International Journal of Pharmaceutics, 97 (1993) 79-92 79
© 1993 Elsevier Science Publishers B.V. All rights reserved 0378-5173 /93 /$06.00

1JP 03105

The influence of moisture content on spheronization of extrudate
processed by a ram extruder

K.E. Fielden 2, J.M. Newton ® and R.C. Rowe ©

? The Wellcome Foundation Ltd, Temple Hill, Dartford DAl 5AH (UK), ® The School of Pharmacy, University of London, Brunswick
Square, London WCIN 14X (UK) and © ICI Pharmaceuticals, Hurdsfield Industrial Estate, Macclesfield SK10 2NA (UK)

(Received 23 July 1992)
(Accepted 12 October 1992)

Key words: Extrudate diameter; Spheronisation; Lactose; Microcrystalline cellulose; Moisture content;
Particle size effect

Summary

The presence of water is an essential feature of formulations containing mirocrystalline cellulose (MCC) for the preparation of
spherical granules by the process of extrusion/spheronisation. The current work provides further proof of this observation.
Formulations consisting of MCC and either a coarse (118.0 wm) or a fine grade (18.0 um) of lactose mixed with two levels of water
have been examined as they spheronise and after collection and drying. The shape changes on the plate, plus the size and shape
changes, as a function of spheronisation time, show that the mixtures containing fine particle size will form good spheres at either
33 or 37% water content, but the mixtures containing the coarse particle size will only form controlled size spheres at 33% moisture
content. The results were found to be equivalent for both 1.0 and 1.5 mm extrudates. The effect can be related to the mobility of
the water in the different packing structures produced by the different particle sizes of lactose.

Introduction with a fine particle size grade of lactose. This
extrudate underwent controlled spheronization
producing spheroids within a narrow size range.
Increasing the lactose particle size resulted in
predominantly forced flow and high extrusion
pressures producing a poor quality extrudate of
variable moisture content. The system behaved as
though it was over wetted and formed large ag-
glomerates when spheronized. Using a pressure
membrane technique, Fielden et al. (1992b) have
attributed this phenomenon to the increased pore
diameter of the mixture containing coarse lactose
Wdence to: JM. Newton, The School of Pharmacy, in which the n,lovem,e,m of liquid thfough the WE':t
University of London, Brunswick Square, London WCIN powder mass is facilitated. The objective of this
1AX, UK. study is to determine whether the mobility of this

Using the technique of ram extrusion, Fielden
et al. (1989, 1992a) have demonstrated that the
particle size of lactose (used as a water soluble
drug model) in a mixture with microcrystalline
cellulose and water influences the extrusion rhe-
ology of that mixture and the subsequent ability
of the extrudate to satisfactorily spheronize.
Steady state extrusion, necessary for production
of a consistent uniform extrudate, was achieved
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TABLE 1

The influence of moisture content, lactose particle size, die diameter and spheronization time on the particle size range of spherical
granules produced from a mixture of microcrystalline cellulose, lactose and water

Die Lactose 20 s spheronization 10 min spheronization
diameter  grade 37.5% moisture 33.3% moisture 37.5% moisture 33.3% moisture
Number Weight Number Weight Number Weight Number Weight

1.0 mm fine 1.0-1.4 1.0-1.1 1.0-1.3 1.0-1.1 0.9-1.1 1.1-1.3 0.9-1.1 1.1-1.3
coarse 1.2-1.7 1.1-1.6 1.0-14 1.0-1.2 2.3-3.0 2.5-43 09-1.1 1.2-1.4

1.5 mm fine 1.6-2.0 1.5-1.6 1.3-18 1.5-1.6 1.7-1.8 1.6-1.9 1.1-1.5 1.6-1.9
coarse 1.5-1.9 1.5-1.7 1.3-1.8 1.5-1.7 2.2-3.0 2.7-4.5 1.1-15 1.5-2.0

TABLE 2

The effect of moisture content and lactose particle size on the percentage of granules within the largest sieve fraction as a function of the
spheronization time: (A) 1.0 mm and (B} 1.5 mm diameter extrudate

