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a b s t r a c t

A comparison was made between two twin-screw extruders (APV Baker and Leistritz Micro) used for con-
tinuous wet granulation. Both extruders had similar screw configurations, based on the length-to-diam-
eter ratio of the screws, existing out of a conveying zone of 20 D, i.e. 20 times the screw diameter and a
granulation zone of 4 D. The kneading blocks in the granulation zone were 2.2 and 2.5 D for the Leistritz
and APV extruders, respectively. An experimental design was used to investigate the influence of process
parameters (total input rate and screw speed) and extruder type on granule and tablet quality. Dicalcium
phosphate and a-lactose monohydrate were used as water-insoluble and water-soluble excipients,
respectively. For dicalcium phosphate, the amount of fines (<125 lm), median granule size and granule
friability were significantly influenced by extruder type and total input rate. For lactose, the amount of
oversized agglomerates and median granule size were significantly affected by extruder type and total
input rate. The granule formulations were properly agglomerated on both the extruders, although the
extruder type had an important influence on the granule properties, which was more pronounced for
dicalcium phosphate. This study shows that a given formulation cannot simply be interchanged between
the two extruders without further work on the geometrics of the extruders.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The popularity of continuous processes is increasing in the phar-
maceutical industry [1]. This way of processing offers several advan-
tages, such as improved process efficiency due to reduction of costs
and time. Furthermore, scale-up is avoided as the amount of material
processed can be increased by simply prolonging the process time
[2]. Extruders for pharmaceutical granulation were introduced by
Gamlen and Eardley [3] and Lindberg et al. [4]. While Gamlen and
Eardley utilised a single screw extruder, Lindberg et al. already used
a twin-screw extruder and characterised the process for an efferves-
cent granulation. In a more recent study, hydrophobic materials
were agglomerated with a planetary screw extruder [5]. The use of
a twin-screw extruder for continuous granulation was patented by
Ghebre-Sellasie et al.[6]. Keleb et al. [7] compared a twin-screw ex-
truder with a high-shear granulator and made the first attempt to
modify the screw configuration. Another study utilized a modified
twin-screw extruder for melt granulation [8] using polyethylene
glycol as meltable binder for an immediate release formulation. A re-
cent study from Van Melkebeke et al. [9] validated the granulation
process using a twin-screw extruder. Djuric and Kleinebudde [10]
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evaluated systematically the impact of different screw elements
on the granulation process.

However, a comparison of different extruder types is still miss-
ing. Therefore, the purpose of this study was to compare two con-
tinuous granulators: a statistical design of experiments was run on
two twin-screw extruders, namely an APV Baker extruder with
19 mm screw diameter and a Leistritz Micro with 27 mm screw
diameter. For comparison, water-soluble and water-insoluble
granules were processed.

2. Materials and methods

2.1. Materials

Dicalcium phosphate anhydrate (DI-CAFOS PA, C92-04, Chemi-
sche Fabrik Budenheim, Budenheim, Germany) and a-lactose
monohydrate (Pharmatose 200 M, DMV, Veghel, The Netherlands)
were granulated with 11% and 7.5% (w/w) granulation liquid,
respectively. Povidone (Kollidon K30, BASF, Ludwigshafen, Ger-
many) as binder (2.5%, w/w, in dried granules) was dissolved in
demineralised water to prepare the granulation liquid.

2.2. Methods

2.2.1. Granulation setup
A Leistritz Micro 27GL/28D co-rotating twin-screw extruder

(Leistritz Extrusionstechnik GmbH, Nuremberg, Germany) with
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Table 1
Characterisation of dicalcium phosphate granules processed on the APV and Leistritz
extruder using a full factorial design of experiments

Experiment Total
input
rate
[kg/h]

Screw
speed
[rpm]

Fines
[%]

Oversized
agglomerates
[%]

Friability
[%]

Flowability
ffc

APV1 6 300 22.1 0.1 14.6 10.8
APV 2 4 225 22.4 0.3 18.7 13.3
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a screw diameter of 27 mm was used for granulation in an open
configuration without a die plate. During processing, powder
was gravimetrically dosed by a twin-screw feeder (K-CL-KT 20,
K-Tron Soder, Niederlenz, Switzerland). Granulation liquid was
supplied by a peristaltic pump (504U, Watson Marlow Limited,
Falmouth, United Kingdom) in combination with a flow through
a metering device (Promass 80, Endress + Hauser, Weil am Rhein,
Germany).

