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Abstract

The crystallinity index of compressed microcrystalline cellulose particles has been estimated using Bccep /MAS
NMR and photoacoustic FTIR. The results indicate a slight initial increase in crystallinity followed by a decrease as
the compaction pressure increases. The initial increase is explained as a transformation of strained structures in
cellulose particles into more ordered forms as a result of the initial compression. At higher compaction pressures the
crystallinity begins to decrease. This change in crystallinity seems to be larger on the tablet surface than in the tablet
bulk and even larger at the tablet perimeter surface than on the top or bottom surfaces of the tablet. Our
explanation for these findings is that these differences reflect different levels of shearing forces acting on different

parts of the tablet during compaction.

Keywords: Axial tensile strength; Compact; Compression; Crystallinity index; Microcrystalline cellulose; Photoacous-
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1. Introduction

Microcrystalline cellulose particles consolidate
into- strong compacts (stronger compacts than
most other substances at equal load) when a bed
of particles is subjected to compression forces.
Microcrystalline cellulose is therefore used as a
tablet excipient by the pharmaceutical industry
(Reier and Shangraw, 1966; Sixsmith, 1976; Lam-
berson and Raynor, 1976; Landin et al., 1993).
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The final strength of a tablet is a complex rela-
tionship between material properties, volume re-
duction behavior, dominating bond mechanism
and the surface area over which these bonds
extend. It is known that during compression the
microcrystalline particles exhibit both elastic and
plastic deformation (Duberg and Nystrom, 1985).
Hydrogen bonds and mechanical interlocking are
the two dominating factors normally considered
in pharmaceutical tablets, whereas solid bridges
are assumed to be unlikely (Karehill and Nystrom,
1990a,b). The bonding capacity of the microcrys-
talline cellulose has been explained by the high
surface area (Nystrom and Karehill, 1986;
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Nystrébm et al., 1993). However, during com-
paction the tensile strength evolves differently in
the axial as opposed to the radial direction and
the compacts become anisotropic. The anisotropy
might result in capping tendencies for cellulose at
higher compression loads, thereby having a detri-
mental effect on tablet properties (Wells and
Langridge, 1981). Studies of the parameters that
affect tablet capping have been reported (Ritter
and Sucker, 1980).

The importance of shear forces during com-
paction has been established and the conclusion
drawn that more efficient bonding results if the
particles are subjected to shear as well as com-
pressive forces simultaneously. Regions of a com-
pact are weak if they are not subjected to shear-
ing during compression (Train, 1957). A method
has been proposed to increase the shear strain in
the bulk by using angled punches and rotating the
die while pressure is applied, thereby producing a
stronger compact (Gregory, 1962).

Cellulose particles subjected to compression
forces appear to retain their crystallinity while
simultaneously applied shear forces result in a
significant decrease in crystallinity (Gravitis et al.,
1991). Therefore it may be possible to study the
influence of shear forces on the cellulose parti-
cles by measuring the crystallinity. The crys-
tallinity of cellulose is also of importance with
respect to other physical properties. It has been
reported that dry ground cellulose powder with
low crystallinity results in tablets of low strength
(Nakai et al., 1977). Further it has been demon-
strated that the crystallinity of cellulose particles
decreases during compression (Hiittenrauch and
Keiner, 1976).

The aim of this study was to characterize the
change in crystallinity of the tablet bulk and
surface layer as a function of compaction pres-
sure. Two different spectroscopic methods; Bc
CP/MAS NMR and photoacoustic FTIR, were
used to estimate crystallinity. The >C CP/MAS
NMR characterizes a crystallinity index in the
tablet bulk while the photoacoustic FTIR is sensi-
tive to the changes induced in the surface layers
of the tablets.

