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Process intensification in particle technology:
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The mechanism and processing characteristics of a novel intensified granulation technique
are evaluated. This intensification technique is based on the non-isothermal flow induced
phase inversion (FIPI) phenomenon. Poly(ethylene glycol) (PEG) with an average molecular
weight 104 and calcium carbonate powder (mean particle size 2.7 µm) were used as binder
and filler to prepare granules. The granulation experiments were carried using a Haake
extruder (Rheomex 252) which connected to a granulator of a new design. The extruder
produced a homogenous PEG and calcium carbonate paste and fed it to the granulator.
When the paste was subjected to a temperature gradient field with a superimposed
repeated shear and extensional deformation, solidification, granule nucleation and
subsequent macroscopic fragmentation (referred to as crumbling) occurred to give
granular particles. The mechanism of granulation has been discussed. The granule size
and size distribution characteristics under different process conditions have been
evaluated. The novelty of this research lies in the granulator design and the mechanism of
the granulation process. Temperature differential and repeated deformation are the two
primary factors for the granulation process. Particle size distribution and crumbling area
depend on the concentration of PEG, the clearance between rotor and stator, and the
extrusion speed. If a so called ‘crumbling agent’, in the form of fine particles, is added to
the newly formed granules, these granules are coated with the crumbling agent forming a
core-shell type of granulated particles. C© 2003 Kluwer Academic Publishers

List of symbols
CP Concentration of polymer (PEG molecular

weight 104) in the melt (wt%)
CF Concentration of calcium carbonate in the

melt (wt%)
GU Upper rotor/stator clearance (mm)
GL Lower rotor/stator clearance (mm)
�Hc Heat of crystallisation
�Hm Heat of melting
�E Extruder screw speed (rpm)
�R Rotor speed (rpm)

Particle size characterisation
D(10), D(50), Granule diameters below which

D(90) 10, 50, 90% of the particles lie
respectively.

D(50) Primary particle diameter below
which 50% of the particles lie.

S Particle size span
(S = [D(90) − D(10)]/D(50))

∗Author to whom all correspondence should be addressed.

Temperatures used in characterisation
by DSC
Tc(10%) Crystallisation onset temperature

(10% solidifies) (◦C)
Tc(95%) Crystallisation completion temperature

(95% solidifies) (◦C)
Tm(10%) Melting onset temperature (10% melts)

(◦C)
Tm(95%) Melting completion temperature

(95% melts) (◦C)
Tcp Peak crystallisation temperature (◦C)
Tmp Peak melting temperature (◦C)

Temperatures used in process
characterisation
TE Extruder exit temperature (◦C)
TLS Set temperature of the lower stator (◦C)
TLR Set temperature of the lower rotor (◦C)
TUS Set temperature of the upper stator (◦C)
TUR Set temperature of the upper rotor (◦C)
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1. Introduction
Granulation is an important process in powder tech-
nology whereby small particles are agglomerated or
encapsulated in order to achieve safe handling and
controlled release of the active materials. Agglom-
eration and encapsulation of fine particles normally
are demanded in pharmaceuticals, detergents, fertiliz-
ers, food and coating industrial sectors. The so-called
multi-nucleus type capsules/microcapsules are essen-
tially agglomerated particles with prescribed released
characteristics which can be controlled by the concen-
tration and solubility of the binder. In agglomeration,
the amount of binder is kept to a minimum as long
as the agglomerates are sufficiently strong against attri-
tion. Therefore, in principle, multi-nucleus microcap-
sules can be manufactured through an agglomeration
process. Furthermore, a shell-and-core type of micro-
capsules can be obtained by forming a suitable film
around the multi-nucleus microcapsules. Powder gran-
ulation includes a number of techniques, particularly
by tumbling, agitating, or fluidizing raw materials in
the presence of liquid binders to obtain a wide distri-
bution in granule size. If material is forced to flow
through dies or a screen followed by cooling to ob-
tain granules, they are called machine-made granules
[1–4]. These methods also are classed in terms of binder
granulation.

