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38.1 OVERVIEW OF THE DRY GRANULATION
PROCESS

Granulation offers the opportunity to alter the properties of
solid particulate material. An increase of particle size reduces
potential hazards or nuisance from dust. The granule struc-
ture can improve the flow and compression properties of the
powder and helps to assure that the composition remains
uniform throughout the powder mass if a mixture of materials
is used.

Nishii and Horio [1] have described how dry granulation
can be achieved during mixing, or as a powder is passed
through a screen. As reported by Horio [2] particles can be
dry granulated by a fluidization technique where the particle
size of the starting materials is small, for example, lactose ata
particle size of approximately 3 um. However, granulation
without a solvent to help with the binding is usually accom-
plished by subjecting powders to pressure.

Dry granulation by slugging is achieved by compressing
powdersin acavity formed by a set of tools and a die, similar to
the way tablets are made. Pietsch [3], in a review of granu-
lation technology, described dry granulation by slugging
among the methods and referenced a patent for a tabletting
machine from 1843. Slugging and tabletting use similar
technology and the patent shows how long slugging may
have been available. When comparing slugging with table-
tting it is apparent that tablets are typically much smaller than
slugging compacts and can be the final product, whereas
slugging compacts are reduced to granules feeding a subse-
quent tabletting or capsule filling operation. As the purpose of
the slugging operation is to form granules with larger particle

size, better flow and improved compression properties, the
feed to aslugging press often consists of very fine powder with
poor flow properties when compared to a tabletting operation.

Johnson [4] described dry granulation by roller compac-
tion noting that passing powders through the nip of two
rollers in order to produce larger sized material was origi-
nally used in coal processing. One of the earliest patents for a
roller compaction system, “A Method for Converting Fine
Coal into Lumps,” was issued in 1848. The largest volume
applications of roller compaction are in the coal, soda ash,
potash, calcined lime, and magnesium oxide industries.
Bakele [5] gives an example of soda ash production
of 160,000ton/year. In pharmaceutical applications,
Kleinebudde [6] has reviewed the advantages of granulation
and the application of roller compaction to form granules
used in tabletting and filling of hard gelatin capsules. Mouro
et al. [7] showed how granulation via roller compaction
improved the processing of low bulk density materials in a
capsule filling operation.

The roller compaction unit operation is actually com-
prised of several subprocesses. Once the components and
composition have been selected, the powder to be compacted
must be mixed so that the feed to the compactor is relatively
homogeneous. The container with the prepared powder is
placed in position to feed the roller compaction machine
and the powder must be metered to the area in front of the
compaction rollers. A variety of devices and configurations
such as valves, stirring devices, and feed screws are used in
order to convey the powder from the holding container, to the
roller compaction unit, and inside the machine to the area in
front of the rollers. The resulting powder bed is dragged by
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the rollers to the nip area where it is compacted. During the
compaction the powders are deformed to a degree that causes
the formation of a continuous sheet. The compacted output is
commonly referred to as a ribbon but has also been referred to
as a compact, flake, or tape.

The last step of the roller compaction unit operation is the
reduction of the ribbon to granules. This can happen in one or
more steps where mechanical elements impact the ribbon,
break it into pieces, and force the broken pieces through a
screen. The size reduction subprocess of roller compaction
may be integral to the roller compaction machine or per-
formed as a separate operation. In either case the size
reduction typically yields particles with a distribution of
sizes. Because one of the objectives of the compaction
process is to increase size, a large fraction of granules below
a minimum size may be undesirable. In some cases fines are
separated from the granulation and returned for another pass
through the compaction step.

The sections of this chapter will give an overview of the
roller compaction unit operation, followed by consideration
of material behavior and measurement. A step-by-step re-
view of the subprocesses that comprise the roller compaction
unit operation including various types of models and control
strategies is offered next. In the final section, case studies
including scale-up, one for a parametric-based scale-up
approach and one for an attribute-based scale-up approach
are presented.

38.2 GENERAL CONSIDERATIONS FOR ROLLER
COMPACTION OPERATIONS AND EQUIPMENT

Although the roller compaction process is used to improve
the flow of material, the incoming feed needs to have
sufficient flow properties in order to be delivered with as
consistent a composition, flow, and density as possible. The
requirements may include limitations on the micromeritic
properties of the active ingredient. Excipients are usually
selected to dilute the active ingredient to an appropriate
concentration and enhance various aspects of the powder
properties. Some of the flow properties to help feed the
roller compactor and compression properties to assist in
ribbon formation can be provided by the addition of
materials called binders because of their compression
properties (e.g., microcrystalline cellulose (MCC), and
lactose). Including these materials is often necessary to
achieve the desired granulation properties. Flow aids (e.g.,
silicon dioxide) may be needed to achieve the desired
mixture flow properties. A lubricant (e.g., magnesium
stearate) typically added to modify interaction with the
equipment surfaces, may also be necessary to achieve the
desired performance of the roller compactor. Other com-
ponents necessary for performance of the final product,
rather than performance in the roller compactor, such as

disintegrants (e.g., croscarmellose sodium, cross-linked
polyvinyl pyrrolidone, or sodium starch glycolate) may
also be used.

The next selection for the overall roller compaction
operation is the unit operation that will prepare the powder
blend for roller compaction. A diffusion mixer is one of the
more popular choices for the mixing subprocess of roller
compaction used to prepare the roller compactor feed. The
batch size, sequence of loading, number and speed of re-
volutions, and the shape of the blender may be considered
when designing the process. Multiple steps involving a
geometric dilution strategy or intermediate milling between
blending steps may be necessary to distribute the ingredients
and achieve the appropriate level of uniformity and handling
properties. Although a homogeneous powder feed will re-
duce variability in the roller compaction operation, content
uniformity of the powder blend is not required at the same
limits that would normally be applied to pharmaceutical
dosage forms. Issues with blocking, bridging, segregation,
or adhesion to equipment surfaces may result from poor
selection of materials or insufficient blending prior to roller
compaction.

The arrangement of the blender, bin, or other container
relative to the roller compactor is also to be considered.
Powder needs to flow evenly from the container to the
equipment without bridging, flooding, or segregating be-
tween the bin and the roller compactor feed hopper. A general
arrangement of the elements of a roller compaction process is
shown in Figure 38.1.

Once the powder reaches the integrated roller compaction
machinery there will be various means of conveying the
powder toward the rollers depending on the manufacturer,
model, and user requirements. Typically there is a feed
hopper to receive material from the main powder container.
The hopper may have a device to break any powder bridges
and help move the material for further processing. The
hopper may feed directly to the rollers by gravity, but a
majority of designs also use one or more feed screws to
deliver the powder and consolidate it in front of the rollers. In
all cases the feed screw is oriented in-line with the roller nip.
The orientation of the screw will depend on the orientation of
the rollers.

The powder bed must be contained to assure it travels to
the rollers and through the gap. The most typical system
involves plates mounted to cover the powder bed before the
gap, which extend over the gap itself, preventing powder
migration outside the compaction area. It is important to
assure proper mounting of the plates and sufficient mainte-
nance to prevent the leakage of powder from the compaction
area. Unprocessed fines could join the product stream if
powder leaks from the seals. A different type of sealing
system also uses ridges on the roller edges such that one roller
fits into a channel in the surface of the other in order to form a
tighter seal.
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]/J—R[ Kleinebudde [6] surveyed various manufacturers with

regard to their roller and screw configurations, offering a list
of suppliers correlated to references focused on the various
designs. Some machines have the powder conveyed to the nip

T vertically such that the open space between the rollers—the
\ / gap—is vertical and a line drawn between the roller axes is
T T horizontal. A system with this configuration may lose a small

. 1 amount of powder through the nip as conditions are stabilized

in the beginning of the run. Other roller compaction machines
have this configuration turned on its side so that the powder
feed and the nip opening are oriented horizontally and a line
drawn between the roller axes is vertical. This reduces the
possibility of powder flooding the machine at start-up and
depends entirely on the action of the feed screw to move
powdertotherollers. A third configuration, used in other types
of roller compactors, orients the powder flow and nip at an
angle to the vertical giving some of the advantages of both the
horizontal and vertical configurations. An illustration of the
various configurations is shown in Figure 38.2. Typical roller
compactors from laboratory to production scale from differ-
ent manufacturers are shown in Figure 38.3. A unit shown in
an expanded view so that all of the parts are visible is shown
in Figure 38.4.

During roller compaction, the porosity of the powder is
reduced in the compaction step to form the ribbon. The air
filling the pores must escape through the forming compact
and adjacent powder bed. In some types of roller compaction

J machines the powder is deaerated before reaching the nip by

1 passing over a porous plate with vacuum applied underneath.
\ / The deaeration is intended to reduce any disruption from air
i — moving through the powder as the compact is formed.

- - Miller [8, 9] described the effects of air entrainment and
FIGURE 38.1 General arrangement of the roller compaction
process. (Courtesy: The Fitzpatrick Company.)
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FIGURE 38.2 Common feed, feed screw, and roller configurations.



FIGURE 38.3 Examples of roller compactor units from laboratory to commercial scale. (a) Lab-
scale roller compactors; (b) pilot-scale roller compactors; (c) production-scale roller compactors.

(Courtesy: Vector Corporation, The Fitzpatrick Company, Gerteis Maschinen + Processengineering
AG, Alexanderwerk AG.)
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FIGURE 38.4 Expanded view of a roller compactor showing the
components. (Courtesy: The Fitzpatrick Co.)

LY

(b)

improvements in the roller compaction operation due to
deaeration of the powder feed.

In the simplest case the roller faces in contact with the
powder are smooth. However, other types of roller finishes,
such as grooves or other inscribed patterns, are used in an
attempt to change the interaction with powder and the
surface of the rollers are also available. Rollers with
different surface finishes and the resulting ribbons are
shown in Figures 38.5 and 38.6. Daugherity and Chu [10]
studied the effect of roller surfaces on the compacted
ribbon properties. Rambali et al. [11] also noted differences
attributed to the use of smooth versus grooved rollers.
Pietsch [12] described a briquetting application in which
the faces of the rollers are indexed so that shaped indenta-
tions in each roller face form the desired final product shape
during the compaction step. Rollers with internal channels
for cooling liquid may be used for temperature sensitive
products that might melt from the energy of compaction as
mentioned by Pietsch [3].

Even on a relatively small compaction machine the nom-
inal roller pressure may be set to a value of 50-70 bar. This
pressure is typically applied by use of a hydraulic cylinder
pushing on the roller axle. The pressures involved are in a

FIGURE 38.5 Rollers with different surface treatments. (Courtesy: The Fitzpatrick Company and

Gerteis Maschinen + Processengineering AG.)
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FIGURE 38.6 Examples of product produced from rollers with different surfaces. (Courtesy: The

Fitzpatrick Company.)

range where deflection of the axle can actually affect the
operation of the machine. Most manufacturers of roller
compaction machinery have carefully considered the design
of the hydraulic system and axle deflection so that the width
of the gap is consistent across the roller width. It should be
noted that the pressure on the powder may be different than
the nominal pressure set on the hydraulic system although the
two values are related.