A series of cellulose compacts were formed by
subjecting them to different pressures (4-1230

MPa) and the tensile strength was estimated both
in an axial as well as in a radial direction of the
compact. The crystallinity was estimated by NMR
on dry compressed cellulose and on wet cellulose
from disintegrated tablets. The flat top and
perimeter surfaces of the dry tablets were investi-
gated using the FTIR technique.

2. Experimental
2.1. Material

The compacts were made of microcrystalline
cellulose, Avicel PH 101, lot 6017, FMC, Ireland.

2.2. Methods

2.2.1. Powder compression

The cellulose powder was compressed as sup-
plied in a single punch tablet machine (Korsch
EK 0, Germany) equipped with 5.47 mm flat
faced punches. The powder for each compact was
manually poured into the die. The motor of the
machine was started when the upper punch was
at its highest position and directly after compres-
sion the motor (30 rpm) was stopped and the
fiywheel manually arrested. The maximum value
of the upper punch force was registered and the
upper punch pressure calculated. No lubrication
was used.

After compression the tablets were stored at
room temperature (20°C) for more than 48 h; for
radial tensile testing in sealed bottles, for axial
tensile testing at 40% RH.

2.2.2. Density of compact

The weight and thickness of each compact was
measured within a minute after compression.
These values and the diameter of the punches
(5.47 mm) were used to calculate the tablet den-
sity. Results are presented as mean values of ten
determinations.

2.2.3. Porosity of compact
The porosity e of the compact was calculated
from the equation

) tablet density
cellulose particle density

€ =
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where the cellulose particle density was assumed
to be 1570 kg/m? (Ek et al., 1994a).

2.2.4. Compact strength

The compact tensile strength in the axial and
radial direction was tested and calculated from
reported equations (Nystrém et al., 1978).

The radial tensile strength was measured uti-
lizing a diametrical compression test apparatus
(Pharma Test PTB 301/501, Tegimenta, Ger-
many). All compacts showed approximately nor-
mal tensile failure, i.e. a diametrical fracture be-
tween the points of force loading. Results are
presented as mean values of six determinations.

The axial tensile strength was measured utiliz-
ing an axial tensile test apparatus (M 30 K, Lloyd
Instruments, UK) with a straining velocity of 0.3
m/h. Results are presented as mean values of
ten determinations.

2.2.5. Disintegration time

The disintegration time in water at 20°C was
investigated, in a disintegration tester (Erweka
Apparatbau ZT3-2, Germany) in accordance with
USP XXI, 1985. The disintegrated cellulose was
collected by filtration to about 50% dryness be-
fore measurement of the crystallinity index using
the NMR equipment.

2.2.6. Spectroscopic measurements

Dry compacts of microcrystalline cellulose were
investigated with two different spectroscopic
techniques, solid state >°C NMR and photoacous-
tic FTIR. To avoid sample alteration and prepa-
ration error, the diameter of the tablets was made
equal to the diameter of the sample rotor used in
the NMR measurements. The tablets could
therefore be used directly as samples.

NMR equipment. The measurements were per-
formed on a Bruker AMX 300 spectrometer op-
erating at 75.48 MHz. The spinning rate was 5
kHz using a double air bearing probe and ZrO,
rotors. A contact time of 0.8 ms was used with a
2.5 s pulse delay and a 368 ppm sweep width. A
total of 3000 transients were acquired for each
spectra with 2 K data points and zero-filling to 4
K data points. The chemical shift scale was refer-
enced to the carbonyl peak in external glycine at
176.03 ppm.

NMR spectra. The C4 peak has previously been
used to estimate the crystallinity index of micro-
crystalline cellulose (Ek et al., 1994a,b). A crys-
tallinity index Crl=a/(a+b) was estimated
from the NMR spectra by integrating the peaks
at 86-93 ppm (@) and 80-86 ppm (b).