A novel agglomeration technique was developed by
Akay [5–9]. This technique is based on the flow induced
phase inversion (FIPI) phenomenon [9–11] and was
utilized in the agglomeration of fine powders and micro-
encapsulation of solids/or liquids as well as emulsifica-
tion of high viscosity oils or polymer melts in water [9–
16]. In FIPI agglomeration and micro-encapsulation, a
concentrated suspension of powder in liquid is caused
to crumble (phase invert) through the further addition
of a powder (a “crumbling agent”), i.e., a phase inver-
sion from a solid phase suspended in liquid (a paste)
to a liquid phase suspended in solid (an agglomerated
granular material). The process requires a degree of
mechanical energy input in order to disperse the two
phases and therefore, it must be carried out in some kind
of mixing environment. Also, the critical deformation
rate at which FIPI starts is dependent on the thermody-
namic state of the structured fluid as well as the type of
flow field, i.e., shear or extensional or combined flows
[9–11, 17]. In certain applications, it is necessary that
the flow field should be uniform and the deformation
rate should be very high [5–12]. The mixing require-
ment for FIPI is much less restrictive than it would be
in conventional agglomeration since shear can be trans-
mitted to a paste much more effectively than to an ag-
glomerated powder. This mixing flexibility allows FIPI
in either a batch or a continuous mode of operation. The
FIPI granulation technique combines both growth and
pressure agglomeration processes. For a typical isother-
mal FIPI agglomeration/micro-encapsulation process,
the phase inversion takes place at a critical dispersed
phase concentration (crumbling concentration) when
the primary particle size and mixing conditions are kept
constant. This crumbling concentration is as important
as the shear flow.

After the initial disclosure of the granulation tech-
nique, based on non-isothermal FIPI [11], this phe-
nomenon and its applications have not been studied
in any detail. Akay et al. [13–16] have shown that
in the presence of phase transformation (i.e., from
melt to solid), flow (deformation) can also induce
phase inversion in water/polymer/polymeric surfactant
systems under non-isothermal conditions. The use of
temperature and deformation as processing parame-
ters can therefore promote phase inversion in solid
particle/polymer systems and can be utilised in pro-
cess intensification in particle technology. This pro-
cess is particularly striking if the polymer is crys-
tallisable or has linear molecular chain with high
molecular weight since such molecules readily un-
dergo mechano-chemical reactions [17–21] which re-
sult in macromolecular deposition on the filler particles
[18–21]. In this case, reduction in temperature in poly-
mer melt/particle mixture (paste) results in a reduction
of the continuous phase volume due to the crystallisa-
tion and stress induced deposition of the higher molec-
ular weight fractions of the polymer. Furthermore, at
lower temperature, due to the reduced polymer chain
mobility and interactions with the large numbers of
small primary particles, which make a 3D cage [5, 8],
the effective mobile phase volume decreases further
with increasing primary particle concentration. Con-
sequently, the continuous phase can no longer sustain
the increased phase volume of the dispersed phase and
phase inversion takes place in the form of the melt frac-
ture [6, 9, 13]. This phenomenon now forms the basis
of the present granulation technique. The generic gran-
ulation techniques described previously are illustrated
diagrammatically in Fig. 1.

In the present study, a newly designed and recently
built granulator was employed to evaluate the charac-
teristics of the granules and the mechanism of this non-
isothermal FIPI intensive granulation technique which
can also be termed as ‘intensive structuring’ [6, 22, 23]
due to the formation of micro-structured materials. The
operating characteristics of this novel granulator were
explored. The mechanism of the intensified granulation
process has been investigated. The relationship between
granule property and process was studied.

2. Experimental
2.1. Materials
Filler: Calcium carbonate (CaCO3) particles (coded
Millicarb-OG) with mean particle size d (50%) about
2.7 µm was supplied by Omya UK Ltd.