Time (min) Fine lactose Coarse lactose
Moisture content: 33.3% 37.5% 33.3% 37.5%
Sieve diameter: 1.18 mm 1.18 mm 1.18 mm 2.80 mm
(A) 1.0 mm 0.3 33.5% 6.1% 13.7% 0.0%
diameter 1.0 14.1% 29.4% 35.8% 5.8%
extrudate 2.0 24.3% 48.7% 49.0% 21.0%
5.0 48.0% 65.9% 61.6% 39.9%
10.0 63.8% 68.6% 70.3% 38.9%
(B) 1.5 mm Moisture content: 33.3% 37.5% 33.3% 37.5%
diameter Sieve diameter: 1.70 mm 1.70 mm 1.70 mm 2.36 mm
extrudate
0.3 1.8% 12.4% 15.4% 1.2%
1.0 11.2% 33.8% 22.0% 6.9%
2.0 21.3% 41.4% 27.9% 21.5%
5.0 30.1% 42.2% 43.2% 17.5%
10.0 53.5% 45.9% 51.5% 32.8%
water and hence, the resultant tendancy of the Materials and Methods
extrudate to agglomerate, can be restricted by
reducing the moisture content of the wet powder The wet powder mass consisted of microcrys-
mass from 37.5 to 33.3% of the total weight. talline cellulose, lactose and 33.3% w/w water.

Fig. 1. The effect of moisture content and lactose particle size on the size distribution of granules as a function of the
spheronization time for 1.0 mm diameter extrudate. Spheronization time (min): 0.3 (v ), 1.0 (m), 2.0 (8), 5.0 (a), 10.0 (¢). (A)
Number analysis. (B) Weight analysis.

Fig. 1 (continued).
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The materials and extrusion-spheronization pro-
cedures utilized have been described previously
for the same mixture containing 37.5% w/w wa-
ter (Fielden et al., 1992a). The microcrystalline
cellulose used was Avicel PH101 (FMC Corp.,
U.S.A)) and the lactose (Dairy Crest, U.K.) was
either a fine grade with median particle size
18.0 + 3.0 um (equivalent spherical diameter by
image analysis, Quantimet Q720) or a coarse
grade with median diameter 117.0 + 1.5 pm (sieve
analysis). The wet powder mass was made by
mixing the microcrystalline cellulose and lactose
in equal quantities with a planetary mixer (Hobart
Model A200) and adding water to a moisture
content of 33.3% w/w. All mixtures were equili-
brated in sealed polythene bags for at least 12 h
prior to extrusion. Smooth extrudate of 1.0 and
1.5 mm diameter was prepared using the ram
extruder described by Harrison et al. (1987) with
dies of length to radius ratio of 8 and cross-head
velocities of 10 cm min~!. The extrudate was
spheronized in 200 g batches for durations of 20
s, 1, 2, 5 and 10 min using a 22.5 c¢cm radial
hatched plate spheronizer (GB Caleva Ltd, U.K.)
rotating at 1000 rpm. The granules were dried to
constant weight in a fluid bed dried (PRL Engi-
neering Ltd, U.K.) at 60°C for 30 min. The gran-
ules were characterized in terms of their size and
shape as follows. The batch weight and number
size distributions were obtained by sieving and by
image analysis (Quantimet Q720), respectively,
and from these the number and weight median
diameters were determined. The mean particle
length and width and ‘one plane critical stability’
(OPCS) of the most frequently occurring size
fraction (separated by sieving) were determined
microscopically using the technigue developed by
Chapman et al. (1988). A visual record of the
change in granule shape was also obtained by
taking high speed photographs of the spheroniza-
tion (Fielden, 1987).

Results and Discussion
1.0 mm diameter extrudate

The agglomeration that had previously been
observed for the extrudate containing coarse lac-
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tose at a moisture content of 37.5% w/w was not
apparent at the reduced moisture content of
33.3% w/w, hence, the pattern of curves pro-
duced by the number and weight size distribu-
tions are significantly different (Fig. 1). The in-
terquartile range values are initially similar at
both moisture contents. However, at 37.5% mois-
ture the number and weight distribution curves
subsequently shift to the right, indicating a large
increase in granule size and distribution of sizes
as spheronization progresses. The corresponding
curves at 33.3% w/w moisture follow a pattern
that demonstrates controlled spheronization, i.e.,
the number distribution gradually shifts to the
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Fig. 2. The effect of moisture content on the number and
weight median diameter of granules produced from 1.0 mm