For comparison, a second co-rotating twin-screw extruder
(MP19 TC25, APV Baker, Newcastle-under-Lyme, United Kingdom)
with a screw diameter of 19 mm was used. During granulation, the
powder volume in the volumetrically dosing feed hopper (DDSR
20, Brabender Technologie KG, Duisburg, Germany) was main-
tained at a constant level (85–100% of the total feeder capacity).
The granulation liquid was pumped into the extruder barrel using
a peristaltic pump (505L, Watson Marlow Limited, Falmouth, Uni-
ted Kingdom). Powder and liquid feed rates were determined prior
to each experiment by repeatedly (n = 3) weighing the powder and
liquid amount delivered over a period of 5 min.

After extrusion of 2 kg wet material, the granules were oven
dried at 60 �C for 4 h. For both the extruders similar screw config-
urations were used based on the length-to-diameter (L/D) ratio of
the screws (Fig. 1). The total length of the screw was 24 D. It
consisted of a conveying zone with a length of 20 D and a granula-
tion zone with a length of 4 D. Granulation liquid was added at the
end of the conveying section. In case of the Leistritz extruder, the
granulation zone was equipped with 2.2 D long kneading blocks
with 30� and 60� advance angle and a 1.8 D long conveying section
for the discharge of granules. For the APV extruder, the kneading
blocks had a length of 2.5 D. The kneading block consisted of 10
disks, with a staggering angle increasing from 30� (4 disks) over
60� (5 disks) to 90� (1 disk). The conveying section for the dis-
charge of the granules was 1.5 D long.

2.2.2. Design of experiments
A 12-run full factorial design was used on both the extruders to

evaluate 2 variables on 3 levels: total input rate (A) (2, 4 and 6 kg/
h) and screw speed (B) (150, 225 and 300 rpm). Four replicates of
the centre point (level 0, i.e. 4 kg/h and 225 rpm) were run. The dif-
ferent factor settings of the trials and the results for dicalcium
phosphate and a-lactose monohydrate are shown in Tables 1 and
2. All factor level combinations were carried out in a randomized
order. To evaluate the results, the extruder type was included as
a qualitative factor (factor C), using �1 as a coded value for the
APV extruder and +1 for the Leistritz extruder. The results were
evaluated with the programme MODDE 7.0 (Umetrics, Umeå, Swe-
den). All confidence levels were 95%.
4 D 20 D  

Kneading blocks Conveying elements

Liquid addition Powder addition

Material flow

Fig. 1. Screw configuration of both extruders.
2.2.3. Particle size distribution
The total granule batch was divided into 2 parts. Each part was

placed on a sieve shaker (Retsch VE 1000, Haan, Germany) for
5 min at an amplitude of 2 mm using a sieve of 3150 lm. The par-
ticles retained on the 3150 lm sieve were considered as oversized
agglomerates. The percentage of oversized agglomerates was cal-
culated from the total weight of an agglomerate fraction and the
total granule weight.

The particle size distribution of the fraction <3150 lm was
determined using a series of sieves (125, 250, 500, 710, 1000,
1400 and 2000 lm). A granule sample of approximately 100 g
was placed on the sieve tower, and the sieves were shaken during
10 min at an amplitude of 2 mm. The amount of fines was defined
as the fraction <125 lm. Using the cumulative particle size distri-
bution the median particle size (d50) was interpolated.

2.2.4. Friability
Granule friability was determined in duplicate with an air jet

sieve [11] (LS-N 200, Hosokawa Alpine, Augsburg, Germany) using
a 125 lm sieve.

During air jet sieving, particles are fluidised and bounced
against the sieve lid. These movements induce mechanical stress
onto the granules during determination. With a higher negative
pressure during sieving particle movements and thus mechanical
stress are increasing.