Binder: Poly(ethylene glycol) (PEG) with average
molecular weight of 104 was supplied by Fluka Chemie
GmbH. It is in a solid flake form at room temperature.
Differential Scanning Calorimetry (DSC) in previous
studies [12] have determined the thermal properties of
PEG, and the summary of the results is tabulated in
Table I for heating and cooling cycles.

2.2. Equipment
The complete granulation process is carried out in a
system which is illustrated diagrammatically in Fig. 2.
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Figure 1 Intensive agglomeration and micro-encapsulation by flow induced phase inversion.
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Figure 2 Diagrammatic representation of the processing equipment including extruder, extruder drive unit, extruder control unit, and intensive
agglomerator/mocroencapsulator processing and control units.

This system consists of an extruder and granulator pro-
cessors with their own separate control and data acqui-
sition and display units.

(a) Extruder: Haake extruder, Rheomex 252 was
employed in this study. It is a single mixing screw ex-
truder and driven and controlled by the Haake High
Torque Rheometer (RC90/9000). In the Rheometer
drive unit there is a horizontally mounted heavy duty
motor with a torque sensor attached to the extruder
screw. The extruder barrel has three temperature con-
trol zones. They are controlled by air cooling. The screw
torque, speed, pressure at the extruder outlet and tem-
peratures along the barrel can be recorded continuously
as a function of time. The extruder was used for melt-
ing and mixing the materials and feeding them to the
granulator.

(b) Granulator: The granulator is connected to the
extruder outlet through a feeding pipe. Fig. 3 is a
schematic diagram of the granulator. It consists of two
back-to-back rotors (referred to as upper and lower ro-
tors) made from a single circular block and two stators

(also referred to as upper and lower stators) facing the
rotors. The rotor block is driven by a motor with variable
speeds (0–5 rpm or 0–500 rpm) via a gear box. The ro-
tors and stators contain cavities on their surfaces which
are designed to pump/convey and/or achieve mixing.
These cavities are offset by half a cavity length so that
the rotor and stator cavities never exactly match to each
other. The separation of the upper (GU) and lower (GL)
rotor and stator can be varied independently.

On the upper stator there are two melt inlet ports 1
and 2. One is located on the top centre and the other one
is on the side of the upper stator. The polymer mixture
can be fed in through either port. The polymer melt then
flows into the gap between the upper stator and rotor.
The gap between the upper and lower rotors and stators
can be adjusted by the rotor height adjustment screw or
the spacer ring. The rotor block (incorporating the upper
and lower rotors) spins sandwiched between the upper
stator and lower stator of the granulator. Granulation
takes place inside the gap between the upper stator and
rotor. Once the granules are formed they travel through
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Figure 3 Schematic diagram of the granulator, polymer blend can be fed through ports 1 or 2. The gap between upper stator and rotor can be adjusted
by spacer ring or rotor height adjustment screw.

the gap between the lower stator and rotor and finally
emerge and drop on to the collection tray.

The upper stator also contains 3 auger powder feed-
ers located symmetrically at various distances from the
centre. Additional powder can be added into the filled
polymer melt after phase inversion. The addition of the
extra powder is useful to increase the particle content
of the agglomerates and in forming a shell-and-core
type of microcapsules. There are pressure transducers
sited at several locations on the upper stator in order to
determine the location of the polymer melt and agglom-
erates. Temperatures of the upper and lower stators are
controlled independently. Temperatures of the rotors
are kept below that of the corresponding stator temper-
atures. A more detailed introduction to the granulator
can be found in a previous paper [12].