IR equipment. The measurements were per-
formed on a Fourier transform infrared spec-

Table 1

Characterising data of compacts of Avicel PH 101

Compaction pressure >  Porosity ®  Tablet density  Tensile strength Isotropy  Disintegration
(MN/mZ) (%) (kg/m3) radial © (MN/mZ) axial ¢ (MN/mz) ratio ¢ time (s)
Powder 79.0 330 - - - -

4 55.2 704 0.31 - - 1

32 45.5 855 0.78 0.54 0.69 3

56 37.3 985 1.91 - - 13

62 33.8 1040 2.00 1.02 0.51 9
107 21.7 1230 3.99 - - 20
125 21.7 1230 4.92 2.18 0.44 28
336 8.9 1430 9.51 4.24 0.44 28
507 7.0 1460 10.6 3.90 0.37 293

801 6.8 1400 10.7 3.65 031 248
1230 45 1500 11.0 - - 350

# Maximum upper punch pressure, average of more than 10 compacts.

¢ =1 — (tablet density /cellulose particle density).

¢ Microcrystalline cellulose compressed as supplied, compacts stored more than 48 h in sealed bottles.
d Microcrystalline cellulose compressed as supplied, compacts stored more than 48 h in air, 20°C 40% RH.

 Ratio between axial and radial tensile strength.
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trometer (Perkin Elmer 2000), equipped with a
photoacoustic detector (MTEC 200, MTECH
Photoacoustics, USA). The measurements were
performed with a helium filled sample chamber,
accumulation of 32 scans and a resolution of 8
cm~! in the range of 4000 cm~! to 400 cm™!.
The mirror velocity (optical path difference veloc-
ity) was 0.05 cm/s. The measuring depth was
calculated from the expression L = (D /pf)!/?
was found to be around 20 um, the thermal
diffusivity (D) is defined by D=k /rC and the
modulation frequency (f) by f=wv, at a given
wavenumber w and optical path difference veloc-
ity v. The values of thermal conductivity (k = 0.26
W,/mK), density (r = 1570 kg/m>) and specific
heat (C = 1.25 kWs/kgK) were taken from infor-
mation on cotton cellulose (Temming and
Grunert, 1973).

IR spectra. A crystallinity index was defined as
Crl = a /b where the absorption was estimated at
a=1372 cm~! and b =2900 cm™!. As base for
the band at 2900 cm ™! the height of the adjacent
shoulder near 3000 cm™! was chosen. For the
band at 1372 cm™! a base line was drawn be-
tween the maximum at approximately 1290 and
1410 cm ™! (Nelson and O’Connor, 1964).

3. Resuits

Results from the compaction of microcrys-
talline cellulose are summarized in Table 1 and

Fig. 1. The tablet strength and density increases
and the porosity and isotropy decreases during
consolidation of microcrystalline cellulose into
tablets. When the compaction pressure reaches
200300 MPa the decrease in tablet porosity lev-
els off corresponding to a tablet density around
1400-1500 kg/m?>. This is close to the density of
the microcrystalline cellulose particle which has
been reported to be 1570 kg /m? (Ek et al., 1994a).
The porosity of the final tablets after deloading
and expansion were in the order of 5-10%. The
tablet strength increases as long as the particles
consolidate into a compact of higher density, but
when the final density level is reached the tensile
strength also levels off. The isotropy ratio de-
creases as the compaction pressures increase since
the axial strength decreases whereas the radial
strength is constant or even shows a slight in-
crease.

The crystallinities of the cellulose particles,
estimated with ?C CP/MAS NMR and photoa-
coustic FTIR, are summarized in Table 2 and
Fig. 2. The crystallinity index for a dry compacts
estimated by the FTIR technique are of the order
of 0.26-0.42 while the corresponding “C
CP/MAS NMR values are about 0.49-0.54. The
crystallinity index of wet cellulose particles from
disintegrated compacts is in the range of 0.57-
0.59. When the wet cellulose particles were
redried at 23°C, 50% RH the crystallinity index
decreased to 0.54-0.56. That is, the redried parti-