Guangsheng et al. [13] described an application for
roller compaction of magnesium alloy powder to form
sheets. In this case, after some posttreatment, the roller
compacted ribbon is the final product. However, in most
roller compaction operations the ribbon itself is not the
useful product and is broken into granules that have the
desired properties for further processing. Although used in
some high volume applications, briquetting rollers, as
described by Pietsch [12], are not used to form the final
product in pharmaceuticals due to the need for tight uni-
formity of finished product. Different types of output from
roller compaction operations including broken ribbons
with different surfaces, granules, and long briquettes are
shown in Figure 38.7.

The size reduction step for the ribbon typically consists of
an impeller without a screen to start the process followed by
one or two stages of milling, this time with an impeller
mounted in proximity to the screen. The mill configuration
may take the form of an oscillating screener, hammer mill, or
conical mill. The screening mill may or may not be integrated
with the roller compaction unit.

Fines may be present in the resulting granulation from
several sources. The sealing mechanism at the edges of the
rollers may not contain all of the powder or powder may not
be completely incorporated into the ribbon and is carried over
into the final product. The milling operation itself can create
fines. In some cases the amount of fines are considered
unacceptable for the final granulated material.

For operations where more fines are present the equip-
ment may be fitted with mechanisms to separate the fine
fraction. Some fines reduction can be accomplished by
collecting powder which did not get properly compacted
by use of a chute into which the fines fall while the ribbon is

collected separately prior to milling. However, this method
will not completely assure a low fines fraction as some fines
are generated during the milling process. In other cases the
entire output after the milling operation is size separated to
remove fines from the granulation caused by the milling
operation along with any carry over of uncompacted fines.
In both cases the undersized material may be returned to the

FIGURE 38.7 Examples of roller compactor output. (Courtesy:
The Fitzpatrick Company.)
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roller compactor to improve yield of granules with the
desired size.

It should be noted that repeating the compaction step
can reduce the performance of the granules in subsequent
processing. If reprocessing is necessary the number of passes
through the compaction should be limited and the combina-
tion of reprocessed material with the main granulation should
be monitored. Material behavior and the characterization of
raw material, and finished granules, and compacted ribbon
are discussed in the next section.

38.3 MATERIAL BEHAVIOR, ATTRIBUTE
TESTING, AND PROCESS SENSORS

The performance of the roller compaction unit process and
the resulting products (e.g., ribbon, granules, tablet, or
capsules) depend on the properties of the powder being
processed. Some considerations of the choices for the unit
operation related to material behavior are described in this
section.

38.3.1 Material Behavior During the Roller
Compaction Process

38.3.1.1 Powder Handling of Feed and Granulated
Product Powder handling is important in the feed of the
roller compaction unit and is also applied to the granules
produced by the roller compaction operation. The particle size
distributions, densities, and flow properties of the powders
going into the roller compactor must be matched, manipu-
lated, or modified by additives (e.g., lubricants and flow aids)
and preprocessing (e.g., milling and blending) in order to feed
material evenly and with the appropriate levels of the
components to the compaction machine. The powder mix
will have to maintain these properties throughout the com-
paction run that may be an extended time because roller
compaction is typically performed as a semicontinuous
operation. The powder to be compacted will be subjected to

various conveying and consolidation operations that may
induce segregation due to material or air motion, and vibra-
tion. Bacher et al. [14] reported that the shape and size
distribution of calcium carbonate and sorbitol used to prepare
roller compacted granules affected the granule content as a
function of granule size. Similarly the output granules must
have appropriate flow, resist segregation, and have sufficient
strength to withstand handling when being conveyed to
various downstream process or packaging into the final
product presentation.

38.3.1.2 Compaction In addition to the feeding proper-
ties, the raw material properties can also have an effect on the
compaction of the powder into ribbons. Material properties
were considered an input for the earliest mathematical
models, such as Johanson [15] who suggested measuring
the internal and surface friction of the powder, to more recent
studies including process analytical technology, such as Soh
et al. [16, 17], who studied twenty material parameters and
suggested particle size, span (a measure of size distribution),
and angle of fall as the most interesting measurements to
characterize the input material.

Many studies have focused specifically on the behavior of
an excipient or class of excipients in the roller compaction
operation and can give insights to assist in selection of
excipients. In many studies a formulation including a model
active ingredient was used to simulate the response of the
excipient under typical use conditions. Because the material
in a roller compactor undergoes some of the same physical
processes as in a tablet press many of the same considerations
of material behavior apply. For example, Sheskey and
Dasbach [18] noted that slower roller speeds, giving a longer
dwell time under pressure, allowed plastically deforming
materials to perform better as binders. Falzone et al. [19]
noted differences in behavior between plastically deforming
microcrystalline cellulose and lactose that exhibited behav-
ior influenced by brittle fracture.

Some roller compaction studies of specific materials are
summarized in Table 38.1.

TABLE 38.1 Selected References Reporting Material Behavior in Roller Compaction

Material

Reference

Microcrystalline cellulose
Lactose

Hydroxypropylmethylcellulose

Hydroxypropylcellulose, methylcellulose, polyvinylpyrrolidone, starch, and

microcrystalline cellulose
Magnesium carbonate
Magnesium carbonate in combination with powdered cellulose

Hydroxypropylmethylcellulose, hydroxypropylcellulose, microcrystalline

cellulose, and polyvinylpyrrolidone
Calcium carbonate and sorbitol

Inghelbrecht and Remon [20]
Riepma et al. [21]
Inghelbrecht and Remon [22]
Sheskey et al. [23]
Sheskey et al. [18]

Freitag et al. [24]
Freitag et al. [25]
Herting et al. [26]

Bacher et al. [14, 27]
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The addition of small amount of components to influence
the powder properties is common practice, but may have an
effect on the compaction operation. He et al. [28] studied the
effect of lubricating the roller compactor feed with magne-
sium stearate on the strength of tablets compressed from
the resulting granules. The authors noted that lubricant is
often added to roller compaction feed to prevent sticking to
the rollers. One caution offered was that the lubricant can
change the interaction of the powder and rollers resulting in a
smaller nip angle and reduced process efficiency. It was
found that tablets produced from roll compacted granules
of unlubricated microcrystalline cellulose did not show a
significant decrease in strength at two of the three levels of
ribbon densification studied. At the highest level of ribbon
densification there was approximately a 30% drop in tablet
strength. For microcrystalline cellulose lubricated with 0.5%
magnesium stearate the drop in tablet strength was 90% over
a much broader range of ribbon densities.

Many excipients can absorb water from the environment
under typical processing conditions. The moisture can affect
the material properties, perhaps causing unwanted effects in
the roller compaction operation. The effect of moisture on the
behavior of microcrystalline cellulose in roller compaction
with ambient relative humidity ranging from 15% to 75%
was studied by Gupta et al. [29]. It was found that as water
content increased; the powder yield strength decreased,
indicating better powder rearrangement, while tensile
strength of the resulting ribbons decreased, indicating poorer
bonding. Inghelbrecht and Remon [30] intentionally added
water to blends of lactose, microcrystalline cellulose and
hydroxypropylmethylcellulose, and other ingredients in or-
der to reduce the amount of fines in the roller compacted
granules. They found that the fines produced during the
compaction step were negligible and the fines fraction pro-
duced during the milling operation were reduced. The re-
sulting granules and tablets had lower friability and the
tablets had higher strength.

A more typical strategy to reduce fines is the recycle of the
fine fraction to the inlet of the roller compaction step.
However, the change in material properties when subjected
to roller compaction can be cumulative and has been reported
by many investigators. Bultmann [31] studied this phenom-
enon as a function of the number of repeated roller compac-
tions for microcrystalline cellulose and found the repeated
compactions decreased the amount of fines but also de-
creased the compressibility of the resulting granules. Up to
10 cycles of roller compaction were studied with most of the
losses in material properties seen in the first and second
processing by the roller compactor. Shesky et al. [23] found a
similar reduction in compressibility for hydroxypropyl-
methylcellulose which decreased with increasing roller pres-
sure after a single pass through the machine. In contrast
Riepma et al. [21] found that for material displaying brittle
fracture characteristics, such as lactose, dry granulation had

minimal influence on the compatibility during subsequent
tabletting.

A review of specific material attributes and their effect on
the products from a roller compaction process are discussed
in the following sections.

38.3.2 Incoming Powder and Outgoing Granule
Properties

The performance of the roller compaction process and the
quality of the output materials (granules) depends on material
characteristics as well as on process parameters. The types of
attributes and measurements that may be considered for
roller compaction operations are considered in this section.
For example, Miguelez-Moran [32] showed that the size of
the three flow regions in the roller compaction zone and the
transition from one to the other depends on the properties of
the input powder. Examples of powder properties that affect
the powder flow behavior in the compaction, zone are internal
friction, cohesion and friction between the powder and the
rollers and side shields. Particle size distribution is an
attribute that is commonly measured for the input and output
materials. Density and flow are characteristics that are influ-
enced by particle size distribution, and often monitored. Off-
line characterization techniques are covered in the respective
property section below, but online methods are covered in
Section 38.3.4.

38.3.2.1 Particle Size Distribution Much of the knowl-
edge gained on the influence of input material properties
from the tablet compaction field can be applied to roller
compaction. The influence of particle size and compression
characteristics (plastic or brittle nature) is dominant in ribbon
and granule quality.

Several authors have reported on the importance of se-
lecting the proper diluent particle size. Herting et al. [33, 34]
reported on the effect of microcrystalline cellulose
particle size on granule and tablet properties. Under similar
processing parameters, a reduction in the particle size of the
input material (MCC and theophylline) resulted in larger
mean granule size and higher compactability. Inghelbrecht
and Remon [20] evaluated the effect of MCC particle size in
ibuprofen/MCC drug mixtures. They found that smaller
MCC particles produced stronger granules. The irregularity
of the MCC particles was ascribed a secondary role for the
differences seen in granule strength.

In evaluating the effect of particle size of sorbitol on
granules properties, Bacher et al. [27] found that smaller
sized sorbitol produced granules that had higher compact-
ability due to the increase in surface area with smaller
particles of sorbitol.

Inghelbrecht and Remon [22] evaluated the influence
of lactose particle size as well as the type on granule and
tablet properties. As with MCC and sorbitol, they found that
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reducing the lactose particle size (regardless of type) im-
proved the granule quality (less friable). They showed that
anhydrous lactose produced granules that were less friable,
because the crystals were more compactable and less
elastic.

In summary, the work cited above shows that selecting a
smaller particle for the input material (MCC, sorbitol, or
lactose) results in granules that are larger, stronger and less
friable. The effects were ascribed to the increased surface
area.

As with input materials, particle size of the resulting
granules is often used as a metric to determine input or
parameter effects. The granule size is controlled by the roller
compaction process as well as downstream processing. The
initial granule size is a result of the material properties and
the process parameters. Granule attrition during postroller
compaction processing (blending) will determine the final
particle size distribution.