2.3. Experimental procedure
Poly(ethylene glycol) flakes (binder) were blended with
calcium carbonate powders (filler) at a desired concen-
tration (CP = concentration of polymer and CF = con-
centration of the filler, in wt%) and fed into the extruder.
As shown in Table I [12], the melting temperature range
of PEG is from 58 to 66◦C during heating cycle. There-
fore, the temperature along the extruder barrel (3 zones)
was kept constant at TE = 70◦C. The extruder screw
speed was either �E = 10 rpm or 15 rpm. The poly-
mer/calcium carbonate blend was conveyed along the
extruder barrel when the polymer was melted and mixed

T ABL E I DSC results of the PEG and CaCO3 blends at different concentrations

Heating Cooling

Melting range Solidification range

Sample
Melt peak
Tmp (◦C) Tm (10%) (◦C) Tm (95%) (◦C) �Hm (J/g)

Solidification
peak Tcp (◦C) Tc (10%) (◦C) Tc (95%) (◦C) �Hc (J/g)

100.0% PEG 63.2 59.4 65 −171 51.8 52.9 50.3 93
32.5% PEG 63.3 58.8 65.5 −56.3 47.6 49.4 45 36
30.0% PEG 63.1 58.5 65.5 −51.9 46.2 48.9 44.1 30
27.5% PEG 63.3 58.8 66 −48.1 46 48.7 43.4 34.2
25.0% PEG 63.3 58.6 66 −48.9 46 48.4 43.3 32.1

with the filler and then transferred to the granulator via
a heated pipe which formed the connection between the
extruder and the centre on the upper stator. Since the
results in Table I indicate that the crystallization range
of PEG is from 53 to 43◦C during the cooling cycle,
so the temperature setting of the upper stator (TUS) in
the experiment was chosen to be 52◦C. The temper-
atures of rotor (TUR) and lower stator (TLS) were set
at 45◦C. The rotor speed was kept at �R = 30 rpm.
The rotational speed needs increasing if the polymer
melt is frozen rapidly in the granulation process unit
thus causing the blockage of the extruder. If a blockage
happens, the extruder torque increases rapidly and in
response, the rotor speed is increased to 40 rpm until
the blockage is cleared and the speed is restored back
to 30 rpm. The temperature profile in the extruder and
granulator is dictated by the melting and crystallization
characteristics of the binder polymer and polymer and
filler mixture.

At the end of each experiment, the extruder and the
granulator were stopped and allowed to cool down to
the ambient temperature and the upper stator was sep-
arated from the rotor. In order to understand the mech-
anism of granulation and the location of the transi-
tion from paste to granules, it is convenient to base
the characterization of the granulator through the up-
per rotor cavity location. The upper stator and rotor
were photographed in order to determine the location
of the phase inversion and to determine the nature
of the structure change during phase transformation
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(a)

(b)

Figure 4 Evaluation of the granulation process by visualisation (a) General view of the upper rotor and identification of various zones and their
relative size. Rm = radius of the polymer/filler melt zone, Rn = nucleation zone radius, Rc = crumbling zone radius. (b) Enlarged view of the polymer
melt/filler melt zone and start of the nucleation zone. (c) View of the upper stator showing the sheared region and cavity region where mixing and
nucleation takes place. (d) Corresponding region on the upper rotor in the nucleation zone. (e) Nucleation, crumbling and granule zones on the upper
rotor. (f) Corresponding nucleation and crumbling zones on the upper stator which does not contain any granules except those just about to fracture
from the bulk. (g) Scanning electron micrograph of the sample recovered from the upper rotor cavity in the nucleation zone showing the presence of
micro-mixing and nucleation. (h) Scanning electron micrograph of the sheared region in the nucleation zone on the upper rotor. (i) Scanning electron
micrograph of the sample recovered from the region when filled polymer melt expands into the upper rotor after being sheared. This micrograph
shows the presence of slow instability. Granules contained 30% PEG and the processing condition were: Melt entry temperature TE = 70◦C, upper
stator temperature TUS = 52◦C, upper rotor temperature TUR = 45◦C, lower rotor temperature TLR = 45◦C and lower stator temperature TLS = 45◦C.
Upper rotor/stator clearance GU = 0.5 mm and lower rotor/stator clearance GL = 0.5 mm, screw speed �E = 10 rpm, rotor speed �R = 30–40 rpm.
(Continued )
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(c)

(d)

Figure 4 (Continued ).

using scanning electron microscopy. The granules were
collected from the upper rotor cavities according to the
diameter of a given cavity for particle size analysis us-
ing standard sieving technique.

