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ABSTRACT: Real-time process monitoring using process analytical technology (PAT) tools can augment process
understanding, enable improved process control, and hence facilitate the production of high-quality pharmaceutical products.
While beneﬁcial for batch processes, the availability of PAT tools to monitor continuous processes in real time is required to
ensure product quality. This paper presents the application of novel process analytical technology (PAT) tools in combination
with oﬀ-line analytical techniques for the study of a laboratory-scale roller compaction dry granulation process. An experiment
whereby roll pressure was linearly increased and the eﬀects thereof on roller compacted ribbon and granule properties of a
placebo formulation is described. Analysis of the ribbons and granules was performed using both in-line and oﬀ-line techniques.
Ribbon envelope density was measured using the GeoPyc, and the results were compared to oﬀ-line near-infrared (NIR)
measurements and a novel in-line NIR tool, the Multieye. Particle size analysis of roller compacted granules was assessed with
traditional sieve analysis, Camsizer and a novel technique, the Eyecon. Both Camsizer and Eyecon have the potential of being
used as PAT tools in-line. Additionally the compressibility of the granules was determined using in-die Heckle analysis and the
hardness of the resultant compacts was assessed. The compacts were subsequently analysed using oﬀ-line Raman spectroscopy to
investigate the surface smoothness which was shown to indicate crushing strength for compacts prepared. The results of this
initial study demonstrate a good relationship between in-line and oﬀ-line measurement of key in-process material attributes. The
ﬁndings thus support the further exploitation of these new in-line PAT methods in monitoring of continuous unit operations at a
commercial scale.

1. INTRODUCTION
In the highly regulated pharmaceutical manufacturing industry
virtually all manufacturing operations are undertaken in a batch
campaign. However recently, regulatory authorities and
pharmaceutical manufacturers are recognizing the advantages
of continuous manufacturing processing over the traditional
batch conﬁguration, in terms of cost-reduction, improved
eﬃciency, ease of automation, better controlled processing,
reduced energy, reduced waste, less footprint, less material
handling, and consistent product quality.1,2 Subsequently, the
industry and regulatory stakeholders recognize that continuous
processing can have a signiﬁcant role to play in the
pharmaceutical industry.
An obvious concern relating to continuous processing is not
being able to depend on end product testing as an assurance of
the ﬁnished product quality, as is the case with traditional batch
manufacturing. In order to determine the quality of the
product, manufacturers need to introduce real-time monitoring
of critical processing parameters and in-line or at-line analysis of
© 2014 American Chemical Society

in-process materials to ensure product quality is maintained.
Therefore, in-process testing and process understanding for
continuous processing in the pharmaceutical industry is critical
to its control.1
Additionally for batch processes the regulatory agencies
increasingly require evidence of in-process testing and process
understanding. They require that medicinal products are
designed for predictable success, resulting in the development
of the following concepts: Quality by Design (QbD)3 and
Process Analytical Technology (PAT).4 The primary objective
of the QbD and PAT frameworks are to essentially work
retrospectively from the end user (the patient) to initial
product development in order to ensure that the highest level
of product quality is maintained. Both frameworks aim to
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and croscarmellose sodium (Ac-Di-Sol) obtained from FMC
BioPolymer, Cork, Ireland, anhydrous lactose (Supertab 21
AN) obtained from DFE Pharma, Nö rten-Hardenberg,
Germany, and magnesium stearate obtained from Merck
KGaA, Darmstadt, Germany, were used in this study and are
shown in Table 1. The blend selected was similar to that
previously investigated by Nesarikar et al. (2012).14

facilitate the pharmaceutical community to attain a state
whereby product quality and performance are accomplished
and guaranteed by the design of eﬀective, eﬃcient and well
understood manufacturing processes.3
PAT is the test and control regimen that identiﬁes, tests and
controls critical quality attributes (CQAs).4 Eﬀectively
embracing the PAT initiative can result in process control
throughout the production of a batch by incorporating in-line
or at-line analysis for real time quality control of each critical
process step. This can subsequently result in real-time factual
based quality assurance throughout the entire batch production.
A quality control system is essentially “built-into” the
manufacturing process that can provide suﬃcient data for
real-time release of the ﬁnal product with a reduced
requirement for oﬀ-line ﬁnished product testing. This reduction
or ideally elimination in oﬀ-line ﬁnished-product testing has the
potential to increase batch production eﬃciency, ensuring
product consistency and reducing the amount of out of
speciﬁcation product.5
Regulatory authorities can now authorize the real-time
release of ﬁnished product based on monitoring of process
parameters, in-process testing and process understanding when
suﬃcient evidence of process control is demonstrated.6 The
implementation of PAT and QbD frameworks in the pharma
sector has paved the way and alleviated concerns regarding
control of product quality during continuous processing.
The process selected for this study, roller compaction, is a
continuous granulation process whereby a homogeneous dry
powder blend containing the active pharmaceutical ingredient
(API) and excipients are compacted using two counter rotating
rollers producing densiﬁed sheets or “ribbons” of material
which are then subsequently milled to form granules of the
desired particle size distribution.1,7 Roller compaction can be
used if the API/excipient blend is poorly ﬂowing, thermolabile,
or sensitive to moisture. Compared to the wet granulation
process, granules produced by roller compaction do not require
a drying phase; hence, there is a cost and energy savings
association.8 Key in-process material properties associated with
the roller compaction process are the density of the ribbon
produced and subsequent granule properties.9 In-line monitoring and, subsequently, feed-back control of processing settings
would result in the reduction of batch−batch variations and an
improvement in product quality.10−13
The work presented herein describes how CQAs of ribbon
(density) and granulate (particle size and compressibility),
produced by roller compaction, can be monitored by novel
PAT techniques. The data presented were generated from a set
of experiments whereby the compaction pressure on the rolls
was linearly increased whilst maintaining a constant screw
speed and roller speed. Oﬀ-line density and hence solid fraction
measurements of roller compacted ribbons were obtained using
pycnometry and were compared to near-infrared (NIR)
measurements, both oﬀ-line and in-line using the Multieye
NIR probe. The particle size distribution of roller compacted
granules was determined by utilizing traditional sieve analysis,
Camsizer, and the Eyecon. The compressibility of granules and
hardness or “crushing strength” of resultant compacts were
determined and compared to measurements from Raman
spectroscopy.