Prior to determination, fines (granule fraction <125 lm) of the
granule samples (sample mass approximately 10 g) were removed
to assure the same starting conditions. Oversized agglomerates
were not included in the granule samples. Determination was per-
formed by sieving at a negative pressure of 600 Pa for 1 min. The
friability was defined as the mass loss in percent after sieving at
a negative pressure of 2000 Pa for 10 min.

2.2.5. Flowability
Granule flowability was measured using a computer-con-

trolled ring shear cell tester RST-01.pc with RST-CONTROL 95
APV 3 4 150 21.7 0.3 17.6 10.8
APV 4 2 300 26.8 0.3 19.9 9.7
APV 5 2 150 26.7 0.2 19.6 9.6
APV 6 6 150 16.7 0.3 9.4 12.7
APV 7 6 225 25.9 0.3 13.4 8.2
APV 8 2 225 26.3 0.4 15.2 13.8
APV 9 4 225 22.4 0.3 18.4 11.7
APV 10 4 300 26.1 0.2 17.1 11.2
APV 11 4 225 22.1 0.3 15.3 12.5
APV 12 4 225 19.3 0.3 15.9 12.3

Leistritz 1 6 300 3.2 6.5 4.8 14.7
Leistritz 2 4 225 10.9 3.6 7.6 9.2
Leistritz 3 4 150 2.2 3.8 4.6 13.2
Leistritz 4 2 300 5.7 3.9 7.8 10.1
Leistritz 5 2 150 13.3 1.0 13.0 13.2
Leistritz 6 6 150 2.7 6.5 3.9 13.8
Leistritz 7 6 225 3.1 6.9 3.3 14.6
Leistritz 8 2 225 7.8 4.5 6.8 14.2
Leistritz 9 4 225 3.3 9.2 3.0 9.8
Leistritz 1 0 4 300 2.6 9.1 3.0 11.1
Leistritz 11 4 225 2.6 8.8 3.3 19.1
Leistritz 12 4 225 3.5 8.7 4.4 10.8



Table 2
Froude number and tip speed values calculated for both extruders

Screw speed [rpm] Froude number Tip speed [m/s]

APV Leistritz APV Leistritz

150 0.012 0.017 0.15 0.21
225 0.027 0.039 0.22 0.32
300 0.048 0.069 0.30 0.42
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(Schulze Schuettgutmesstechnik, Wolfenbüttel, Germany). Flow-
ability of bulk material is characterised by its unconfined yield
strength (rc) dependent on the consolidation stress (r1). The ra-
tio of these two values, the flowability function ffc, is used to
quantify the flowability.

ffc ¼ r1

rc
ð1Þ

Flowability improves with increasing ffc value according to Je-
nike [12]. Values for the ffc function were calculated using the
RST-CONTROL 95 software.

All the granule batches were measured in triplicate after stor-
age at 21 �C and 45% relative humidity for at least 24 h. A repre-
sentative sample of the batch was used. Measurements were
conducted with consolidation stress values of approximately
11 kPa. A constant preshearing at 5 kPa assured the same work-
ing conditions for all measurements. To calculate a yield locus
that describes the strength of a bulk material, samples were
sheared at four different normal loads (1, 2, 3 and 4 kPa). In or-
der to assure that the samples were unaffected by the measure-
ment, the first normal load at 1 kPa was repeated at the end of a
measurement cycle. The difference between the two measure-
ments at 1 kPa normal load was in all cases <5%, and thus the
granule samples were assumed to be unaffected by the determi-
nation [13].

2.2.6. Compression of tablets
A pneumohydraulic tablet press [14] (FlexiTab, Roeltgen, Solin-

gen, Germany) was used for the production of 12 mm flat faced
tablets. The granule fraction 125–1250 lm was compressed in or-
der to solely evaluate the deformation potential of agglomerated
material, avoiding the influence of fines. The granules were com-
pressed at a force of 20 kN. Tablet masses were 405 ± 5 mg for lac-
tose and 505 ± 5 mg for dicalcium phosphate granules. A lubricant
was not added to the granules. Instead a pure magnesium stearate
tablet (every third tablet) was compressed for lubrication of die
and punches prior to compression of granules [15].