The concentration of the binder in the granules was
determined by burning off the binder at 600◦C.

3. Results
3.1. Differential scanning calorimetry (DSC)
Mettler-Toledo Model FP90 with DSC cell unit FP85
were used to evaluate the thermal characteristics of the
binder (poly(ethylene glycol)) and its mixtures with the
filler (calcium carbonate) over a temperature range in
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(e)

(f)

Figure 4 (Continued ).

order to characterise the full melting and crystallisation
behaviour of these materials. Both heating and cooling
cycles were used. The rate of heating or cooling was
2◦C/min. PEG was used as received while calcium car-
bonate filled PEG samples were obtained by mixing
PEG and calcium carbonate in an extruder which is

also used in feeding the rotating disk agglomerator/
microencapsulator. Extrusion temperature was TE =
70◦C and the samples were left to solidify at room
temperature.

The summary of the results is tabulated in Table I
for heating and cooling cycles. PEG 104 is a crystalline
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(g)

(h)

Figure 4 (Continued ).

polymer (heat of melting �Hm = −171 J/g and heat
of crystallisation �Hc = 93 J/g). As apparent from the
reduction of the heat of crystallisation and melting, the
crystallisation is greatly reduced when calcium carbon-
ate is added. However, the presence of the filler does
not appear to affect the peak melting temperature or
the onset of melting (Tm(10%)) or completion of melt-
ing (Tm(95%)) during heating. The peak crystallisation
temperature Tcp and the temperatures characterising the
onset of crystallisation (Tc(10%)) and completion of
crystallisation (Tc(95%)) during solidification are low-
ered in the presence of filler. The thermodynamic data
for cooling are used in the setting of the processing
temperatures (based on the peak temperatures) in the
intensive granulator (i.e., upper stator temperature is
52◦C, and the lower stator temperature is 45◦C).

3.2. Mechanism of granulation process
Typical appearances of the upper rotor and stator sur-
faces after a granulation experiment are shown in
Fig. 4a–f. Samples from various regions were recovered
and analysed. Fig. 4a indicates that the granulation takes
place over four steps. These steps are associated with
the following zones. (1) Melt flow zone, with radius
Rm, (2) Nucleation zone with radius Rn, (3) Crumbling
(melt fracture, fragmentation) zone, with radius Rc and
(4) Granule transport zone with radius >Rc.

In the melt flow zone, filled polymer melt follows a
3 dimensional flow path. Referred to a set of cylindrical
polar coordinates (r, θ , z) located at the centre of the
upper rotor, the angular motion is generated by the rotor
motion, radial motion is due to the radial pressure drop
and the motion in the z-direction is due to the design of
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(i)

Figure 4 (Continued ).

the cavities on the rotors and stators as well as due to
the presence of the flow fields generated by the previous
motions. As a result of this 3D-motion, fluid elements
are transferred from cavity-to-cavity, on the rotors and
stators. During this motion, polymer melt undergoes
repeated cooling/heating cycles superimposed on the
cooling resulting from the existence of a radial temper-
ature gradient. Therefore, the granule nucleation takes
place. It is not easy to distinguish the first two regions
even though the morphology of the melt is different. In
the polymer melt flow zone, solidified polymer has a
smooth morphology, while in the nucleation zone, filled
polymer melt has granular morphology. However, due
to viscous dissipation, heat is also generated, primarily
as a result of angular motion. These cooling/heating cy-
cles result in particle solidification of the melt. Fig. 4c,
d show the morphologies of a local area in the nucle-
ation zone and they show the polymer morphology on
the surface of the upper stator and upper rotor respec-
tively. Here, the region–A is highly sheared between
the rotor and stator while the region-B is the cavity
into which the sheared polymer melt from region-A
makes a sudden expansion. Fig. 4c, d indicate that the
sheared surface is very smooth due to heat generation
during shearing between rotor and stator. As can be
expected, the morphology of the polymer in the upper
stator (where the temperature is 52◦C) is smoother than
the polymer morphology on the upper rotor where the
temperature is 45◦C. Both the rotor and stator cavities
clearly indicate the presence of agglomerate nucleation
process which eventually leads to agglomeration via the
fragmentation process as shown in Fig. 4e, f.