Table 1. Placebo blend excipients, their function and
concentration
material

function

% (w/
w)

microcrystalline cellulose PH 102
anhydrous lactose
croscarmellose sodium
magnesium stearate

bulking agent/compression aid
bulking agent/compression aid
disintegrant
lubricant

48.97
48.97
1.55
0.52

2.2. Methods. 2.2.1. Roller Compactor. An Alexanderwerk
WP120 roller compactor was used for this study. Knurled rolls
with a diameter of 12 cm and a width of 4 cm were used.
Placebo blend was compacted at ﬁve diﬀerent roller pressures
with constant feed screw speed and roll speed as outlined in
Table 2. The roller gap was not ﬁxed but monitored during this
Table 2. Roller Compaction Experimental Conditions
run

roll speed
(rpm)

feed screw speed
(rpm)

roll pressure
(bar)

roll gap
(mm)

1
2
3
4
5
6

10
10
10
10
10
10

20
20
20
20
20
20

20
40
60
80
100
120

0.8
0.6
0.2
0.2
0.1
0.1

study. It was not possible to control both the roll gap and the
roll pressure as the two parameters were interdependent; hence
a change in roll pressure will cause a change in roll gap and vice
versa. Ribbon samples were collected for analysis. The
experimental settings outlined in Table 2 were repeated and
the ribbons produced were subsequently milled, with
approximately 200 g of granules collected for each experimental
setting. The minimum roller gap that can be reached by the
Alexanderwerk WP120 roller compactor is 0.1 mm, hence on
increasing the roll pressure from 100 to 120 bar no decrease in
roller gap is observed (Table 2, run 5 and 6).
2.2.2. Density Measurements. For all density measurements, ribbon samples were dried at 50 °C for approximately
12 h prior to analysis. Envelope density (ρenvelope) measurements were performed using a GeoPyc 1360 Envelope Density
Analyser (Micromeritics Instrument Co., Norcross, GA,
U.S.A.). The GeoPyc 1360 pycnometer determines the
envelope volume of the sample through a unique displacement
measurement using a quasi-ﬂuid medium known as DryFlo.
Envelope density was calculated automatically from the sample
mass and volume measurements. A consolidation force of 51 N
and a conversion factor of 0.5153 cm3/mm were used. A 25.4
mm internal diameter tube was used for the analysis. The
GeoPyc reports the average envelope density value for each
sample based on 10 measurements. The average values
presented are the average of values reported by the GeoPyc
for three individual ribbon samples ± standard deviation.

2. EXPERIMENTAL SECTION
2.1. Materials. A placebo blend composed of the following
excipients: microcrystalline cellulose (MCC; Avicel PH102)
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Figure 1. Working principle of the Eyecon 3D particle characterizer (adapted from Silva et al. (2013)).15