The quality of the ribbons (density and strength) produced
has a direct impact on the granule size distribution. Ribbons
with higher solid fractions (lower porosity) produced gran-
ules with larger mean sizes that resulted in a better flowing
powder (Herting and Kleinebudde [33, 34]). Ribbon solid
fraction is correlated with ribbon strength, which is some-
times used as an alternate measure of ribbon quality and the
effect on granule size. Under similar milling conditions (mill
speed and screens) ribbons with higher strength produced
larger granules compared to ribbons with lower strength
(Shesky and Hendren [35], Inghelbrecht and Remon [20,
22], Weyenberg et al. [36]). Farber et al. [37] hypothesized
that during roller compaction the particles deform under
load, causing them to interlock. Upon milling, the break in
the ribbon occurs at the weakest interlocking junction, but the
deformed particles remain intact in the resulting granules.
Rambali et al. [11] showed that the mean granule size
produced from thicker ribbons was smaller that that for
thinner ribbons. The ribbon thickness effect on granule size
was marginal.

Methods for particle size determination fall into two
general categories: laser light scattering (LLS) and sieve
analysis.

A secondary way in which the particle size of the
granules is affected is in processing downstream from the
roller compaction operation. This is primarily governed by
the strength of the granules. This is assessed by determining
the friability of these granules by measuring the change in
particle size distribution under stress (e.g., due to additional
mixing). There are two ways by which the friability of the
granules can be determined. An indirect way is to compare
the particle size distribution of the granules after milling
with that of the final blend after additional mixing. After
accounting for any extragranular materials added, the
change is size distribution would be indicative of granule
friability.

Inghelbrecht and Remon [20] quantified granule friability
directly by tumbling granules of a particular particle size
range with glass beads for certain duration, and then deter-
mined the change in particle size. The reduction in mean
particle size was ascribed to particle attrition. Patel et al. [38]
used stress—strain analysis on single particles using a 2 mm
flat probe to determine the particle fracture potential. In-
ghelbrecht and Remon [22] ranked the process parameters
for their effect on granule friability in order of decreasing
influence: roller pressure, roller speed, and feed rate.

38.3.2.2 Density Soh et al. [16] and Freitag et al. [24]
investigated the effect of raw material attributes on their
performance in roller compaction. One attribute tracked was
material density. Since, material density was confounded
with other materials properties, such as particle size or
morphology; a clear relationship between input density and
output (ribbon or granules) properties was difficult.
Herting and Kleinebudde [34] characterized the hardening
of granules postroller compaction by measuring the yield
pressure. They showed an increasing relationship between the
applied roller pressure and the apparent yield pressure. They
ascribed the increased resistance to deformation as granule
hardening. Traditional density measurement techniques typ-
ically used include bulk density, tap density, and true density
by helium pycnometry. Derived parameters, such as porosity,
Carr Index, Hausner ratio, also have been used (Soh [16]).

38.3.2.3 Flow For processing downstream from the roll-
er compaction operation powder flow dominates process
stability. Flow of the powder blend into the compression
operation controls the variability in tablet weight. Weyenberg
et al. [36] reported that the fastest powder flow was obtained
with a combination of low roller speed and high roller
pressure. These conditions yielded ribbons with high
strength that resisted attrition during the milling operation.
The rate of powder feeding had a minor impact of granule
flow properties. These conditions also produced the largest
and strongest granules with the lowest friability. Granule size
increased with higher roller pressure, lower roller speed and
higher powder feed in order of importance.

There are several techniques used to gauge the ability of a
powder to flow. A mass flow determination can be obtained
by measuring the flow time of a certain mass of powder
passing through a certain orifice. An alternative method
would be to determine the minimum orifice opening that
would support continuous flow (Flow index). Other techni-
ques rely on indirect means to assess flow, such as Carr Index,
shear cell, and other measures of powder rheology.

38.3.2.4 Compactability One of the common objectives
of aroller compaction process is to improve the performance
of granules in a downstream capsule or tablet operation.
Compactability, the ability to form tablets of a desired
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strength at an acceptable pressure, is one of the main attri-
butes to consider for the roller compacted granules. Com-
pactability is typically studied by experiments on a tablet
press or compaction simulator to assure that the desired tablet
properties can be achieved.

Several articles report a reduction in powder com-
pactability of the roller compacted material (Sun and
Himmilspach [39], Herting and Kleinebudde [26], Herting
and Kleinebudde [30], Malkowska and Khan [40], Shesky
and Cabelka [41]). Investigators have identified two possible
causes for this reduction: work hardening and size growth.
Malkowska and Khan [40] describe the effect as a loss of
bonding capacity between the particles. Plastically deform-
ing materials are more susceptible to work hardening.

Sun and Himmilspach [39] ascribed the reduction in
compactability to an enlargement of granule size relative to
the input particle size. The growth in particle size reduces the
area available for bonding. Herting and Kleinebudde [30]
concluded from their investigation that the reduction in
compactability is due to both size enlargement and hardening
of the granules. They observed that work hardening could be
countered by producing smaller granules.

38.3.3 Ribbon Properties

38.3.3.1 Density and Porosity The packing in a ribbon
after roller compaction can be stated by three related terms:
density, solid fraction (density relative to the true density),
and porosity (measured or calculated from the solid fraction).
Ribbon solid fraction is an attribute that indicates the degree
to which the powder has been compressed (Zinchuk
et al. [42]). The density across the width of a ribbon can
vary (Miguelez-Moran et al. [43]).

The density of the ribbon is often highest in the center and
lowest at the edge. This density gradient is caused by the
friction between the powder and the face plates covering
the rollers (Guigon and Simon [44]) and can be reduced by the
inclusion of lubricant. Funakoshi et al. [45] showed that
density distributions are related to the force distribution across
the ribbon. Funakoshi et al. [45] and Parrott [46] evaluated an
alternate roller design (concave—convex roller pair) to address
the nonuniform distribution of pressure on the rollers during
roller compaction. Several incline angles were evaluated and a
65° angle was shown to be optimum for a uniform pressure
distribution over the roller surface (Funakoshi et al. [45]).

The force distribution is related to the flow patterns of the
powder passing between the rollers (Miguelez-Moran
et al. [32]). This effect is accentuated at high roller speeds
(Funakoshi et al. [45], Miguelez-Moran et al. [32]). The
mean ribbon density is higher at a narrower gap setting
compared to a wider gap setting. Guigon and Simon [44]
also showed that if the screw feeding in a roller compactor is
nonuniform in time or space, and this produces ribbons
whose solid fraction varies over the width of the ribbon.

The solid fraction of the ribbons produced is a result of
powder properties, process parameters, and equipment ge-
ometry factors. The increase in solid fraction affects the
mechanical properties of the granules and the material
behavior. However, when comparing ribbons made from
different materials, solid fraction is insufficient as a sole
descriptor of quality. Ribbons with similar solid fractions
could have dissimilar mechanical properties such as strength.
Ribbon strength is an attribute that is indicative of perfor-
mance during the milling operation postribbon production.
Solid fraction can be used as a surrogate for ribbon strength
within a single composition.

Two physical techniques were reported by various authors
for determining ribbon density (sectioning, enveloping).
Additional methods using NIR or ultrasound are described
in Section 38.3.4. With the sectioning method, a portion of
the ribbon is removed and the volume and mass measured to
yield the density. The dimensions of the section must be
carefully measured. With the enveloping method a volume
displacement approach is used so that the precise dimensions
of the section are not critical. In determining the ribbon solid
fraction, Soh et al. [16] argued that envelope volume is
required for higher precision rather than using sectioning.
The reason stated for this is the imprecise nature of the edges
during sectioning.

In place of the techniques cited above that provide the
average overall density of a ribbon specimen, Miguelez-
Moran et al. [43] used X-ray microcomputed tomography to
obtain the distribution of the densities in a given ribbon
sample. This enabled the investigators to not only determine
the effect of roller compaction process parameters on ribbon
density, but also on the density distribution.

38.3.3.2 Thickness Investigators use a micrometer to
measure the thickness of the ribbons produced (Miguelez-
Moran etal. [32,43]). This measurement has to be repeated at
several places across the ribbon sample to account for
variation in the ribbon thickness. This average thickness
then is used for density calculations using the sectioning
technique or for feedback control of the roller compaction
process. In lieu of measuring the ribbon thickness, some
investigators use the roller gap as a surrogate. This approach
ignores the relaxation that may occur postconsolidation.

38.3.3.3 Strength Many investigators use ribbon density
as a metric for comparing ribbons made under different
conditions to determine equivalency. Zinchuck et al. [42]
argued that a ribbon’s resistance to milling postribbon pro-
duction is a better metric. They determined the tensile
strength of ribbons using a three-point beam bending anal-
ysis. Miguelez-Moran et al. [43] used a microindentation
technique to determine the hardness of ribbons at a micro-
scale. The size of the indentation made depends on the shape



of the indentor, the force used to make the indentation and
the hardness of the ribbon.

Within a composition the ribbon tensile strength or hard-
ness varies directly with the solid fraction of the ribbons.
Similar to tablets, the ribbon tensile strength or hardness is
directly proportional to the pressure used to make the rib-
bons. Farber [37] hypothesized that during roller compaction
the particles, deform under load, causing them to interlock.
This is the reason for the increased strength of ribbons
postcompaction. The strength of ribbon varies across the
width of the ribbon, due to the variation in ribbon solid
fraction across the width of the ribbons. This variation is due
to a nonuniform distribution of stress across the roller width.
Guigon and Simon [47] used a series of pressure transducers
on the rollers to obtain the distribution of the pressure on the
rollers during roller compaction. They observed that the
pressure varied with a period that coincides with the screw
feeder pushing the powder into the nip region. Guigon and
Simon [47] showed this variation in applied force across the
rollers visually by adding charcoal particles to lactose. The
areas of high stress were identified by the large number of
broken charcoal particles.

38.3.4 Online or At-Line Process Sensors

38.3.4.1 Particle Size Distribution There are several ex-
amples in the literature of technologies for determining the
particle size of powders online, but Zhang and Yan [48] made
the point that development of cost-effective online particle
size instruments is challenging. Zhang and Yan [48] used an
electrostatic sensor combined with digital signal processing to
determine particle size distribution. A slip stream of particles
was carried on an air stream toward the sensor causing the
particles to acquire a charge; the magnitude of the charge was
size dependent. Frake et al. [49], Rantanen et al. [50] and
Guptaetal. [29, 51] used a near infrared technique to quantify
the particle size of granules. The near infrared spectrum was
affected by physical properties such as particle size, particle
surface and density (Rantanen et al. [52]).

Two additional means of ascertaining the particle size
distribution of the granules as they exit the milling chamber
postribbon production are laser light scattering and high-
speed image analysis. For the LLS method a slip stream
sampling of the falling granules is needed. Traditional LLS
techniques can be used on the sample of granules (Bordes
et al. [53]). Image analysis would require high-speed image
capture that is processed against a predictive model of pixels
versus volume or diameter. Liao and Tarng [54] developed a
high-speed optical inspection system to determine particle
size. A CCD or CMOS camera was used to acquire the image
that was processed and analyzed against a reference.