Fig. 4e illustrates the crumbling zone on the upper
rotor following the nucleation zone. The crumbling
zone is very short and in this particular case, crum-
bling takes place over the high shear rate region de-
spite viscous heating. The appearance of the crumbling
zone on the upper stator is shown in Fig. 4f which

clearly illustrates the shedding of the granules from the
polymer.

A closer examination (by scanning electron mi-
croscopy, SEM) of the polymer morphology in the
upper rotor cavity in the nucleation zone is shown in
Fig. 4g which illustrates the mixing action of the gran-
ulator as well as the presence of nucleated granules.
Fig. 4h, i illustrate the morphology of the polymer in
the crumbling zone as the sheared polymer enters into
the cavity under the combined actions of angular and
radial flow fields. The location of the sample is shown
in Fig. 4e. The top surface of the polymer is smooth
(Fig. 4h) while the underside of this sample shows the
presence of flow instability as shown in Fig. 4i. The
morphology of the polymer in this region indicates a
structure very similar to that encountered in melt flow
instability when there is a sudden expansion in the flow
field [23, 24].

When the volume fraction of the granules reaches a
certain critical value, a phase inversion takes place and
the filled polymer melt crumbles, creating the granu-
lated particles, as shown in Fig. 4a, f. Fig. 4e illustrates
the appearance of the granules from the upper stator.
In the present experiment, the nucleation zone occu-
pies most of the granulator. This is due to the fact that
this present processing equipment was designed as a re-
search equipment rather than a dedicated equipment for
a given product/raw-material task so that the granules
are obtained within a reasonable distance from the cen-
tre of the rotors/stators. The relative radii of the zones
are also dependent on the processing conditions as well
the raw material characteristics.

3.3. Location of crumbling
The boundary between the crumbling and granule zones
is very well defined. The distance from the centre of the
upper rotor and the boundary between the crumbling
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Figure 5 The effect of filler concentration on the crumbling radius as evaluated from the appearance of the upper stator. (a) PEG concentration, CP =
25% and (b) PEG concentration, CP = 30%. The common experimental conditions were: Melt entry temperature TE = 70◦C, upper stator temperature
TUS = 52◦C, upper rotor temperature TUR = 45◦C, lower rotor temperature TLR = 45◦C and lower stator temperature TLS = 45◦C. Upper rotor/stator
clearance GU = 1.5 mm and lower rotor/stator clearance GL = 0.5 mm. Screw speed �E = 10 rpm, rotor speed �R = 30–40 rpm.

and granule zones is called the crumbling radius, Rc.
This radius can be determined from the polymer imprint
on the rotor or stator as shown in Fig. 4a and 5a, b. The
determination of the crumbling radius Rc is very impor-
tant since the size of the granulator is mainly dictated
by Rc. Fig. 5 shows that if PEG concentration is 25%,
Rc = 80 mm while for PEG concentration of 30%, Rc =

92 mm. The variation of Rc with the polymeric binder
concentration CP is shown in Fig. 6. They are parti-
tioned according to the clearance GU between upper
stator and rotor. It can be seen that the crumbling ra-
dius Rc increases with increasing polymeric binder con-
centration since more polymer needs to be crystallised
to increase the phase volume of the “solid” dispersed
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Figure 6 PEG concentration vs crumbling radius for different gaps. Pro-
cessing conditions were the same as in Fig. 4 except for the upper clear-
ance (GU) and PEG concentration (CP) which were changed. Amount
of material processed was 300 g.

phase to cause crumbling. Therefore, the polymer/
filler melt residence time has to be increased. Further-
more, if the polymer concentration is low, the frac-
tion of polymer immobilised by the filler will also be
high.