Table 2

Crystallinity index of cellulose (Avicel PH 101) compressed into tablets characterized with B¢ CP/MAS NMR and photoacustic
FTIR

Compaction pressure NMR on cellulose particles FTIR on tablet surface
(MN/m*) compact wet redried ? top /bottom perimeter
Powder 0.51 0.59 0.55 0.38 0.38

4 0.51 0.58 0.55 037 -

32 0.52 0.58 0.55 0.40 0.37

56 0.54 0.58 0.54 042 0.38

63 0.50 0.58 0.54 0.40 0.40

107 0.50 0.58 0.54 0.38 037

125 0.51 0.58 0.55 037 035

336 0.48 0.56 0.54 0.35 029

507 048 0.57 0.55 0.35 0.30

801 0.49 0.57 0.54 0.33 0.28

1230 0.49 0.57 0.52 0.32 0.26

* Redried at 23°C, 50% RH.
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Fig. 1. Porosity, radial and axial tensile strength and isotropy
of the tablets obtained by compacting of microcrystalline
cellulose particles (Avicel PH 101) into 100 mg tablets in an
single punch tablet machine. No lubrication was used.

cles obtained a value between the dry compressed
and the wet disintegrated cellulose particle and
did not decrease to the original value measured
in dry compacts.

There is considerable agreement between the
results obtained from the two spectroscopic tech-

niques. The crystallinity index for dry compacts
shows an initial plateau or a slight increase fol-
lowed by a decline as the porosity decreases. The
crystallinity on the surface of the compact is
lower on the perimeter surface than on flat face
surfaces of the tablets. It also appears that the
changes in crystallinity is higher on the surfaces
(photoacoustic FTIR method) than in the bulk of
the tablet (**C CP/MAS NMR method). Wet
cellulose particles from disintegrated compacts,
exhibited a slight reduction of the crystallinity
index with increasing density.

4, Discussion

It is known that different spectroscopic meth-
ods and evaluation techniques result in different
levels of the crystallinity index (Jeffries et al.,
1969). One example is the crystallinity index for
microcrystalline cellulose which was found to be
between 60-80% by X-ray methods and between
50-60% using transmission IR spectroscopy
(Landin et al., 1993). In our study the absolute
value of the initial crystallinity detected on cellu-
lose powder by NMR and IR was 0.51 and 0.38
respectively (see Table 2). However, changes in
the crystallinity index as determined from IR
experiments on cellulose I and cellulose II have
been reported to be of the same order as those
determined by X-ray methods (Nelson and
O’Connor, 1964).

We have in this work used the photoacustic IR
technique. The absorption wavelengths are the
same in as in other IR techniques (Vidrine, 1980;
Griffiths and de Haseth, 1986), but errors due to
sample preparation are eliminated. The compacts
were too opaque for direct use in transmission
IR. Another reason for using the photoacustic IR
technique is that the technique can be used for
the evaluation of surface composition of solid
samples. However, care should be taken since the
evaluation of the spectra of opaque compacts and
powders may be complicated by scattering effects
due to varying particle or pore size causing non-
linear effects in the recorded spectra (Russell,
1982).
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Although photoacustic IR is a well suited
method for surface layer studies, there appears to
be no investigations of the crystallinity of cellu-
lose reported in the literature using the photoa-
coustic IR technique.

4.1. Influence of drying rate on the crystallinity of
the cellulose particles

During manufacturing of microcrystalline cel-
lulose a final drying is rapidly carried out in a
spraydrier (Ek et al., 1994a) and a crystallinity
index of 0.51 (NMR) is obtained. If these parti-
cles are wetted the crystallinity index increases to
0.59 (NMR). When redried at 23°C, 50% RH the
value decreases to 0.55 (NMR). Even the drying
conditions seem to be important for the proper-
ties of the microcrystalline cellulose.