‘diameter extrudates containing fine and coarse lactose as a

function of spheronisation time. Symbols:

Moisture Number Weight

content (%) Coarse Fine Coarse Fine
37 O L] ] |
33 N A v v




84

left as the particle length is reduced while the
weight distribution is displaced to the right as the
granule width is increased. The final spheroid
size is significantly lower than that obtained at
37% w/w moisture as indicated by the limits of
the interquartile range (1.2~1.4 and 2.5-4.3 mm,
respectively), and demonstrates that the agglom-
eration has been controlled by reducing the mois-
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ture content of the wet powder mass. The num-
ber size distributions also indicate the presence
of approx. 3% fines and smaller particles < 0.5
mm diameter at the end of spheronization which
are absent from the spheroids produced at a
moisture content of 37.5% w/w. Fines are gener-
ated as the extrudate breaks up during the initial
stages of spheronization and the persistence of

oOPCS

RESIDENCE TIME (MIN)

Fig. 3. The effect of moisture content on (A) the mean granule length and width, and (B) the ‘one plane critical stability of the most
frequently occurring size fraction of spheroids produced from 1.0 mm diameter extrudates containing fine and coarse lactose.

Symbols:

Moisture Coarse Fine

content (%) Length Width Length Width
A 37 o ] . -

33 A v A v
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these particles, rather than their removal by sur-
face coalescence, impiies a reduction in the sur-
face moisture of the extrudate.

The number and weight size distribution curves
and interquartile range values for the granules
containing fine lactose at 33.3% w/w moisture
were not significantly different to the resuits ob-
tained using coarse lactose (Fig. 1 and Table 1).
The same quantity of undersized spheroids, 3%,
was also present after 10 min. Hence, the two
extrudates are spheronized in a similar manner.
Close similarity in the size distribution curves and
interquartile range values obtained for the fine
lactose extrudate at moisture contents of 33.3 and
37.5% w/w indicates that the general character-
istics of the spheroids produced are not influ-
enced by the reduction in the water content of
the wet powder mass. The data in Table 2 con-
firm that a similar quantity of spheroids (64 and
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69%, respectively) is retained within the largest
sieve fraction, 1.18 mm, at 10 min spheronization.
At 33.3% w/w moisture, however, the spheroni-
zation process is carried out at a slower rate as
shown by the lower yield of 1.18 mm diameter
granules between 20 s and 5 min. It was noted
that at the same moisture content, the extrudate
containing coarse lactose appears to be more
plastic than the fine lactose extrudate since it
produces a greater percentage of granules within
that size fraction at all time points. In fact,
spheronization of this extrudate closely resembles
that of the fine lactose extrudate at a moisture
content of 37.5% w/w. This is illustrated by the
change in median diameters (Fig. 2) and mean
granule length and width of the most frequently
occurring size fraction with the spheronization
time (Fig. 3A). The reduction in granule length
(indicated by the number median diameter and

Fig. 4. Effect of moisture content on spheronization of the 1.0 mm diameter extrudate containing fine lactose. (A) 1 min and (B) 5
min at 33.3% w/w moisture. (C) 1 min and (D) 5 min at 37.5% w/w moisture.
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mean length) concurrent with an increase in
granule width (weight median diameter and mean
width) that was observed for extrudates contain-
ing coarse and fine lactose at 33.3% w/w mois-
ture are distinctive curves typical of controlled
spheronization (Rowe, 1985; Chapman et al.,
1986). Changes in granule length and width were
more pronounced with the extrudate containing
coarse lactose confirming a faster rate of
spheronization. At 37.5% w/w moisture, the ex-
trudate containing fine lactose spheronized more
rapidly whereas the coarse lactose extrudate ag-
glomerated.