When the rotor/stator gap is small, more viscous
heat is generated and the flow rate through the gran-
ulator is high and consequently, the crumbling radius
should increase. However, at a constant heat removal
rate from the melt, a smaller amount of filled polymer
melt needs to be cooled when the gap GU is small.
Thus we should expect a smaller crumbling radius.
Therefore, these two effects oppose each other. As seen
from Fig. 6, the crumbling radius increases with in-
creasing polymer concentration. The reduction in rotor-
stator clearance also increases the crumbling radius in
general.

3.4. The effect of binder concentration on
granule size distribution characteristics

The transient particle size characteristics of the gran-
ules are determined by measuring the particle size dis-
tribution from where average particle size at 50% cu-
mulative D(50) and particle size span, S are evaluated.
These granule characteristics are dependent on the pro-
cessing conditions as well as on the composition of
the filler/polymer system. The effect of the various pa-
rameters on the granule particle size characteristics are
evaluated below.

After the granulation experiments, the granules in
the cavities at a given radius are collected and their
size distribution is analysed. Fig. 7 shows the distribu-
tion of mass fraction versus particle size as a function
of binder concentration. The corresponding cumulative
% versus particle size is shown in Fig. 8. During the
transport of the granules, larger particles move faster
and therefore the particle size analysis at each ring of
cavities yield higher mean granule size as newly gener-
ated particles are transported radially outward. This is
illustrated in Fig. 9 where the variation of particle size
at 50 percentile D(50) is shown as a function of cavity
ring number.

Figure 7 The effect of PEG concentration on the particle size distri-
bution (mass basis). Processing conditions were the same as in Fig. 4
except for the upper clearance of GU = 1.5 mm. In all cases, samples
were collected from the cavity ring 10. Amount of material processed
was 300 g.

Figure 8 Variation of the particle size distribution (mass basis) with
different PEG concentrations. The concentrations were selected CP =
25%, CP = 27.5% and CP = 30%, and GU = 1.5 mm. The samples
were collected from the same location on the rotor i.e., the cavity ring
10, at which the mean radius was 128 mm from the centre. The D(50)
value and span are shown in the profiles. Processing conditions were as
in Fig. 7.

Figure 9 Variation of average granule size, D(50) with cavity ring num-
ber at two different extruder speeds. PEG concentration, CP = 25%,
upper rotor/stator gap GU = 1.5 mm. Other processing conditions were
identical to those in Fig. 7.
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3.5. The effect of melt flow rate on particle
size distribution

Fig. 9 also illustrates the dependence of the average
granule size D(50) on the speed of the extruder. The
polymer/filler melt flow rate into the extruder is con-
trolled through the extruder screw speed (�E). Most
of the experiments were carried out at extruder screw
speed of �E = 10 rpm which corresponds to the melt
flow rate of 10 g/min (with 25% PEG). Due to the heat
transfer rate limitations of the current design of the
granulator, and the extruder size, the range of the melt
flow rate was rather narrow within 10 rpm–15 rpm.
Within this limited flow rate range the effect of melt
flow rate on the particle size development is not very
significant as observed in Fig. 9, which shows the D(50)
vs cavity ring number. Fig. 9 also illustrates the loca-
tion of the crumbling radius when �E = 10 rpm. Both
the average granule size and size span (data not shown
in the figure) are not significantly affected by the ex-
trusion speed. Similar to our previous examples [12],
average granule size D(50) increases with increasing
cavity number while the particle size span decreases
and finally approaches to a plateau.

3.6. Addition of TiO2 powder
Fig. 10 shows the general view of the rotor surface af-
ter a granulation experiment. In the experiment, using
an auger feeder, TiO2 powder was added into the filled
polymer melt immediately after phase inversion during
the granulation through the auger. The extra powder
helped the solidification and is useful to increase the
particle content of the agglomerates. The granule sam-
ple was studied by SEM. It was found that TiO2 powder

Figure 10 The general view of the upper rotor after adding TiO2 particles at a location just after the formation of the granules (after crumbling).
Experimental conditions were the same as in Fig. 6 when PEG concentration, CP = 27.5% (TiO2 free basis), GU = 1.5 mm. The rate of addition of
TiO2 was 2 g/min. Extruder speed was 10 rpm, rotor speed 30–45 rpm, 27 g TiO2 was added.

only coated the surface of the granules thus forming a
core-shell particle structure.