38.3.4.2 Ribbon Density Two general methods were re-
ported by various authors: physical (sectioning, enveloping)
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and associative (NIR, ultrasound). The physical methods
were described previously and can be used only at-line.
Several investigators have reported on the associative meth-
ods (Sprockel et al. [55], Gupta et al. [29], Feng et al. [56]).
Even though the fundamental principles of the associative
methods differ, both rely on a predictive model that correlates
density to the underlying measurement. The associative
methods lend themselves to online or at-line measurements,
whereas the physical methods can only be used at-line.

Ghorab et al. [57] reported on their evaluation of the
relationship between ribbon physical attributes (such as
density and strength) and thermal effusivity. They found
strong correlations between thermal effusivity and ribbon
density or strength. The relationships were first- or second-
order polynomials depending on the composition. Even
though these relationships are composition dependent,
the utility of this method is intriguing. Herting and
Kleinebudde [33] reported a means of calculating the in-gap
porosity by calculating the volume of ribbon produced per
unit time. The mass of granules corresponding to this time
unit was used to calculate the ribbon porosity.

38.3.4.3 Composition and Uniformity Bacher et al. [13]
investigated the cause for the nonhomogeneous distribution
of calcium carbonate in roller compacted granules containing
sorbitol. They showed that the particle size of the sorbitol
diluent was the main contributing factor. Using the smaller
particle size sorbitol produced granule fractions with near
theoretical mean calcium carbonate content. When sorbitol
with larger particle sizes was used a higher content of
calcium carbonate was seen in the fines.

They postulated that the weakest interparticulate bond in
the granule was the calcium carbonate—calcium carbonate
bond. Itis at this juncture that the ribbons fractured during the
milling process. This rupturing of the ribbons at the weakest
point exposed the calcium carbonate to attrition. Gupta
et al. [29] investigated near-infrared coupled with multivar-
iate analysis to relate the spectral data to content uniformity
of the ribbon.

The material properties of the raw materials and the
resulting products determine the type of equipment selec-
tions for the roller compaction unit operation. The various
tests of input, output, and intermediate material properties
help to understand the operation of the equipment and
selection of parameters described in the next section for
each subprocess of the roller compaction operation.

38.4 PRINCIPLES OF OPERATION

Roller compaction is a unit operation composed of several
subprocesses the principles of, and considerations for op-
erations are described for each subprocess in the sections
below.
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38.4.1 Roller Compactor Feed Preparation
and Delivery

The preparation and handling of powder fed to the roller
compactor has challenges common to similar operations in
other equipment trains. Powder and handling are specialized
areas with adequate sources from which to assemble infor-
mation for the design of the mixing and handling subpro-
cesses of a roller compaction process. Blending and blend
batch size increase was discussed by Alexander and
Muzzio [58]. Prescott [59] presented aspects of powder
handling, and the metering and dispensing of powders was
reviewed by Yang and Evans [60].

Some common themes from powder handling technology
are important to the powder handling for roller compaction.
For example, it is commonly held that powder flow can be
affected by particle size and shape, factors which can be
important considerations in the selection of material for a
roller compaction process. Yang and Evans [60] mentioned
how humidity and electrostatic charge can affect powder
flow, knowledge that can also be applied to the conveying of
powder to the roller compactor. Pietsch [12] has described
how air entrainment can influence powder handling, includ-
ing the densification step and the postcompaction recovery in
the roller compaction process. A study by Miller et al. [8]
showed that the leakage of uncompacted powder was reduced
from 20-30% to <2% of the material by the use of a vacuum
deaeration system fitted to the roller compactor. The through-
put of the roller compactor was also increased by 20-40%
with the deaeration system activated.

Most roller compaction equipment configurations move
the powder toward the rollers via a screw feeder. Sander and
Schonert [61] showed that the delivery of powder from an
unconstricted feed screw follows a linear relation with the
screw speed. It was found that the screw feed needed to have a
minimum speed in order to feed sufficient material to the
rollers at a given roller speed assuring the roller compactor
operated properly. At higher screw speeds the screw through-
put was less than predicted by the unconstricted delivery rate
indicating that the screw exerts a pressure on the powder
before the rollers (Figure 38.8). The screw feed increased the
throughput of the roller compactor by causing consolidation
of the powders before the nip. Similar results showing the
behavior of the screw feeder and its effect the roller com-
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FIGURE 38.8 Screw throughput as a function of screw speed
with and without the influence of the rollers. Reprinted from Ref. 44,
Copyright (2003), with permission from Elsevier.

paction throughput were also reported by Guigon and
Simon [44].

The design and rotation of the screw can have unintended
effects on the compacted ribbon. Patterns of color or differ-
ences in ribbon properties oriented along the main axis of the
ribbon in a sinusoidal pattern were reported by Simon and
Guigon [62] for operations with a single screw (Figure 38.9).
They used piezoelectric sensors in the rollers to study the
pressure during compaction, and image analysis of the
ribbons to determine the density of the ribbon. Both sets of
data showed a periodic variation that could be correlated with
the frequency of the feed screw rotation. Experiments with a
piston device to feed the powder did not show periodic
variations confirming that the screw feeder was causing the
powder to consolidate differently depending on the screw
rotation. It was postulated that the screw is preferentially
applying pressure where the clearance between the flight and
the nip are at the minimum, a position corresponding to the
screw flight terminus. Miller [9] reported that a dual screw
feed design in combination with vacuum deaeration of the
powder minimized any influence of the screw rotation on the
ribbon.

Lecompte et al. [63] did not find screw-related variations
in similar experiments with an instrumented roller compac-
tor. It was proposed that because the screw terminated further
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FIGURE 38.9 Variation in ribbon color due to variation in ribbon compaction induced by the motion
of the feed screw. Reprinted from Ref. 44, Copyright (2003), with permission from Elsevier.



from the rollers in the experimental setup used by
Lecompte, variations due to screw rotation were not carried
forward into the ribbon. The authors also examined how
various combinations of parameters such as feed screw
speed, roller speed, and gap could be adjusted to assure
that the powder spread evenly across the rollers and was
converted to a ribbon with consistent properties. Settings
which increased the amount of powder entering the nip
region, such as high screw speed, low roller speed, and a
narrow gap setting, promoted the distribution of powder
across the roller width.

The sealing plates can have an influence on the distri-
bution of powder and compaction of the ribbon. This
phenomenon was studied by Miguelez-Moran et al. [32,
43] using an instrumented laboratory roller compactor, and
several techniques to characterize ribbon density. A distri-
bution of density was found across the ribbon (parallel to
the roller axes, transverse to the ribbon motion) with lower
density found at the ribbon edges. The effect was less
pronounced for slower roller rates, smaller gaps and pow-
ders that slipped along the seal surfaces more readily. The
authors suggested that the lower density at the ribbon edges
was attributed to drag induced in the powder feed by the
sealing plates.

From the end of the screw feed to the gap, the powder is
typically contained by plates that may also be considered part
of the feeding system. Some leakage of powder from the seals
may contribute to the amount of fines in the granulation. If not
properly installed so that the leakage is at a minimum, and
sufficiently maintained so that the performance of the seal
plates is consistent, the sealing plates may cause an isolated
batch-to-batch variation or trend in the granule properties
over time.

To improve the powder sealing and process performance
some manufacturers offer rollers that interlock. One roller
has a rim on the edge such that the edge of the second roller
fits the channel and seals the powder into the nip. A system of
this type was explored by Funakoshi, et al. [45]. Several roller
designs with different modifications to the rim geometry
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were explored. The amount of leaked powder was reduced
from ~20% to ~5% by use of the interlocking rollers. When
examining the resulting ribbons it was found that without the
interlocking roller, the ribbon experienced the highest pres-
sure and achieved the highest density in the center. With the
interlocking roller system in place, the pressure experienced
by the ribbon and resulting density was even across the
ribbon width.

38.4.2 Consolidation and Compaction in Between the
Rollers

Once powder is delivered to the area before the nip it begins
its interaction with the rollers, moves forward and becomes
compacted into ribbon as it passes through the gap between
the rollers. Johanson [15] developed one of the most refer-
enced descriptions and mathematical models of the roller
compaction process. The roller compaction operation was
described based on the machine geometry and assumptions
of powder behavior.

Johanson took the pressure exerted on the powder bed from
the feed screw as an input to the mathematical model but did
not otherwise discuss the powder motion up to the rollers.
From the feed area the powder moves forward and begins to
be influenced by the roller motion. This region is typically
referred to as the slip region because the rollers move faster
than the powder with aboundary condition of slip between the
powder and the roller surface. As the powder is dragged
forward the space in between the rollers narrows so that the
powder bed consolidates and the pressure between the roller
surfaces and the powderincreases. A schematic diagram of the
powder and roller interactions is presented in Figure 38.10.

To describe the process in the slip region Johanson built
upon earlier work describing steady-state powder flow orig-
inally developed by Jenike in 1961. The Jenike model and
other powder flow concepts, developed more recently, has
been summarized by Podczeck [64].

It was proposed that for a cohesive, compressible, iso-
tropic powder, a shear test could give information about the
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FIGURE 38.10 Schematic diagram of the roller and powder interactions. Reprinted from Ref. 65,

Copyright (2005), with permission from Elsevier.
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FIGURE 38.11 Jenike-Shield yield criterion for the slip region. Reprinted from Ref. 65, Copyright

(2005), with permission from Elsevier.

effective angle of friction and the surface friction angle. This
information could then be used to plot yield loci describing
the response of the powder to shear and normal stresses
(Figure 38.11). The intersection of the wall yield locus and
the stress circle gives the resolution of shear and normal
stresses at the roller surface. The angle between the normal
stress and the tangent to the roller is then described
by equation 38.1 (equations were prepared from Ref. [65]
Copyright (2005) with permission from Elsevier).

. sing
2v = m—arcsin d

sins (38.1)

Johanson used the combination of the incoming pres-
sure, roller geometry, and powder properties to predict a
pressure distribution as a function of position as shown in
equation 38.2.

do
dx Slip

_ 40 ((n/2—0—v)tan g
~ (D/2)[1+(S/D)—cos &][cot(A—u)—cot(A + u]
(38.2)

where A is given by

O +v+(n/2)
=

A

The pressure at the roller surface is typically plotted as
pressure versus angle from the closest approach of the
rollers, the gap. Typical curves constructed with this ap-
proach show a low starting pressure followed by a rapid
nonlinear increase of pressure moving toward the gap (see
Figure 38.12, line a).

At some point the pressure on the rollers increases such
that the powder no longer slips along the roller surface but

moves with the roller surface until the powder exits the gap as
compacted ribbon. This region close to the gap is referred to
as the nip region. In order to predict the pressure in this
region, Johanson considered the densification of a cross
section of powder moving between the rolls. This section
of powder is compressed as if in uniaxial compression
with density increasing as the distance between the rollers
decreases. Powder property measurements from compres-
sion experiments with a die can determine the functional
relationship between pressure and density. Johanson devel-
oped the expression shown in equation 38.3 to describe the
pressure as a function of position in this region.