2.2.7. Tablet tensile strength
Tablets were stored at 21 �C and 45% relative humidity for 48 h

prior to characterisation. The dimensions of the flat faced tablets
were measured with an electronic micrometer (Mitutoyo, Tokyo, Ja-
pan). Tablet porosity was calculated using tablet apparent density
and the helium density of the former granules. The crushing strength
of ten tablets was measured with a radial strength tester (HT-1, So-
tax, Basel, Switzerland) at a constant speed of 1 mm/s. Tablet tensile
strength was calculated according to Fell and Newton [16].

3. Results and discussion

Although continuous granulation using a twin-screw extruder
has already been investigated, different twin-screw extruders have
not yet been compared. In this study a comparison was made with
two different twin-screw extruders, using water-soluble and
water-insoluble materials.
3.1. Granulation of dicalcium phosphate

3.1.1. Particle size distribution
Fig. 2a and b shows the surface plots for the amount of fines in

function of screw speed and total input rate for both the extruders.
Next to total input rate, the extruder type had a significant influ-
ence (p < 0.05) on the amount of fines. When increasing the total
input rate the amount of fines decreased. The APV extruder pro-
duced granules with the amount of fines from 16.7% to 26.8%,
whereas the Leistritz extruder created amounts of fines ranging
from 2.2% to 13.3% (Table 1). This can be explained with the free
chamber volume, which was calculated using the element weight
divided by the metal density. This volume was put into relation
to the extruder cylinder volume. The free chamber volume was
determined for the screw section after the liquid addition where
the agglomeration occurs. The granulation zone of the APV extru-
der has approximately a free chamber volume of 51%; the Leistritz
extruder offers 24% free volume for the material. Thus, a higher
densification level is reached within the granulation zone of the
Leistritz extruder, leading to coarser granules and to lower
amounts of fines. The difference in a screw diameter can be the an-
other reason for this phenomenon. Since the diameter of the Leist-
ritz extruder is larger compared to the APV extruder, a higher tip
speed is obtained at the same screw speed. For high-shear mixers
it is known from the literature [17] that increasing the tip speed
leads to a higher mechanical stress, resulting in coarser granules.

Since a number of parameters have been introduced to compare
the granulators of different sizes [18,19], the Froude number (Fr)
(Eq. (2)) was used in this study to determine the dynamic similar-
ity of both the extruders.

Fr ¼ N2D
g

ð2Þ

N represents the revolutions per min, D the diameter of the
impeller or screw and g is the gravitational constant.

Although this dimensionless number (taking into account cen-
trifugal force to the gravitational force) was initially used to com-
pare different types of high-shear granulators, its application was
extended to granulation using an extruder. The Froude numbers
found for both the extruders (Table 2) were lower than for the
high-shear granulators, due to different machine designs. Although
the Froude numbers were low, a difference was detected at all
screw speed settings. The Leistritz extruder resulted in higher Fro-
ude-numbers indicating higher centrifugal forces during agglomer-
ation, due to higher tip speed values which induce a higher
mechanical stress onto the granules during processing.

The median granule size (d50) was significantly influenced by
total input rate (A) and extruder type (C), given by the experimen-
tal designing:

d50 ¼ 708:3þ 120:1 � Aþ 253:6 � Cþ 99:75 � A � C ð3Þ

Furthermore, an interaction between the total input rate and
the extruder type could be detected. This relation becomes more
obvious using the interaction plot (Fig. 3), where the median
granule size is shown in function of the total input rate.
Whereas the Leistritz extruder produced much larger granules,
only a limited effect was observed in case of the APV extruder
when increasing the total input rate. The different behaviours
of the two extruders can be explained by their difference in free
chamber volume. The higher free chamber volume of the APV
extruder allowed increasing the total input rate with little effect
on the median granule size. In contrast the Leistritz extruder did
not show this variability.

Particle size distributions of the centre points confirmed the
results for the median particle size: granules produced by the



Fig. 2. (a) Surface plot for the amount of fines of dicalcium phosphate granules produced by the APV extruder (R2
adj = 0.916, Q2 = 0.899). (b) Surface plot for the amount of fines

of dicalcium phosphate granules produced by the Leistritz extruder (R2
adj = 0.916, Q2 = 0.899).
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Fig. 4. Cumulative curves of the centre points (225 rpm, 4 kg/h) of dicalcium
phosphate granules. d, APV extruder (n = 4, mean ± SD); N, Leistritz extruder (n = 3,
mean ± SD), dotted line represents deviating run of Leistritz experiments.