4. Discussion
A novel granulation technique and an equipment to
achieve it are described above. The technique is based
on the non-isothermal flow induced phase inversion
technique in which the transformation from a highly
viscous fluid state (paste) to particulate state (granules)
is achieved through a thermo-mechanical fracture pro-
cess. The equipment for the process consists essentially
of rotor and stator disks containing cavities, the design
of which results in a 3 dimensional flow path of the
polymer/filler melt as well as the granules. During the
non-isothermal polymer/filler melt flow, fluid also un-
dergoes repeated extensional and shear flows, similar
to that observed in the so called Multiple Expansion—
Contraction Static Mixer [10, 11].

The polymer melt enters into the gap between the
rotor and stator at 70◦C. The temperature of the sta-
tor was 52◦C which is close to the PEG solidifica-
tion temperature, while the rotor temperature is 45◦C
which is close to the temperature when 90% of PEG
solidifies. As the polymer/filler melt flows radially
outwards with a 3D—flow path, it also cools down
thus increasing its viscosity. Fractional solidification,
coupled with such flow phenomena, as flow induced
phase inversion and flow induced polymer crystallisa-
tion [8–11, 24], the fraction of solid dispersed phase
increased. The presence of granules dispersed into the
polymer melt was observed through optical and scan-
ning electron microscopy in the granule nucleation
zone.
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When the phase volume of the solid dispersed phase
exceeds ca. 74%, a phase transformation takes place
and particle-in-polymer melt is converted into gran-
ules. This transformation takes place almost instanta-
neously over a short distance, described as the ‘crum-
bling zone’ with radius Rc. The determination of the
crumbling radius is important since it dictates the size
of the equipment.

It is possible to reduce the ‘crumbling radius’ by
more effective heat transfer as well as by using high
filler concentration. This can be achieved by adding
a ‘crumbling agent’ in the nucleation zone. Addition
of colloidal particles into the melt accelerates crum-
bling as discussed previously [5–9]. Another important
purpose of crumbling agent is the modification of the
surface characteristics of the newly formed granules.

Any measure to increase the effective dispersed
phase volume of the polymer/filler system will result
in reduced crumbling radius. In the absence of addi-
tional crumbling agent, the most important processing
parameter affecting crumbling radius is the reduction
in melt temperature. If the internal heat generation due
to viscous heating is high, crumbling is also delayed.
Therefore, small rotor—stator clearance will result in
a large crumbling radius.

After crumbling, granules are transported radially
outward through a 3D flow path while undergoing cool-
ing. This zone is described as granule zone. In this zone,
granules undergo insignificant degree of attrition since
the rotor—stator cavity arrangement allows the trans-
port of the granules through cavity hopping. However,
the addition of the crumbling agent in the crumbling
zone results in comminution and surface coating of the
granule particles. If no crumbling agent is added after
crumbling, granule size increases as the granules flow
radially outwards. However this is a transient effect due
to particle segregation.

5. Conclusions
The mechanism of granulation in a novel intensified
granulator was evaluated through SEM and visualisa-
tion of the polymer at various locations in the granula-
tor. It is shown that, due to the presence of cavities in
the rotor and stator disks and the imposition of a tem-
perature gradient across the disks, granulation starts as
a nucleation process and the transformation from a melt
state to a granule state occurs almost instantaneously
in which the granule particles are shed from the melt.
This technique produces granules with a narrow size
distribution and constant filler concentration indepen-
dent of granule size. Average granule size is similar to
the size of the rotor—stator clearance. Granules with a
surface coating can also be obtained by using colloidal
crumbling agent introduced into the granulator at the
crumbling zone.
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