(38.3)

(d_a’) _ Ko9(2cos 9—1—(S/D))tan &
dx /iy (D/2)[(1+ (S/D)—cos &)cos 9]

This function can be used to construct a plot of pressure as
a position from the gap in a similar fashion to the plot
generated for the case where the powder slips along the
roller surface. For the case of no powder slip the resulting
pressure versus position curve typically has a different shape
with a higher starting pressure and a more linear increase as
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FIGURE 38.12 Pressure gradient versus angle from the nip.
Reprinted from Ref. 65, Copyright (2005), with permission from
Elsevier.



the gap is approached than the plot for the slip condition (see
Figure 38.12, line b).

The difficulty is predicting when the powder behavior will
switch from slip to no-slip at the roller surface, thereby
transitioning from the slip to the nip region. Since the
pressure is most often plotted as an angle from the gap, the
position of this transition was referred to by Johanson, and is
commonly called, the nip angle. The lowest pressure pre-
dicted by the slip and no-slip assumptions for the roller
surface boundary condition is followed. At the nip angle the
pressure predictions from the slip and no-slip condition are
equal and the powder no longer slips at the roller surface from
this point onward as no-slip is the lowest pressure needed to
induce powder motion. This relationship is represented in

equation 38.4.
d d
©.-®), o
dx Slip dx Nip

or

4((n/2)—a—v)tan 6 _ K(2cosa—1—(S/D))tan «

[cot(A—p)—cot(A + w)] cos a

A schematic illustration of the concepts from the Johanson
model showing the two pressure predictions as a function
of angle from the gap and the intersection of line a (slip
condition) and line b (no-slip condition) defining the nip
angle is shown in Figure 38.12. A graphic representation of
the stress on the rollers is shown in Figure 38.13.

Forty years later, Bindhumadhavan et al. [65] compared
the results of calculations using Johanson’s model with
experiments. Microcrystalline cellulose was roller com-
pacted with the benefit of better instruments to measure
powder properties, pressure sensors mounted in the roller
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FIGURE 38.13 Graphic representation of the stress profile in the
roller compactor nip. Reprinted from Ref. 44, Copyright (2003),
with permission from Elsevier.
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FIGURE 38.14 Predicted and experimental roller surface pres-
sure as a function of gap. Reprinted from Ref. 65, Copyright (2005),
with permission from Elsevier.

faces to measure the compaction forces, and better comput-
ing power to calculate the model and evaluate the data. Good
agreement was found between the predictions using the
method of Johanson and the experimental values as shown
in Figure 38.14 relating the pressure as a function of angle
from the nip for different gap settings. Yusof et al. [66] also
reviewed Johanson’s model and conducted experiments with
maize powder to compare the model and experimental
values. Once again good agreement between the model and
the experiments was found.

Sommer and Hauser [67] reviewed the Johanson model
and found that predictions were useful given the limited
number of inputs. However, they examined the assumptions,
which Johanson used and concluded that there could
be limitations from the assumptions, which might cause the
model to deviate from the results found in practice. One
example presented was the model’s possible sensitivity
due to the method of choosing the boundary condition for
the point at which the rollers engage the powder feed. The
boundary condition assumption could cause an unrealistic
sensitivity to the feed pressure in the model results. Simple
material models were used for the description of the nip
region, and it was proposed that the limitations in these
models could also lead to inaccuracies.

An additional mechanism of slip has been explored by
Schonert and Sander [68]. They reviewed several theoretical
models and concluded that there could be slip between the
compacted ribbon from the point of maximum stress to the
exit of the gap. Instrumentation embedded in the rollers
capable of resolving the normal and tangential stresses at
the roller surface confirmed that the powder does begin to
move with the rollers at some level of consolidation. How-
ever, the maximum stress occurred slightly before the line of
centers between the two rollers. From the point of maximum
stress it was found that the compacted ribbon accelerates,
moving faster than the rollers, toward the gap exit. A similar
measurement showing the maximum pressure before the line
of centers and an acceleration of the ribbon was obtained by
Lecompte et al. [63].



742 DESIGN AND SCALE-UP OF DRY GRANULATION PROCESSES

Other approaches to predicting the process conditions
have also been proposed. Yehia [69] described a simplified
approach in which the change in bulk density going from the
feed to the ribbon is considered when estimating the pressure
during the roller compaction process. Rather than subjecting
powder to a shear test, only measurement of the input and
output bulk densities and the pressure response to uniaxial
compression is needed. The author assumed that most of the
powder densification occurs in the nip region and that the
pressure at the beginning of the nip region could be estimated
by a density measurement and information about the
density—pressure relationship for the material studied. The
speed and geometry of the rollers and gap width is used to
estimate the change in volume, and therefore, density of the
material as it is processed. It was proposed that the perfor-
mance at scale could be predicted from the limited material
testing required for the calculation and information obtained
on a lab-scale roller compactor. The lab-scale machine would
need to be adjusted to a variety of geometries and equipped
with different roller finishes to determine an appropriate
regime to predict the performance at scale.

Dec et al. [70] reviewed various models including a
method of estimating roller compaction conditions. The
“slab method,” originally developed for the compaction of
metal powders, considers a section of material or “slab”
passing as a single element through the nip region. The
stepwise calculations assume a condition at the inlet of
the nip and uses experimental data to determine the nip
angle. Pressure is predicted by successive iterations of the
calculation until the prediction matches the measured prop-
erties of the ribbon.

The mechanistic understanding of roller compaction de-
veloped by Johanson and others is useful to understand the
processing history of the powder as it is compacted into
ribbon. The approach of these investigators grew of an
interest in designing roller compaction equipment. For most
applications, the machine geometry, speeds, and pressure
ratings have been predetermined by an equipment manufac-
turer for a range of materials similar to the proposed process.
However, the preselected machine capabilities still leave the
choice of the various processing parameters to be made in
designing the roller compaction operation.

Other investigators reported studies designed to under-
stand the interaction of the process variables and particular
materials or combinations of materials to determine the most
effective processing parameters. Most of the studies of this
type used a statistical design of experiments to evaluate the
affect of parameter changes on the ribbon, granule, and
finished tablet properties but may also include raw material
changes, composition or other variables as part of the study.

Falzone et al [19] studied the effect of the horizontal and
vertical feed screw speeds, and roller speed on granule size
and compactability for microcrystalline cellulose, lactose,
and a model active blend consisting of 60% acetominophen.

The results for microcrystalline cellulose granules and ta-
blets were successfully modeled by a quadratic regression
that included the horizontal feed speed and the roller speed
with high feeder speed and low roller speed giving the highest
values for both granule size and compactability. For lactose
the vertical feed speed also had to be used to successfully
model the results. The acetaminophen blend results showed
granule size equal to or less than the starting material due to
fracture of the acetominophen crystals. The results for gran-
ule size could not be modeled by a quadratic fit of the data, but
the acetominophen granulation compactability could be
described by the quadratic regression and showed a depen-
dence on both the feed screw speeds and the roller speed.
Hervieu et al. [71] used a model powder to study the effect
of feeder speed, roller speed, and compaction force on
granule properties and the hardness and friability of the final
tablet. The Box Wilson experimental design required 15
batches to complete. It was observed that at low feeder
speeds compared to the roller speed, the powder could not
be effectively compacted and had high friability. If the feed
speed was too fast in comparison to the roller speed the
material temperature increased and the roller compactor
jammed. Compaction force only had a secondary effect on
the results. Similar results showing dependence on the feeder
toroller speed ratio were reported by Guigon and Simon [44].
At higher feed speeds, overfeeding resulted in a poor quality
compact with loss of uncompacted powder while at lower
feeder speeds underfeeding resulted in no compact being
formed. The effect of feeder and roller speed selections at
constant pressure on the gap opening is shown in Figure 38.15
with lower feed resulting in a smaller gap at constant roller
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FIGURE 38.15 The effect of feed screw and roller speed on the

gap opening at constant pressure. Reprinted from Ref. 44, Copyright
(2003), with permission from Elsevier.



speed and lower roller speed resulting in a larger gap at
constant feed speed.

Four parameters (pressure, gap, roller type, and sieve
aperture) were studied for their effects on a buccal tablet
formulation by Rambali et al. [11]. A partial factorial design
showed that smooth rollers promoted larger granule size and
higher tablet strength but resulted in slower dissolution
compared to ribbed rollers. It was noted that smaller granule
size typically gave higher tablet strength. The lower than
expected tablet strength for small granules produced by
ribbed rollers was attributed to the higher frictional force
and powder rearrangement induced by the ribbed surface.
Smaller gaps and higher pressures produced larger granules.
However, the tablet strength was found to be inversely
proportional to gap and pressure.

A factorial design was also used by Weyenberg et al. [36]
to study the effects of roller speed, pressure, and horizontal
feed speed on granule flow, granule size, granule friability,
and the resulting tablet strength for a bioadhesive tablet
formulation. The roller speed and the compaction force had
the largest effects on the granule properties followed by the
horizontal screw feed speed. Higher roller speeds combined
with low compaction force had reduced granule flow, in-
creased granule friability, and smaller granule size. The
horizontal screw speed did not have a large influence on
granule properties. The highest tablet strength was obtained
from smaller granules prepared at high roller speed and low
compaction force. Tablets from the smaller granules best
matched the dissolution profile of tablets that were previ-
ously prepared by direct compression, tested in vivo, and used
for comparison with tablet from a roller compaction
granulation.

In a study by am Ende et al. [72], a two stage design was
used to examine the effects of roller compaction on the
content uniformity, granule properties, and tablet properties
of a low active concentration granulation. The first stage of
the experiment used a full factorial design to study the effects
of compaction pressure, and gap width, where the feed screw
was automatically adjusted to maintain gap. The study
responses were the amount of uncompacted fines and the
potency of the uncompacted fines. It was found that the
amount of uncompacted fines was affected by the pressure
and gap settings with a significant interaction between the
pressure and gap variables. Higher levels of fines were
present for low pressures and high gap widths. The potency
of the fines, a measure of the uniformity of the granules, could
not be predicted by these two variables alone.

The second stage of the experiment used a D-optimal
design to examine the effects of roller speed, gap width,
compaction pressure, and postcompaction mill sieve opening
on granule and tablet properties. The granulation size in-
creased with increasing pressure but had less of an effect as
the mill sieve opening decreased showing the interaction
between these two variables. Compaction pressure and sieve
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opening also had an influence on the uniformity of both the
granulation and the tablets. As screen size increased the
variability of the granulation potency increased. It was found
that lower pressures and larger gaps during the roller com-
paction led to lower compaction forces to form a tablet of the
desired strength. Tablet friability was unaffected by any of
the roller compaction variables studied.

As discussed in this section a review of the mathematical
descriptions and mechanistic understanding, combined with
some knowledge of the materials being roller compacted and
some studies of the system response to the parameter settings
can be used to determine and even predict the settings of or
system responses to the four main variables in the roller
compactor: feed speed, roller speed, compaction pressure,
and gap width.