158 D. Djuric et al. / European Journal of Pharmaceutics and Biopharmaceutics 71 (2009) 155–160
Leistritz extruder were coarser than the APV granules (Fig. 4).
While the granule fraction smaller than 2000 lm (F<2000 lm)
was comparable for both the extruders, the differences in parti-
cle size became more obvious for the smaller fractions:
F<1400 lm for the Leistritz extruder was 68 ± 3%, compared to
88 ± 2% for the APV extruder. In Fig. 4, the full lines depict the
particle size distributions for the APV extruder (n = 4) and the
Leistritz extruder (n = 3). The dotted line represents a deviating
run for the Leistritz extruder, which was not included in the cal-
culation of the mean. A reason for this deviation could not be
found. Finally, no significant influence was observed for the
amount of oversized agglomerates (>3150 lm).

3.1.2. Friability
Granule friability, indicating granule strength [20], was deter-

mined by stressing granule samples with an air jet sieve. Fig. 5a
and b shows the surface plots for the friability measurements of
dicalcium phosphate granules in function of screw speed and total
input rate. For both extruders, granule friability was significantly
affected by the total input rate: a higher input rate yielded lower
friability values as a higher filling level of the extruder barrel re-
sulted in a higher densification during agglomeration. Processing
the same formulation on the Leistritz extruder produced granules
with lower friabilities as its lower free chamber volume led to a
higher densification. The screw speed had no significant influence
for both the extruders in this study.
Fig. 3. Interaction plot for the median particle size of dicalcium phosphate granules
(R2

adj = 0.832, Q2 = 0.79).
3.1.3. Flowability
Flowability values of dicalcium phosphate granules determined

by the ring shear cell tester are shown in Table 1. Both the extrud-
ers produced granules with good flow properties with ffc values
around 10 or higher. Low amounts of fines and a sufficient agglom-
eration of the primary dicalcium phosphate particles (initial ffc = 3)
resulted in an improved flow behaviour. A significant difference
could not be detected between the granules produced on different
extruders.

3.1.4. Tablet tensile strength
Fig. 6 shows the tensile strength values of dicalcium phosphate

tablets in consideration to their tablet porosity. Tablets resulting
from the granules produced with the APV extruder showed tensile
strength values between 0.9 and 1.3 MPa, whereas values for the
tablets from the Leistritz extruder ranged from 1.2 to 1.7 MPa. Sig-
nificant differences were not detected since values and standard
deviations for the tablet tensile strength were overlapping.

Slight differences were found for the tablet porosity as the APV
extruder yielded higher tablet porosities (15.3–15.8%) compared to
a range from 13.3% to 14.2% for the Leistritz extruder. Due to the
brittle deformation behaviour of dicalcium phosphate, the
mechanical pre-treatment was more intense during agglomeration
in the Leistritz extruder. Compression as a second mechanical
treatment enhanced the material consolidation and resulted in



Fig. 5. (a) Surface plot for friability of dicalcium phosphate granules produced by the APV extruder (R2
adj = 0.876, Q2 = 0.822). (b) Surface plot for friability of dicalcium

phosphate granules produced by the Leistritz extruder (R2
adj = 0.876, Q2 = 0.822).
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Fig. 6. Tablet tensile strength of dicalcium phosphate tablets (n = 10, mean ± SD)
(d, APV extruder, N, Leistritz extruder).
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lower tablet porosities using granules processed on the Leistritz
extruder. Tablets resulting from the APV extruder were less densi-
fied after compression at the same force level due to the lower
mechanical pre-treatment during agglomeration. Although two
clusters can be seen, a significant difference in tensile strengths
cannot be observed (Fig. 6).
Fig. 7. (a) Surface plot for oversized agglomerates of lactose granules produced by the AP
lactose granules produced by the Leistritz extruder (R2

adj = 0.866, Q2 = 0.818).
3.2. Granulation of lactose

3.2.1. Particle size distribution
The amount of oversized agglomerates was significantly influ-

enced by extruder type and total input rate (Fig. 7a and b). With
the APV extruder almost no oversized agglomerates were pro-
duced. Due to the higher densification inside the barrel of the Leist-
ritz extruder, a larger fraction of oversized agglomerates was
found. For both the extruders a higher total input rate resulted in
an increase of the amount of oversized agglomerates, as the higher
filling degree in the extruder barrel induced more densification.