The pattern of shape changes in the OPCS
curves (Fig. 3B) and the high speed photographs
(Figs 4 and 5) support these findings. A reduction
in the moisture content of the coarse lactose
extrudate from 37.5 to 33.3% w/w results in
controlled spheronization and causes the shape

of the OPCS curve to be very similar to that given
by the extrudate containing fine lactose at 37.5%
w/w moisture. This implies that the same changes
in shape take place at the same time intervals.
The spheronization rate of the fine lactose extru-
date is significantly slower at the reduced mois-
ture content of 33.3% w/w as indicated by the
correspondingly greater OPCS values. At 1 min
the granules were still in the form of long cylin-
ders with rounded ends or dumb-bells (OPCS =
41.3 + 12.4) while at 37.5% w/w moisture ovoids
had formed at this stage (OPCS = 33.4 + 10.0).
At a moisture content of 33.3% w/w the major
change in granule shape occurred between 2 and
5 min when the OPCS value declined from 35.8
+10.2 to 19.8 + 4.4 as spheroids were formed,
while at 37.5% w/w moisture a similar stage was
reached between 1 and 2 min, the OPCS value
being reduced to 22.7 £+ 4.6. The final shapes of

Fig. 5. Effect of moisture content on spheronization of the 1.0 mm diameter extrudate containing coarse lactose. (A) 1 min and (B)
5 min at 33.3% w/w moisture. (C) 1 min and (D) 5 min at 37.5% w/w moisture.



the spheroids were, however, identical hence sim-
ilar OPCS values were obtained after 10 min
spheronization, 15.5 + 3.2 (33.3% w/w moisture)
and 15.6 + 2.8 (37.5% w/w moisture).

1.5 mm diameter extrudate

The general pattern of the size distribution
curves produced follow a similar trend to that
described previously for the 1.0 mm diameter
extrudate (Fig. 1). Control of granule agglomera-
tion with the 1.5 mm diameter extrudate contain-
ing coarse lactose was similarly achieved at the
reduced moisture content of 33.3% w/w. This is
demonstrated by the reduction in the limits of the
interquartile range from 2.7-4.5 mm (37.5% w /w
moisture) to 1.5-2.0 mm (33.3% w/w moisture)
at 10 min spheronization (Table 1). The results
are very similar to that obtained for the formula-
tion containing fine lactose indicating that suc-
cessful controlled- spheronization had occurred.
As found previously, the size distribution of
spheroids containing the fine lactose was not
significantly affected by a reduction in the mois-
ture content. At the reduced moisture content,
33.3% w/w, the spheroids containing the fine
and coarse lactose also contained a quantity of
fines and smaller particles, approx. 15% < 1.0
mm diameter due to lack of surface moisture. A
greater amount of fines were produced than with
the corresponding 1.0 mm diameter extrudates
indicating that the extrudates are more friable. A
lower rate of granules yielded on the largest sieve
fraction, 1.7 mm, also shows that the extrudate is
less plastic at 33.3% w/w moisture content (Ta-
ble 2). The above results are summarized by the
changes observed in the median granule diame-
ters (Fig. 6). Extrudate containing coarse lactose
at 37.5% w/w moisture showed an increase in
the weight and number median diameters caused
by agglomeration whereas at 33.3% w/w mois-
ture there was a gradual decrease in the number
median diameter concurrent with an increase in
the weight median diameter which is indicative of
controlled spheronization. These findings are
supported by the direct length and width mea-
surements of the sample from the most fre-
quently occurring size fraction (Fig. 7A). Extru-
date containing fine lactose also demonstrated
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controlled spheronization but the change in me-
dian granule diameter was more gradual at 33.3%
w/w moisture. The OPCS curves reflect the above
observations and closely follow the results previ-
ously described for the 1.0 mm diameter extru-
dates (Fig. 7B). Photographs of the granules con-
taining fine lactose at 33.3% w/w moisture show
mostly dumb-bells at 1 min (OPCS = 36.1 + 9.5)
whereas at 37.5% w/w moisture spheronization

MEDIAN DIAMETER (MM)

RESIDENCE TIME (MIN)

Fig. 6. The effect of moisture content on the number and
weight median diameter of granules produced from 1.5 mm
diameter extrudates containing fine and coarse lactose as a
function of spheronisation time. Symbols:

Moisture Number Weight

content (%) Coarse Fine Coarse Fine
37 O [ ] n
33 A A v v




88

has progressed further to mainly ovoids and
spheres (OPCS =22.8 + 5.0) (Fig. 8). Extrudate
containing coarse lactose at 33.3% w/w moisture
also demonstrated controlled spheronization in
which the intermediate dumb-bell shape was
formed at 1 min (OPCS =33.9 + 11.9). At 37.5%
w/w moisture, the extrudate had agglomerated at
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this stage and continued forming large aggregates
throughout spheronization (Fig. 9).

