?s~?), (A) and specific heat, c J kg~' K™Y, (B) of
unlubricated Avicel® tablets as a function of temperature (°C) during the heating (©)

and cooling (+) phases of pulse method

as longterm, age-related changes in the material’s property,
and analogous during both the heating and cooling phases
(Fig. 1). Thus, the changes in thermophysical properties
were practically reversible and no permanent changes in
structure remained. It is evident that the water content of the
microcrystalline cellulose tablets decreased due to heat
treatment. Water evaporated easily, even from pieces of tab-
lets, at temperatures well below 100°C, according to DSC.
Instead of coordinated water in a crystalline lattice, the wa-
ter molecules in the amorphous parts of microcrystalline cel-
lulose may be more diffuse as randomly absorbed water.
This notion is supported by the broad DSC endotherms of
low intensity. Obviously, the effect of water on the thermo-
physical properties of microcrystalline cellulose tablets, is
fairly negligible. The thermal movement of chain structures
in cellulose seems to be independent of the amount of water
in a tablet, as reflected by the similar changes in thermal
diffusivity and specific heat during the heating and cooling
phases. Perhaps due to the amorphous parts in the structure
of microcrystalline cellulose coupled with its great tendency

measurements.

towards plastic deformation, as well as its ability to form
bonds by mechanical interlocking (7), thermophysical
changes resulting from treatment by heat are more or less
reversible with Avicel® tablets.

Lubricated Avicel® Tablets

The thermal diffusivity, a, and specific heat, c, of Avi-
cel® tablets with 2% w/w of a lubricant are presented in Fig.
2 as a function of temperature. Thermal diffusivity of lubri-
cated tablets clearly behaved differently than with unlubri-
cated tablets (Figs 1 and 2). The lubrication of Avicel® tab-
lets eliminated the anomalies related to short-time relax-
ation. Due to lubrication, the die wall and interparticulate
frictions were reduced, and thus the rearrangement of par-
ticles was enhanced. The deformation of particles may also
have been more homogeneous with magnesium stearate, and
thus decreased the stress differences inside the compact.
The incorporation of magnesium stearate has also been re-
ported to partially disrupt the strong interparticulate bonding
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Fig. 2. Thermal diffusivity, a (m®s ™), (A) and specific heat, c J kg7' K1), (B) of
lubricated Avicel® tablets as a function of temperature (°C) during the heating (0)
and cooling (+) phases of pulse method measurements.

between microcrystalline cellulose particles (9). Therefore,
the lubricated tablets could be considered as more structur-
ally and thermodynamically homogeneous than unlubricated
tablets, where a stressed state prevails after compression. A
strong hysteresis was found in the thermal diffusivity during
heating and cooling (Fig. 2A). Slow dehydration and melting
of magnesium stearate above 90°C, and its possible recrys-
tallization in a different physical form during cooling, may
have improved the thermal diffusivity, and thus caused the
hysteresis. Therefore, we suggest that the melting of mag-
nesium stearate probably changed the tablet structure by
enabling the formation of solid bridges between individual
particles during cooling, which resulted in improved inter-
particulate contacts. No differences at high temperatures
were observed between data obtained from the heating and
cooling regimes, most probably due to the likelyhood that
magnesium stearate was molten within the microcrystalline
cellulose matrix.

The values for specific heat from lubricated tablets
matched those from unlubricated tablets (Figs 1A and 2A).

The trivial decrease in specific heat, found at low tempera-
tures with lubricated tablets, is also most probably due to the
evaporation of diffuse water from the sample, as seen by
DSC. These results underscore the sensitivity of thermal
diffusivity for detecting changes in a tablet’s internal struc-
ture; e.g., changes in interparticulate contacts, and the sen-
sitivity of specific heat as indicator of change in the material.

Lactose Tablets

Figure 3 shows the thermal diffusivity, a, and specific
heat, ¢, of lactose tablets as a function of temperature. The
data of both thermal diffusivity and specific heat show a
strong hysteresis and two clear transformations could be
seen in them (Fig. 3). The first significant structural change
started above 80°C and ended around 150°C, and was com-
posed of at least four smaller structural changes clearly seen
in the specific heat gram (Fig. 3B). All these changes were
connected by dehydration. Apparently the compression of
particulate material modified water bonds in the structure