The cumulative distribution curves of the centre points (Fig. 8)
confirm that the Leistritz extruder yielded coarser granules than
the APV extruder. However, the difference is less pronounced than
with dicalcium phosphate. As known from the literature [17] lac-
tose possesses more moderate agglomeration behaviour than
dicalcium phosphate, since it is not so sensitive towards shear or
overwetting during granulation.

3.2.2. Flowability
Flowability determination of lactose granules showed similar

values as for dicalcium phosphate (Table 3). Due to the nearly com-
plete agglomeration with a low amount of fines all granule batches
showed easy flowing or free flowing behaviour. Significant differ-
ences in flow properties could not be detected since all ffc values
were around 10.
V extruder (APV, R2
adj = 0.866, Q2 = 0.818). b Surface plot for oversized agglomerates of
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Fig. 9. Tablet tensile strength of lactose tablets (n = 10, mean ± SD) (d, APV
extruder, N, Leistritz extruder).

Table 3
Characterisation of lactose granules processed on the APV and Leistritz extruder using
a full factorial design of experiments

Experiment Total input
rate [kg/h]

Screw
speed
[rpm]

Fines
[%]

Oversized
agglomerates [%]

Friability
[%]

Flowability
ffc

APV1 6 300 4.9 0.8 3.6 11.7
APV 2 4 225 7.0 0.5 4.3 12.8
APV 3 4 150 6.0 0.9 4.3 12.8
APV 4 2 300 5.7 0.5 3.3 11.7
APV 5 2 150 4.8 0.3 3.5 12.2
APV 6 6 150 3.5 2.1 2.5 13.0
APV 7 6 225 3.7 0.8 3.7 14.8
APV 8 2 225 4.7 0.4 3.1 13.1
APV 9 4 225 4.2 0.2 3.2 13.5
APV 10 4 300 5.5 0.2 5.0 12.3
APV 11 4 225 5.1 0.3 3.4 10.4
APV 12 4 225 4.4 0.3 3.7 14.8

Leistritz 1 6 300 3.1 3.6 2.8 13.8
Leistritz 2 4 225 3.2 2.4 3.3 9.7
Leistritz 3 4 150 3.8 2.6 4.3 9.6
Leistritz 4 2 300 2.7 2.7 2.8 9.5
Leistritz 5 2 150 3.0 2.3 3.7 9.2
Leistritz 6 6 150 2.4 2.7 3.8 7.5
Leistritz 7 6 225 2.6 3.2 4.1 8.4
Leistritz 8 2 225 3.4 2.0 4.9 8.9
Leistritz 9 4 225 2.9 2.1 4.6 7.5
Leistritz 10 4 300 3.1 2.8 4.6 8.8
Leistritz 11 4 225 3.9 2.9 5.0 8.8
Leistritz 12 4 225 2.8 2.1 4.9 8.9
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Fig. 8. Cumulative curves of the centre points (225 rpm, 4 kg/h) of lactose granules
(n = 4 ± SD). d, APV extruder; N, Leistritz extruder.
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3.2.3. Tablet tensile strength
Compression of lactose granules led to robust tablets with ten-

sile strength values from 1.9 to 2 MPa (Leistritz) and 2.1 to 2.2 MPa
(APV). Both tensile strength values and tablet porosities were com-
parable and showed no significant difference (Fig. 9).

4. Conclusion

Although both the extruders agglomerated dicalcium phos-
phate and lactose properly, the extruder type had the biggest im-
pact on the granule properties. This effect was more pronounced
for the water-insoluble material dicalcium phosphate. The results
show that both the extruders used in this study are not simply
interchangeable for a given formulation, but more research work
should be done with geometrically similar extruder setups.
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