Discussion

The moisture content of the wet powder mass
containing coarse lactose was shown to be critical
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Fig. 7. The effect of moisture content on (A) the mean granule length and width and (B) the ‘One plane critical stability’ of the
most frequently occurring size fraction of spheroids produced from 1.5 mm diameter extrudates containing fine and coarse lactose.
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since the granule agglomeration that was ob-
served at 37.5% w/w moisture could be con-
trolled by reducing the moisture content to 33.3%
w/w. In contrast, satisfactory spheroids could be
produced at both moisture contents by using the
fine lactose in the wet powder mass. However, a
moisture of 37.5% w/w was shown to be optimal
for this mixture since it enabled the spheroids to
form more rapidly. The above implies the exis-
tence of a ‘specific moisture content range‘ unique
to a wet powder mixture above and below which
spherical granules cannot be prepared. This phe-
nomenon may be explained as follows by applying
the powder saturation model of Newitt and Con-
way-Jones (1958) to represent a magnified view of
the surface of an extrudate or granule formed on
spheronization (Fig. 10). The degree of surface
saturation is critical in determining whether
spheronization will be satisfactory or whether,
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under certain conditions, a particular formulation
might agglomerate. Below the ‘specific moisture
content range‘ the particles in the wet powder
mass are held together by discrete bridges at each
point of contact in the pendular or funicular state
(Fig. 10A). Satisfactory extrusion of such dry sys-
tems is unlikely since excessive pressure is re-
quired to consolidate the material in order to
remove the air voids. Extrudate which is in this
low state of saturation is brittle, will shatter gen-
erating a large quantity of fines when broken up
on spheronization and will have insufficient plas-
ticity to form spheres.

Addition of more water to the system allows
the formation of bonds which increases the ten-
sile strength of the granule, as the mechanism of
bonding changes to the capillary state depicted in
Fig. 10B. This degree of saturation achieves maxi-
mum density since the voids are completely filled

Fig. 8. Effect of moisture content on spheronization of the 1.5 mm diameter extrudate containing fine lactose. (A) 1 min and (B) 5
min at 33.3% w/w moisture. (C) 1 min and (D) 5 min at 37.5% w/w moisture.
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Fig. 9. Effect of moisture content on spheronization of the 1.5 mm diameter extrudate containing coarse lactose. {A) 1 min and (B)
5 min at 33.3% w/w moisture. (C) 1 min and (D) 5 min at 37.5% w/w moisture.

with liquid and the wet powder mass is in an
ideal form for extruding. The increased plasticity
of the extrudate enables more of the impact
cnergy on spheronization to be absorbed in de-
formation with less energy available for breakage,
hence, the product will form satisfactory

PENDULAR CAPHLLARY SATURATED

Fig. 10. Depiction of the granule surface showing (A) pore in
lowest state of saturation (B) saturated pores but relatively
dry surface (C) saturated pores and overwetted surface.

spheroids. The above conditions are applicable to
the wet powder mass made with fine lactose to a
moisture content of 37.5% w/w in which the
resultant extrudate and granules showed little
tendency to aggregate when spheronized.

Liquid distribution within a granule is known
to be non-uniform (Sherrington, 1968); pores be-
tween particles in the interior of the granule are
saturated with the liquid phase, while the surface
is relatively dry, and the liquid is withdrawn to a
depth d, into the interstices between the outer-
most particles by capillary suction (Fig. 10B). For
satisfactory spheronization, it is desirable that the
surface moisture of an extrudate should be with-
drawn as far as possible since in these circum-
stances, the granules will not agglomerate. The
study of liquid movement through powder beds
showed that microcrystalline cellulose increased
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Fig. 11. Spheronization at 10 s of the 1.5 mm diameter extrudate containing fine lactose. (A) 37.7% w/w moisture (B) 33.3% w/w
moisture.