Thermophysical Properties of Some Pharmaceutical Excipients 1705
A
0.14 F o o heating OO O
F ling + + +
E Q%E cooling
£ $
012 £ o
E o
—~ r &°
o : M\‘m L %
~ :_ * "';:"\’?«"t“ﬁm
® 0.10 F "”“:‘%-”:*’f e, > b
o E QT IR LE S
x b & a
° E b Yot 1
0.08 £ ® N
E %, ~§$"%
L @
: %, §
a )
0.06 E 0@(} f
F & O%P
£ % o &°
E ERHRSD
0'04_\lIIII\II|llAA\lA\I_IALIIlIII]Il\lIlIIlV![AIIlllILl
0 40 80 120 160 200
T 1°Cy
r B
2000 |- e
r heating C OO ?
[ 2 2
E cooling + + + ﬁqz{g" 8o o -
@ 1<)
[ % o 8 &?
o % o
1500 | % S
~ L L &
T C P
: r @ 2
g N § &
> L &P &42'
: i 4 Ww{
r o
1000 oo s o
[ R
[ e
;()()’11\|||11-]_;:|x4_\;;L‘L||L;‘||<I|A1|11AA|IJ_LJAA|||\
0 40 80 120 160 200
T 1°C)

Fig. 3. Thermal diffusivity, a (m?s '), (A) and specific heat, ¢ J kg~' K1), (B) of
lactose tablets as a function of temperature (°C) during the heating (©) and cooling
(+) phases of pulse method measurements.

and, consequently, allowing the water to escape from the
system at lower temperatures and over a wider range of
stages than normal (10-12). The release of water may also
have changed the degree of crystallinity of lactose monohy-
drate (13). The second significant structural change was
found near 160°C, and it is probably related to the recrystal-
lization of anhydrous a-lactose (12). This transformation
seemed to enhance the solid-solid interactions in the com-
pact and consequently, improve the thermal diffusivity. Both
thermal parameters, thermal diffusivity and specific heat,
changed considerably due to heating and cooling, indicating
changes in tablet’s structure and material, respectively, es-
pecially due to the changes in lactose-water interactions.
Hittenrauch and Keiner (13) have stated that with hy-
drous forms of lactose the evaporation of water creates a
large number of defects, which is not welcome due to the
detrimental effects on the physical and biopharmaceutical
properties of the tablets. On the other hand, Lerk et al. (14)
have stated that the thermal dehydration of a-lactose mono-
hydrate strongly increased binding properties with decreas-

ing water content. According to our results, the thermal dif-
fusivity of lactose tablets decreased due to the dehydration.
However, after a heat treatment at temperatures high
enough, the recrystallization compensated the decrease. The
studies of Hiittenrauch and Keiner (13) and Lerk et al. (14)
together with the present one raises the question about the
putative role of water in tablets; whether or not it takes part
in the formation of bonds, or reduces the attraction forces
between particles.

The observed transformation temperatures with pulse
heating differed from those observed with DSC. In the DSC
thermogram of the powder, dehydration of a-lactose began
near 90°C and the main dehydration peak was observed at
140°C, whereas recrystallization could be seen at 170°C.
Also in the DSC thermogram of a piece of a tablet, only one
sharp endotherm was seen at 135°C. The rather significant
shift in observed transformation temperatures was mainly
due to the differences in the methods; e.g., heating rates,
heat transfer and in the nature of the sample (powder or
dense compact).
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Emcompress® Tablets

Both the thermal diffusivity, a, and specific heat, ¢, of
Emcompress® tablets show a clear hysteresis and two trans-
formations (Fig. 4). The first transformation began near
100°C, while the second above 180°C. In the DSC thermo-
gram of powder, three different transformations were ob-
served; at 80, 120 and 180°C, but only two transformations
were seen in the thermogram of tablet. The anomalies
around 120 and 180°C, as measured by DSC, corresponded
those observed by the pulse method and are due to dehydra-
tion of dicalcium phosphate dihydrate (15). Dehydration
changed totally the thermophysical properties of Emcom-
press® tablets. During the cooling phase, the thermophysi-
cal parameters remained relatively unchanged, especially
the thermal diffusivity, implying that the solid-solid interac-
tions were weakened more dramatically by dehydration than
with lactose and lubricated Avicel® tablets. This under-
scores the importance of hydrate water in the molecular
structure of dicalcium phosphate dihydrate.

The pulse method was found to be a potentially infor-

Ketolainen, Kubi¢ar, Boha¢, Markovi¢, and Paronen

mative method for characterizing thermophysical properties
of tablets. This method gives useful and practical informa-
tion on tablet stability; i.e., structural relaxation and mate-
rial aging of tablets. The transformation temperatures of tab-
lets observed with DSC were generally in better agreement
with the pulse method measurements than with the DSC
measurements of powders. Together with the DSC, the pulse
method forms a powerful combination for the investigation
of thermophysical phenomena.
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