4.2. Crystallinity increase at low compaction pres-
sures

The results indicate a slight increase in crys-
tallinity at low compaction pressures and a subse-
quent decrease in crystallinity as the pressure
increases. The initial increase may be explained
as reordering of the cellulose particles by releas-
ing some of the stresses and irregularities built
into the material during the spray drying manu-
facturing operation. It is known that rapid drying,

R. Ek et al. / International Journal of Pharmaceutics 125 (1995) 257-264

e.g. spray drying (Hiittenrauch, 1983; Sebhatu et
al., 1994) and dry grinding (Hermans and Wei-
dinger, 1946; Elamin et al., 1994) produces a
material with a fraction of amorphous substance
which is unstable and tends to slowly convert
back into the crystalline form (Byrn, 1982). The
slight increase in crystallinity can not be traced in
wet cellulose particles which have been obtained
by disintegrating tablets in water. Since water is a
strong swelling media for cellulose, it seems likely
that in the wet particles the cellulose has released
the drying stresses induced during spraydrying.

4.3. Crystallinity decrease at higher compaction
pressures

In general, the crystallinity of cellulose parti-
cles tends to decrease during compression. The
decrease in crystallinity may be explained by
structural irregularities introduced in the crystal
lattice by shearing and stressing of the cellulose
particles (Gravitis et al., 1991). In an effort to
study these latter mechanisms, the thermo-intro-
duced irreversible transformation of the poly-
morphs cellulose I, to cellulose I, (Debzi et al.,
1991; Lennholm et al., 1994) was investigated.
However, the data obtained gave no further guid-
ance concerning the understanding of the gener-
ated results. An alternative explanation may be
partial melting in hot spot areas (Hanus and

Crystallinity index [-]

T T
0 500 1000

Compaction pressure [MPa]

1500

0 25 50 75 100

Porosity [%]

Fig. 2. Crystallinity index versus compaction pressure and tablet porosity of microcrystalline cellulose compacts. From the top, the
marks and curves refer to: (@) wet disintegrated cellulose particles (NMR); (8) dry cellulose particles in compacts (NMR); (0) dry
cellulose particles on the flat tablet surface (photoacoustic IR); () dry cellulose particles on the tablet perimeter surface.
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King, 1968; Rankell and Higuchi, 1968; Nordin et
al., 1974).

The change in crystallinity seems to be greater
on the tablet surface as determined by the pho-
toacoustic IR method, than in the tablet bulk,
shown by the NMR method. Furthermore, it ap-
pears that the crystallinity decrease is more pro-
nounced at the tablet perimeter surface than on
the top or bottom of the tablet, Table 2. However
care should be taken when evaluating small
changes in IR spectra due to complications deriv-
ing from scattering by the particulate material.

Our explanation is that the variations in crys-
tallinity reflect different levels of shearing forces
acting on different parts of the tablet during
compaction. The shearing forces are greatest dur-
ing the compression/decompression phase when
the highest pressures are applied, i.e. when the
upper punch is at its lowest position during the
compression cycle, but there is also an additional
shearing force acting on the perimeter surfaces
when the tablet is ejected. Although this shear
force is lower, the total shear work is substantial
since the distance over which this force acts is
substantial.

Consolidation of tablets due to shear forces
has also been shown by compressing lead shot.
The high shear forces at the tablet surfaces re-
sulted in rewelding and high bonding strength
between the particles, especially on the perimeter
surface. In the inner region of the tablets there
was no substantial increase in bonding strength
(Train and Hersey, 1960). It has been concluded
that shear forces have an essential influence on
the tablet strength which would explain density
variations in tablets (Train, 1957).

5. Conclusions

“C CP/MAS NMR and photoacustic FTIR
are two spectroscopic methods which offer the
possibility of studying crystallinity in the tablet
bulk and at the tablet surface respectively. From
our study on the compression of cellulose parti-
cles, it appears that the changes in crystallinity at
the tablet surface differs from the changes in
crystallinity in the inner region of the tablet.
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