the capillary suction of a powder mixture and the
use of finely divided lactose was shown to en-
hance this effect (Fielden et al., 1992b). The
resultant granules made from the fine lactose
mixture showed little tendancy to aggregate when
spheronized. It might be concluded that the
quantity of fines which are produced at the initial
stages of spheronization are beneficial if the sur-
face moisture of the granules is in slight excess.
This was demonstrated by the extrudate contain-
ing fine grade lactose at a moisture content of
37.5% w/w. Photographic evidence (Fig. 11A)
shows that as the granules roll over each other
the fines make contact and are subsequently lost
due to adhesion onto the surface of the cylindri-
cal granules. Fines have a lower moisture content
than the large granules and therefore a higher
suction potential. This effectively absorbs surface
moisture which might otherwise encourage adja-
cent granules to agglomerate. This is the princi-
ple behind the practice of adding a finely divided
powder eg. microcrystalline cellulose, talc, starch,
as suggested by Reynolds (1970), onto the surface
of spheronizing granules in an attempt to prevent
a poorly formulated product from agglomerating.
Conversely, extrudate lacking in surface moisture
can be detected by the tendency to generate an
excessive amount of fines and small particles
which are not lost by adhesion but persist
throughout spheronization. This was demon-

strated by the extrudate containing fine lactose at
a moisture content of 33.3% w/w (Fig. 11B).
Fielden et al. (1989) have shown that, in con-
trast to the extrudate containing fine lactose at
37.5% w /w moisture, the moisture content of the
coarse lactose extrudate is variable, hence its
surface must be saturated in varying degrees
ranging from the acceptable capillary state to the
saturated (or droplet) state shown in Fig. 10C.
Here, the liquid is withdrawn to the interior of
the granules to a lesser extent due to the lower
capillary suction pressure of the coarse particle
size lactose. Photographic evidence showed that
after the extrudate had been reduced to short
lengths in the spheronizer at 1 min the granules
associated loosely into clusters (Figs 5 and 9).
The mmpact energy subsequently acting on the
granules resulted in coalescence of one or more
particles, which was symptomatic of the overwet-
ted surface. Kristensen et al. (1985b) have shown
that any means which tends to increase the de-
formability of moist agglomerates, e.g., by reduc-
ing their tensile strength, and/or improving their
plastic deforimation, favours their agglomeration
by coalescence. Deformability depends on the
strength of the agglomerate to withstand the strain
induced by agitation and the ability to be strained
without degredation. The effect of excessive sur-
face moisture on the granules containing the
coarse lactose on the agglomeration process may
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be interpreted on this basis. The strength of a
granule is reduced as the particle size is increased
and the moisture content is increased (Kristensen
et al., 1985a,b). Rumpf (1958a,b) showed that
when the void space in a granule is completely
filled with liquid, i.e., in the capillary state of
saturation, the tensile strength of the granule as a
whole is approximately equal to the average capil-
lary suction pressure (P) given by the equation:

P=T/m(cos 8)

where T is the surface tension of the liquid, m
denotes the mean hydraulic radius of the pores
and & is the solid-liquid contact angle.

Fielden et al. (1992b) have applied a similar
expression, used in soil science, to describe the
relationship between the pore size distribution
and saturation of a wet powder bed consisting of
lactose and microcrystalline cellulose alone and
as binary mixtures. Here, the equation:

(hy=T/pgm)

was used to relate the equivalent hydraulic head,
h, (the height of water standing in a capillary
tube corresponding to a given pressure) to the
mean hydraulic pore radius, where g is the accel-
eration of gravity and p represents the density of
the liquid. It was shown that apart from produc-
ing an extrudate of variable moisture content the
use of coarse lactose results in relatively larger
diameter pores which decreases capillary suction
in the granules. The surface moisture of the gran-
ules produced is increased and tensile strength is
reduced, hence, both effects contribute to pro-
moting coalescence during spheronization. By re-
ducing the moisture content of the coarse lactose
formulation to 33.3% w/w the powder bed is less
saturated and the above effects are not apparent.
The persistence of fines throughout spheroniza-
tion of this extrudate proved that the surface
moisture had been reduced.
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