38.4.3 Ribbon Breaking and Size Reduction

The roller compacted ribbon is typically broken and
reduced in size to form the final granulation. The interparticle
bonds in the ribbon need to be strong enough such that
fractures form and lead to granules rather than a loosely
compacted ribbon returning to powder. Ribbon of a consis-
tent strength and density should give consistent granule
particle size distributions. Bacher et al. [14] suggested that
the ribbon breaks at the weakest interparticle bonds and that
ribbons with uniform interparticle bonds give the better
compactability.

The milling operation can be integral to the machine or a
separate step and is usually accomplished with a screening
mill. General considerations common to screening mills such
as choosing the impeller type, screen type, speed (impeller or
screen depending on type of mill), and spacing of the screen
and impeller are steps to achieving the desired granulation
particle size distribution. Proper selection, setup, and main-
tenance can eliminate the need for a metal detector at the mill
exit. Effects of screen selection affecting the granule and
tablet properties in a roller compaction operation have been
reported by am Ende et al. [72].

Information on the operation of mills can be applied
directly to the milling subunit operation of roller compaction.
Rekhi and Sidwell [73] described how Kick’s Law,
Rittinger’s Law, and Bond’s Law have all been developed
to relate the mill energy input to the size reduction process. It
was reported that only a small part of the energy used by the
mill is consumed in breaking the particles making the ability
to predict performance limited in practice. Some experimen-
tation is necessary to select the mill change parts (e.g., screen,
impeller, spacers), and operating parameters due to the
limitations of the predictive methods. These experiments
can also identify common milling problems such as screen
blinding, heat generation (with possible melting), and inter-
actions with moisture either from the environment or liber-
ated during the milling process.
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38.4.4 Process Models for Roller Compaction

The area of the roller compaction operation that is unique to
the unit operation and of most interest to model is the area
where the powder is consolidated, begins to move with the
rollers and is compacted into the ribbon. Several approaches
to process predictions have been explored: mathematical
models, multivariate regression of designed experiments,
predictions from compaction properties, computational
modeling of the material in the process, and artificial intel-
ligence/neural network construction to predict outcomes
from a set of training data.

The foundation of a mathematical description for the
roller compaction process was described by Johanson [15]
and has been further studied by many authors including
Bindhumadhavan et al. [65], Yusof et al. [66], and Sommer
and Hauser [67]. Alternate approaches were presented by
Yehia [69] and reviewed by Dec et al. [70]. Several studies
have used multivariate regressions to characterize the roller
compaction operation such as Falzone et al. [19], Hervieu et
al. [71], Rambali et al. [11], Weyenberg et al. [36], and am
Ende et al. [72].

Although achieved by passing between rollers, the com-
paction of ribbon causes the same physical processes within
the powders that are induced during compaction within a die.
Borrowing or combining concepts from tablet compaction
can be useful to understanding roller compaction. For
example, Farber et al. [37] examined the loss in tensile
strength when comparing tablets made via a roller compac-
tion granulation to a direct compression prototype. The roller
compaction process was considered as part of the overall
compaction history of the materials. A “unified compaction
curve” was constructed that described both the roller com-
paction and tablet forming processes. It was found that, for
materials that bond primarily from plastic deformation,
compaction information generated with a compaction sim-
ulator or single station press could be used with information
about the pressure exerted by the rollers to estimate the
tensile strength of the final tablets.

Hein et al. [74] used a three-dimensional model of com-
paction properties populated by data from a single station
press to predict the change in final tablet properties as a result
of roller compaction. A reduction in final tablet strength was
shown for materials with plastic deformation. A minimal
reduction in tablet strength was shown for the material with
primarily brittle fracture. The model was considered effec-
tive at screening materials for use in roller compaction.

Computational methods can be used to understand and
predict process behavior and can be applied to roller com-
paction. Dec et al. [70] reviewed several finite element
method (FEM) applications as part of a review of modeling
methods. However, most of the models reviewed were pub-
lished from researchers in the metals industry. The simula-
tions were dependent on estimates of the feed stress and

friction to predict the process conditions and postcompacted
material performance.

The use of neural networks and artificial intelligence
approaches to modeling have been explored to correlate
different types of inputs, process parameters, and granule
or resulting tablet performance. Inghelbrecht et al. [75]
studied a 60 experiment data set and then predicted the
results for an additional 20 experiments. The speed of two
feed screws (horizontal and vertical), roller pressure, and
roller speed were used to predict the granule friability and
particle size. It was found that the neural network was more
effective than a quadratic mathematical model approach in
predicting the granule performance results.

The binder type, binder concentration, number of com-
paction passes, and addition of microcrystalline cellulose
extragranularly, were used as inputs to predict the perfor-
mance of acetominophen tablets by Turkoglu et al. [76]. The
results were poorly predicted using a typical neural network
learning algorithm of adjusting the weighting of parameters
relating model inputs and outputs. A second calculation
method using a “genetic” algorithm that progressively se-
lects best fit solutions in “generations” of calculations gave
better predictions.

A variety of material inputs were used with projected
process settings for roller speed, and roller gap to predict the
roller pressure, nip angle, ribbon density, and ribbon porosity
by Mansa et al. [77]. The commercial software package
employed used neural network, genetic algorithms, and
fuzzy logic in order to predict the outputs. Good agreement
was found inside the training range. However, some rules
generated by the system did not seem to correlate with the
physical system (e.g., roller gap not having an effect on
ribbon density) and predictions outside the training range did
not compare well with experimental values.

38.4.5 Control Strategies for Roller Compaction

The overall roller compaction operation includes the powder
preparation and handling, compaction by the rollers, and the
subsequent breaking and sizing of the resulting ribbon. The
variables affecting powder preparation and handling as well
as sizing operations are not specific to the roller compaction
and can be chosen for the roller compaction operation from a
base of information devoted specifically to these fields.
For the compaction portion of the operation, several re-
ferences such as Johanson [15], Yehia [69], and others have
discussed how powder measurements with or without experi-
ments can be used to design a compactor that will subject the
material to a compression history resulting in the desired
output ribbon and granule properties. The typical situation in
many areas of manufacture, including pharmaceutical appli-
cations, is the reverse. An equipment vendor has already spent
the effort to design a piece of equipment of general applica-
bility for the typical range of powder properties encountered



by their clients. The decisions regarding screw feeder ar-
rangement, design, placement in proximity to the rollers,
roller diameter, width, a mechanism to maintain position of
the rollers, a system to apply pressure on the powder, and the
milling arrangement have already been chosen.

The challenge in most practical applications of roller
compaction technology is to find the appropriate settings
for adjustable parameters given a set piece of equipment and
control system previously engineered by the manufacturer.
The four common variables discussed in most of the literature
are the feeder speed, roller speed, gap, and pressure. These
variables depend on one another and need to be set in
combinations that are appropriately balanced. The experi-
ence of the vendor who configured the machinery and who
has the benefit of the knowledge from working with many
clients can help in designing the roller compaction process
and selecting parameter values. Extreme settings of the
controllers are usually not effective at making the best
product unless there is something very unusual about the
system under study. Several investigators, such as Rambali
etal. [11], Weyenberg et al. [36], and am Ende et al. [72] used
statistically designed studies to understand and even predict
the granule and tablet properties as a function of the roller
compactor variables and select the parameter values.

The simplest method is to choose a feed speed, roller
speed, and pressure, which delivers the desired gap or ribbon
thickness. The challenge for this method is to deliver the
powder very consistently. A balance of the powder feed speed
and the roller settings must be achieved to avoid over or under
feeding the roller compactor. As discussed by Lecompte
et al. [64] it is necessary to feed enough material to the nip
region such that a compact is formed and the powder is being
transported fast enough to encourage a uniform packing
across the roller width with a uniform ribbon resulting.
Guigon and Simon [44] discussed how the feed speed and
compactor throughput should not be so fast that there is
leakage of powder from the sealing mechanism or that air
entrainment disrupts the powder flow or strength of the
compacted ribbon.

In some studies, such as Guigon and Simon [44], a link
between the gap and the resulting product quality is estab-
lished. Given the difficulty of feeding powders without
variation, control systems have been developed such that a
roller speed, pressure, and gap distance can be set. The feeder
speed is then adjusted in a feedback loop with the gap
measurement in order to maintain a consistent ribbon thick-
ness and strength.

More recent variations in control systems also recognize
the importance of the feed and seek to monitor the feed screw
output or the actual mass throughput of the roller compactor
in order to make adjustments to the roller compactor settings.

Two different approaches to setting and scaling the op-
eration of the roller compactor are discussed in the next
section.
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38.5 SCALE-UP OF ROLLER COMPACTION

38.5.1 Scale-Up Strategies

A common method for scaling up a roller compaction process
from development equipment to commercial equipment is to
use a parametric strategy. The parametric strategy focuses on
determining the commercial equipment parameter values by
using equivalency factors. Equivalency factors are based on
aspects of the equipment. Some of the values used may be
taken from the equipment manufacturer, who has assembled
information from the design and testing of the unit as well as
the collected experience of the client base in order to develop
scale-up factors.

In selecting the roller pressure for the commercial equip-
ment, the hydraulic pressure required to generate a needed
force on the rolls can be estimated by considering the roller
width and roller diameter. In selecting the roller speed for the
commercial equipment, the rpm can be set to obtain a linear
velocity of the rolls equivalent to that used in development.
Alternatively, dwell time can be used as a metric for selecting
the appropriate roller speed for the commercial equipment.
Often, the selection of roller speed and roller gap is syn-
chronized to obtain the desired throughput. This approach
neglects the quality of the ribbons and granules produced,
and the potential affects on downstream processes.

An alternative strategy focuses on the attributes of ribbons
and calls for adjusting the ribbon production parameters to
attain attribute values on the commercial equipment equiv-
alent to that produced in development. The intent of con-
trolling the quality of the ribbons produced is to control the
downstream granule properties (size distribution, solid frac-
tion, and compactability). The hypothesis underlying this
approach is that under similar milling conditions (mill speed
and screen opening) the output particle size distribution is
determined by the ribbon input quality (Campbell et al. [78],
and Morrison et al. [79]).

The roller compaction unit operation is composed of
subprocesses focused on achieving two sequential, indepen-
dent, but linked manipulations of the material: ribbon pro-
duction and granule production by milling. The two quality
attributes of interest for the ribbons are the thickness after
recovery due to relaxation, and the solid fraction. As with the
general consolidation theory, these two ribbon attributes
control the breaking strength of the ribbon. Both of these
attributes should, therefore, influence the behavior of the
ribbons during milling. The indirect effects on ribbon recov-
ery should be carefully studied, since extensive recovery
could affect ribbon strength.

One crucial decision to be made when contemplating
scaling up a roller compaction process is whether or not to
use the automatic gap feedback control system or to proceed
with a preset feed rate. This decision will determine what
parameters need to be considered in scale-up. If the roller
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compactor is run under gap control, the effect on ribbon
thickness is muted, unless purposely varied (by changing the
gap). To determine what process parameter to alter to obtain
the desired intermediate attribute requires a detailed knowl-
edge of the interplay between process parameters and ribbon/
granule attributes.

38.5.2 Case Study I: Parameteric-Based Scale-Up

Case Study I reports on the roller compaction of a model
microcrystalline cellulose/lactose blend with 5% active
using the manual operation. In manual operation, the three
parameters for ribbon production (screw speed, roller speed,
and roller pressure) were set at predetermined values that
remained constant for the duration of the run. For reproduc-
ible ribbon production, this implied that the powder flow into
the rollers had to be constant.

The behavior of the powder during roller compaction
depends on the region it is in (Inghelbrecht and Remon [20,
22], Bindhumadhavan et al. [65], Zinchuk et al. [42], Yusof
et al. [66]). The powder in the slip region is densified
slightly by rearrangement as it travels toward the rollers.
In this region there is slippage between the powder and the
rollers. In the slip region the velocity of the powder is
slower than the linear velocity of the rollers. In the nip
region the powder undergoes densification by particle re-
arrangement and by deformation. In the compaction region
further densification by deformation occurs proceeded by
bonding to form the ribbon.

In the parameter optimization study three factors were
evaluated: screw speed, ratio of roller speed to screw speed
(powder delivery rate), and roller pressure. Based on the data
set, various parameter combinations were identified that
produced granules of the desired flow and particle size
distribution. The process parameters (screw speed, roller
pressure, and roller speed) for commercial-scale equipment
were determined using equivalency factors.

38.5.2.1 Adjusting Pressure Several researchers have
reported on the loss of powder compactability upon roller
compaction (Kochhar et al. [80], Bultmann [31], Freitag et
al. [24]) and ascribe it to a reduction in the binding
potential due to the consolidation that occurs during roller
compaction (Malkowska and Kahn [40], Falzone et al. [19],
Kleinebudde [6]). To mitigate this reduction the authors
state that only sufficient pressure should be applied during
roller compaction to improve powder flow (the main ben-
efit). The roller pressure for the commercial equipment was
set considering the roller width and roller diameter.
No modification to the calculated value was made during
the run.

More recently, investigators have looked at instrumented
rollers to gather data on the actual pressure curve on the rolls
(Miguelez-Moran et al. [43]). Farber et al. [37] argued that

the compression process (volume reduction) a powder under-
goes during roller compaction is similar to that during table-
tting. Therefore, instrumented rolls can be used in setting
roller pressure on commercial equipment to achieve equiv-
alent pressure on the commercial equipment (and hence
similar powder behavior). The underlying principle being
that similar ribbons would be produced on scale-up if the
pressure is maintained.

38.5.2.2 Choosing Screw and Roller Speed The roller
speed for the commercial equipment in Case Study I was set
to obtain the desired process efficiency. In manual mode, the
ratio of screw:roller speeds dictates, for a given material and
roller pressure, the gap between the rollers. To attain a roller
gap on the commercial equipment similar to that on the
development equipment, the value of ratio of screw speed to
roller speed obtained during development was used to set the
screw speed on the commercial-scale roller compactor based
on screw design and roller width and diameter. The force
generated by the powder propelled by the feeder screw into
the slip region is counter-balanced by the hydraulic pressure
applied to the rollers. Based on the material properties, the
balance between these two forces determines the gap be-
tween the rollers.

38.5.2.3 Mill Screens and Speeds The velocity at which
the milling blade rotates affects the milling process in two
ways: the force of the instantaneous impact on the ribbon and
the residence time in the milling chamber. These two aspects
have two different potential consequences. The higher im-
pact could result in the ribbon shattering into smaller gran-
ules. Residence time in the chamber affects the amount of
attrition the ribbon undergoes, which results in finer particles.
Brittle materials are more susceptible to the impact, whereas
pliable (viscoelastic) materials are more prone to attrition.
The properties of the microcrystalline cellulose/lactose ac-
tive blend in Case Study I suggested that the ribbons pro-
duced would posses both brittle as well as viscoelastic
properties. Since ribbons are porous solid bodies, it is
plausible that the ribbons fractured into smaller pieces that
underwent size reduction by attrition. Hence, it was deter-
mined that residence time was the important factor to study
and not the instantaneous impact.

A derived parameter was used for mill speed. The effect of
milling speed is due to its effect on residence time of the
ribbon in the milling chamber. To more accurately estimate
the effect of residence time on granule properties, a ratio of
mill speed to roller speed was studied as a derived parameter.
Increasing the mill-to-roller speed ratio reduced residence
time for the ribbons in the milling chamber by increasing the
output rate for a given input rate. Increasing the mill-to-roller
speed ratio (shorter residence time) increased the mass flow
rate of the granules. This was due primarily to the increased
mean particle diameter and reduced fines.
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The bulk powder property of interest for tablet compres-
sion is the mass flow. Powder mass flow should be governed
by the properties of the particles making up the bulk. The two
particle properties controlled by the roller compaction
process are mean particle size and amount of fines. These
two particle properties have an opposite effect on mass flow.
Figure 38.16 is a contour plot showing the interactive effect
of mean size and fines on flow. To maximize flow, the mean
particle size would have to be increased to compensate for a
higher amount of fines. The area of maximum flow is
bounded approximately by the lower left to upper right
diagonal in Figure 38.16.

Due to the statistical design used, the effect of screen size
was nested within the effect of mill/roller speed ratio. The
effect of the upper and lower screen could only be determined
for a given mill to roller speed ratio. As expected, the effect of
the lower screen was more pronounced than that for the upper
screen. A maximum in mean particle size was observed with
a 1 mm lower screen opening. This maximum mean particle
size coincided with a similar maximum in mass flow with a
1 mm lower screen opening.

To understand the milling process in more depth, the
difference between the upper screen opening and the lower
screen opening was studied. It was theorized that this
difference may be important since the upper screen controls
the quality of the input for the lower screen, and because
size reduction in this case is partially through attrition.
Figure 38.17 depicts the relationship between mass flow and
the difference in screen opening between the upper and
lower screen. Equation 38.5 depicts the relationship, where
M is the mass flow (g/s), Mn.x M is the maximum predicted
flow (g/s), X is the difference in screen opening (mm)

between the upper and lower screens, and X, is the differ-
ence at maximum flow.

X—XO)Z

M = Mygp e 7" (38.5)

The fitted model strongly suggests an optimum for mass
flow at 1.96 mm difference in screen opening. The maximum
predicted flow is 3.99 g/s. The combination of the lower
screen maximum at ~1 mm and the screen difference max-
imum at ~2 mm defines the upper screen optimum at ~3 mm.
These same screen openings were used for scale-up in Case
Study L.
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FIGURE 38.17 The effect of difference in opening between upper
and lower screens on mass flow.
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38.5.2.4 Parametric Scale-up With a Procedure and Para-
meters Recommended from the Equipment Manufacturer
The example presented in this section illustrates scale-up
recommendations similar to one of the major equipment
manufacturers based on the design and experience devel-
oped with their equipment. In this case the pilot-scale
equipment has a roller diameter ~60% of the size of the
commercial equipment and a roller depth ~53% of the
commercial equipment. It was recommended that the gap
for the commercial machine be calculated from the accept-
able values from the pilot-scale machine according to
equation 38.6, which for this choice of equipment sizes
leads to the larger machine gap setting about 1.7 times the
pilot-scale machine.

(38.6)

The screens on the postcompaction mill for the commer-
cial machine are approximately five times the size of the
pilot-scale machine so a throughput increase of approxi-
mately 4.5-5 times is expected in this example. The sug-
gested scale-up procedure then uses machine parameters to
calculate the roller speed based on equation 38.7. The
throughput of the pilot-scale machine and the desired ribbon
density are used as inputs with the remaining parameters
coming from the machine geometry. The roller depth, B, may
have an adjustment factor to be added for some machine
designs. The roller speed calculation typically has a result
with the commercial-scale machine about 1.7 times faster
than the pilot-scale machine for the commonly available
units this example was based on.

_ T1><5
" Dyxnx(B)xGyxp

1y (38.7)

The next step in the scale-up is to relate the hydraulic
pressure setting on the pilot-scale machine to the hydraulic
pressure setting on the commercial machine. First the force
per unit distance of roller width needs to be estimated from
the manufacturer’s conversion factor by a rearrangement
of equation 38.8. The force per unit distance of roll width
for the commercial machine is then calculated from
equation 38.9.

P = F x (pressure conversion factor) (38.8)

D
Fy=—=2xF| %t (38.9)
D,

where ¢, is an adjustment factor related to the dwell time.
The hydraulic pressure setting for the commercial-scale
machine is then calculated from equation 38.8 using the

appropriate factor for the commercial-scale machine. Typ-
ical values are approximately an 8% increase in the hydraulic
pressure as suggested by the manufacturer for the models in
this example.

The screw feed is adjusted to achieve the calculated gap
and the calculated pressure. It is recommended by this
manufacturer to use a feedback loop to adjust the feed screw
to maintain the gap. Typical values for screw speed on the
larger unit are about 80% of the value for the pilot-scale unit
for two typical models from this manufacturer but it should
be noted that the larger system has twin screws compared to
the single screw on the smaller machine.

Finally, the mill speed is set. From the manufacturer’s
experience, a mill speed setting on the commercial machine
of about 75% of the pilot-scale machine will yield granules of
similar size distribution when using screens with the same
aperture.

38.5.3 Case Study II: Attribute-Based Scale-Up

Case Study II reports on the roller compaction of a model
microcrystalline cellulose/lactose active blend with 2.5%
active using the automatic operation. The roller speed for
the commercial equipment was set at high speed to maximize
operational efficiency. The roller gap and roller pressure
were adjusted to produce ribbons with the attributes identi-
fied in development as optimal for downstream processing.
The feed screw speed was allowed to float to maintain the
powder feed rate sufficient to maintain an adequate flow into
the nip area.

The optimum ribbon attributes were identified from de-
velopment results by multiple constraint optimization of the
granule properties such as powder flow and compactability.
The variability in ribbon and granules properties depended on
roller compaction process stability that is controlled by the
powder flow to the feed screw during manufacture.

38.5.3.1 Ribbon Thickness and Density Roller speed
had a marginal impact on the thickness, recovery, or density
of ribbons produced. Increasing the roller pressure increased
the ribbon density and reduced the ribbon recovery. The
augmented load experienced by the powder during its transit
through the rollers resulted in increased consolidation pro-
ducing stronger ribbons. The increased interparticle bonding
resisted the relaxation postcompaction, which explains the
reduced recovery seen. Increasing the roller gap produced
thicker ribbons, while reducing the recovery. The effect of
gap on ribbon density was minimal.

There was little interactive effect between gap and pres-
sure on ribbon thickness (Figure 38.18). The desired ribbon
thickness could be obtained simply by setting the gap to the
necessary setting (under gap control) allowing for the ap-
propriate relaxation. Equation 38.10 depicts this relationship,
where /1 is the ribbon thickness (mm), G is the gap setting
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FIGURE 38.18 Effect of roller gap and roller pressure on ribbon
thickness.

(mm), and P is the roll pressure (bar). The intercept accounts
for the relaxation postcompaction.
h=10.98 x G—0.002 x P+0.45 (38.10)
There was a marginal two-way interactive effect between
gap and pressure on ribbon density (Figure 38.19).
Equation 38.11 depicts this relationship, where p, is the
apparent ribbon density (g/mL), G is the gap setting (mm),
and P is the roll pressure (bar). The intercept probably refers

to the density in the powder bed just prior to significant
consolidation.

P = 0.94+0.004 x P—0.008 x G—0.0001 X P x G
(38.11)

Ribbon densification was more efficient at lower gap
settings, which aligns with the common understanding of
force transmission though a powder bed under load. The
desired ribbon density could be obtained simply by setting
the load to the necessary setting (under gap control).

Figure 38.20 shows that ribbon recovery is determined
by roll pressure and roll gap. Equation 38.12 depicts
this relationship, where R is the apparent ribbon relaxation
(%), ¢ refers to the maximum elastic recovery (19.8%), G is
the gap setting (mm), and P is the roll pressure (bar).

R=¢-0.03xP-3298x G (38.12)

Both applied pressure and gap influenced the degree of
recovery seen postcompaction, with gap being more domi-
nant. The least recovery is seen with high pressure and wide
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FIGURE 38.19 Effect of roller gap and roller pressure on ribbon
density.

gap, and most recovery is seen with low pressure and narrow
gap. The effect of compression pressure on recovery is
opposite that seen with tablets (Adolfsson and Nystrom [81]).
This is consistent with the view that weaker ribbons recover
more.

38.5.3.2  Particle Size and Powder Flow Increasing roll-
er speed reduced the powder flow. This reduction was mainly
attributed to the change in particle size distribution; the mean
particle size decreased while the fines increased. Potentially,

Recovery (%)

FIGURE 38.20 Effect of roller gap and roller pressure on ribbon
recovery.
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this can be the result of increased residence time in the
milling chamber. Increasing the input rate into the milling
chamber, while keeping the output constant, would increase
the residence time. Increased residence time should produce
a particle size distribution skewed to smaller sizes (see
Case Study I).

Increasing the roller pressure used to produce the ribbons
increased the powder flow. This increase is mainly attributed
to the change in particle size distribution; the mean particle
size increased while the fines decreased. This is consistent
with the theory that stronger ribbon (produced at higher
loads) would produce larger granules with fewer fines
(Herting and Kleinebudde [26, 33]).

Increasing the roller gap used to produce the ribbons,
decreased the powder flow. This reduction is mainly attrib-
uted to the change in particle size distribution; the mean
particle decreased while the fines increased. This is consis-
tent with the theory that ribbons have a density gradient
decreasing from the surface to the center. The thicker the
ribbon is the lower the density at the center. This low-density
center will mimic ribbons made at lower loads and produce
smaller particles during the milling process. Using principal
component analysis, Soh et al. [16], showed that roller gap is
an important predictor of granule properties. Figure 38.21
shows the interactive effect of roller pressure and roller gap
on mass flow. The data shows that the ribbons made at
opposite extremes of pressure and gap have minimum and
maximum flow. Low pressure and large gap produced min-
imum flow; high pressure and narrow gap produced maxi-
mum flow. These powder properties are directly linked to the
particle size distribution obtained from the ribbons. The data
strongly suggests that pressure can be used with some degree
of success to offset the effect of increased gap. This clearly
illustrates the importance of control over ribbon quality as a
scale-up metric.

The interaction between roller speed and roller gap is
notable since it affects process efficiency (Figure 38.22). The
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FIGURE 38.21 Effect of roller pressure and roller gap on granule
mass (g/s).
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FIGURE 38.22 Effect of roller speed and roller gap on granule
mass flow (g/s).

best flow is seen with a small gap running at slow speed,
which coincides with the largest mean particle size and
lowest amount of fines. These conditions would be the least
efficient. Efficiency gains could be obtained with wider roller
gaps at faster speeds. However, this combination yielded the
slowest flow, which coincides with the smallest mean particle
size and the highest amount of fines.

The effect of ribbon density and thickness on bulk mass
flow is illustrated in Figure 38.23. Equation 38.13 depicts
this relationship, where M is the mass flow (g/s), p, is
the apparent ribbon density (g/mL), /4 is the ribbon thick-
ness (mm).

M =9.49 x p,—0.69 x h—0.582

(38.13)

Flow (g/s)

FIGURE 38.23 Effect of ribbon density and thickness on granule
mass flow.



This coincided with their effect on granule mean size.
Increased ribbon density produces larger granules with en-
hanced flow. Increased ribbon thickness leads to a smaller
granules with reduced flow. The effect of ribbon thickness on
the amount of fines produced after milling was marginal, but
the effect of ribbon density was significant. Higher ribbon
densities correlated with higher amounts of fines. This could
be due to increased residence time in the mill leading to more
attrition by shear. Herting and Kleinebudde [26, 33] reported
a similar growth in particle size and improved flow with
increased ribbon density.

Fragility of granules can be a main contributor to re-
duction on mass flow with processing postroller compac-
tion. This was due to particle attrition during additional
mixing of the granules with extragranular ingredients. To
separate out the relative importance of changes in fines from
changes in mean size on flow, the relative change in flow
(final blend-granule) was evaluated against the relative
change in mean size and fines (Figure 38.24). Equa-
tion 38.14 depicts this relationship, where AM is the change
in mass flow (g/s), ms is the mean size and f is the amount
of fines.

AM =—0.24 —0.04 x Ams+0.004 x At —0.04 x Ams®
+0.0004 x Af?
(38.14)

Flow was relatively resistant to change mean size over
the range observed. Flow was quite sensitive to changes in
the amount of fines. This indicates that efforts to improve
flow are better spent reducing the amount of fines rather than
optimizing the mean size. The bulk powder property of

Change in flow (g/s)

FIGURE 38.24 The interaction between change in mean diam-
eter and fines on change in bulk mass flow.
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interest for tablet compression is the mass flow. Powder
mass flow is governed by the properties of the particles
making up the bulk. The two particle properties controlled
by the roller compaction process are mean particle size and
amount of fines. These two particle properties have an
opposite effect on mass flow. To maximize flow, the mean
particle size would have to be increased to compensate for a
higher amount of fines.

38.5.3.3 Powder Compactability The performance of the
compression operation depends on the characteristics of
the input final blend. There are two main metrics that describe
the performance of the process: compactability (how hard the
press has to work to make tablets) and process stability (how
variable the product properties are).

Ribbon production variables affected compactability,
whereas ribbon milling conditions did not affect compact-
ability appreciably. There were two populations of ribbons
analyzed for compactability, one set corresponding to low
roller pressure and one corresponding to high roller pressure.
The ribbons compressed at low pressure had a lower apparent
density and a higher compactability compared to ribbons
compressed at high pressure that had a higher apparent
density and a lower compactability. Malkowska and
Khan [40] reported a similar observation of increased com-
pactability with a reduction in ribbon density.

In addition to density, ribbons also had a characteristic
thickness. The effect of density and thickness on compact-
ability was evaluated. Figure 38.25 suggests that ribbon
thickness had only a small impact, while ribbon density had
a substantial impact on compactability. Equation 38.15
depicts this relationship, where K is the compactability

Compactability (SCU/ton)

FIGURE 38.25 Effect of ribbon density and thickness on final
blend compactability.
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FIGURE 38.26 Effect of mean particle size and amount of fines on final blend compactability.

(SCU/ton), p, is the apparent ribbon density (g/mL), and / is
the ribbon thickness (mm).

K = 174—9.74 x h—245 x p, +1.74 x I> +100 x p,
(38.15)

In addition to the direct affect of density on compression,
the link between density and compactability may also be
mediated through particle size (Figure 38.26).

Blends with lower amounts of fines or a small mean
particle size had on average higher compactability. There
was a direct relationship between ribbon density and mean
size, but an inverse relationship between the ribbon density
and the amount of fines. The hypothesis explaining increased
compactability with decreased ribbon density includes two
parts. The ribbon density (and by extension the particle
density) affects the particle strength and hence the force
needed for deformation. Ribbon density affects the particle
size distribution (mean size and fines) of the resulting final
blend. A higher amount of fines and a smaller mean particle
size promotes compactability.

38.5.3.4 Process Quality Process quality has two mea-
surable quantities, that is, process stability and process
repeatability. Process stability is defined as the variance in
the metric of interest during a single batch run (within run
variability). Process repeatability or capability is defined as
the variance in the metric of interest across a study (between
run variability), also as the capability of a process to meet its
purpose. This analysis can be done on unit operations for

which the parameters are not varied, or for upstream oper-
ation variables under evaluation.

Process repeatability is a metric for the downstream effect
of the roller compaction unit operation. Based on the pro-
posed target core tablet attributes (tablet weight, hardness,
and thickness), the process capability indices (Cp) [82] were
calculated. A Cp value of 2 is generally expected for a process
under control (60).

The Cp analysis based on tablet weight showed a com-
pression operation unaffected by the roller compaction
settings. Process capability (Cp) based on tablet hardness
was improved with a decrease in roller gap. A narrower
roller gap correlated with a faster mass flow, higher recovery
and lower amount of fines. Of these three coincidental facts,
mass flow variations would have been reflected in the
weight-based Cp analysis. In principle, variations in recov-
ery and fines amount affect compactability, and, by reason-
ing, hardness-based Cp.

38.6 SUMMARY

Dry granulation is an effective means of improving the per-
formance of powders. Improvements in flow and compaction
for most pharmaceutical applications aid in the filling of
capsules, and compression of tablets. Although several
methods are available, roller compaction is the predominant
method for the production of granules without solvent. The
roller compaction unit operation is comprised of several
subprocesses. Powder feeding and milling, the first and
last of these subprocesses, have large bodies of knowledge



which can be adapted to roller compaction. The compaction
step itself is of most interest when designing the roller
compaction process. Material properties, in-process and final
product measurements, and their interaction with the feed
rate, roller speed, roller pressure, and gap have been reviewed
and examples given for process development and scale-up.
This information confirms the utility of roller compaction and
provides tools for designing the roller compaction process.

SYMBOLS

<-
€

roller width

process capability index

roller diameter

compaction force per unit distance of roller width
mass flow (g/s)

roller gap

gap setting (mm)

thickness of compacted ribbon (mm)
compactability (SCU/ton)

roller speed

hydraulic pressure (roller pressure) (bar)
apparent ribbon relaxation (%)

gap

throughput

nip angle

position

angle of internal friction

effective angle of internal friction
maximum elastic recovery (%)
angle of wall stress

friction coefficient

angular roll position

I angular position at which feed pressure is applied
p density
Pa apparent ribbon density (g/mL)
T shear stress
v acute angle roller tangent to normal stress
ms mean size
f amount of fines
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