material was observed as soon as tumbling ceased. The
vibratory rate of the sample dispersion chute was set to ensure
that a ﬁne trickle of individual particles cascaded into the unit
for digital image analysis. The X-Jet module with a dispersion
pressure was chosen to ensure suﬃcient granule particle
dispersion without particle attrition. A count of at least 25000
particles was determined for each run.
2.2.3.3. Eyecon. The Eyecon particle imager (Eyecon,
Innopharma Laboratories, Dublin, Ireland) was used oﬀ-line
during the study, Figure 1.
This direct imaging system allows the determination of the
particle size distribution (PSD) for moving particles using a
ﬂash imaging technique as outlined in Figure 1. The Eyecon
can either be used oﬀ-line or in-line and provides size and shape
information in addition to images. During measurements, a
powerful short light pulse is created such that the particle
movement during this pulse is negligible and a sharp image is
captured without blurring. The particles are illuminated with
red, green, and blue LEDs from diﬀerent angles. The color on
the surface of the particle is captured in an image, and for each
individual pixel, a map of the surface height is built. Using
image gradient data an ellipse is ﬁtted on the particle edges, and
its maximum and minimum diameters are obtained.
The sample was presented into the measurement ﬁeld of the
Eyecon using a vibratory feed system. Direct images were
captured, and these captured images were analyzed by the
Eyecon software and were presented as a histogram. The values
reported were calculated by arranging particles in order of
ascending relative mass. First, the total mass is computed, and
then, an iterative algorithm continuously adds up the relative
mass values starting with the smallest. As the running total
reaches 10%, 25%, 50%, 75%, and 90% of the total mass, the
diameter of the last added particle is recorded as being the D10,
D25, D50, D75, and D90 diameter, respectively. The full
determination of D values is outlined by Silva et al.15
2.2.4. Compression of Granules. 2.2.4.1. The Heckle
Equation. Roller compacted granules (500 mg) were compressed on an Instron (8872) hydraulic material testing system
(Instron, Bucks, United Kingdom) to a maximum force of 20
kN. A 14 mm custom-made ﬂat-face stainless steel punch and

True density measurements (ρt) were performed using an
AccuPyc II 1340 Helium Gas Pycnometer (Micromeritics
Instrument Co., Norcross, GA, U.S.A.). The AccuPyc II 1340
determines the “true” volume of the sample by measuring the
volume of helium gas displaced by the sample, and uses this
measurement together with the sample mass to calculate the
true density of the sample. The AccuPyc reports the average
true density value for each sample based on 10 measurements.
The average values presented are the average of values reported
by the AccuPyc for three individual ribbon samples ± standard
deviation.
Percentage porosity (%P) of roller compacted ribbons was
calculated using eq 1:
%P = (1 − ρenvelope /ρt )

(1)

where P is the ribbon porosity, ρenvelope is the envelope density
and ρt is the true density.
2.2.3. Particle Size Analysis of Granules. 2.2.3.1. Sieve
Analysis. Sieve analysis was performed on 200−250 g of sample
granules from each experimental run. Six sieves with mesh sizes
of 1400, 1000, 710, 355, 180, and 90 μm were stacked together.
The assembly was vibrated on an automatic sieve shaker (VE
1000, Retsch Technology, Haan, Germany) for 5 min with an
amplitude of 1.50 mm/g. These gentle conditions were chosen
to prevent breakage of the granule samples. After shaking, each
sieve was weighted individually and the mass percentage of
material retained on each sieve was calculated. The % < 90 μm
was obtained from the residual material in the collector pan.
Granule ﬁnes were deﬁned as particles ≤90 μm.
2.2.3.2. Camsizer Digital Image Analysis. The particle size
distribution of the granules was determined by digital image
analysis using a Camsizer (Retsch Technology, Haan,
Germany) system. Each sample was subdivided, and the data
reported are the average of three replicates. In order to best
ensure representative sampling, each subsample was blended
and transferred to the dispersion chute of the Camsizer.
Relative standard deviation values calculated for d10, d50, and
d90 were 14.6%, 11.5% and 2.3%, respectively. Due to the
nature of the samples, it was diﬃcult to ensure homogeneous
mixing, since signiﬁcant segregation and settling of ﬁner
160
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Figure 2. Photograph showing integration of MultiEye with the roller compactor.

ﬂexibility to measure a single parameter of the process through
all probes or multiple parameters of the process simultaneously.
The Multieye is based on Fabry−Perot interferometer
technology.
During this trial the Multieye was set up as presented in
Figure 2. A halogen light source and a four point reﬂectance
probe was used to analyse the ribbon produced from the roller
compactor. The probe was set at a measuring distance of 400
mm from the generated ribbon. NIR measurements were
recorded in real time at equal distances across the width of the
40 mm ribbon. Spectra were recorded from 4555 to 6600 cm−1
(N-IR sensor range), this wavelength range was used to
correlate the density measurements to the in-line NIR spectra.
2.2.6.2. Oﬀ-Line NIR. NIR diﬀuse reﬂectance absorbance
spectra are a measure of the apparent absorbance of NIR
radiation as a function of wavelength. It is expected that an
increase in absorbance will correspond with an increase in
ribbon density. Oﬀ-line analysis was performed using a
PerkinElmer Spotlight 400 FT-IR (PerkinElmer, Dublin,
Ireland) in diﬀused reﬂectance mode. Spectra were recorded
from 4000 to 7800 cm−1 with a resolution of 2 cm−1 and
averaged over 8 scans. Ten spectra were measured per ribbon at
1 cm intervals along the length of the ribbon. The resulting
reﬂectance data were converted to absorbance (A) using the
following equation:

die set were used. The automatic compression mode was
chosen with a dwell time set to 10 s. The data reported are the
average of ﬁve replicates ± standard deviation for each set of
granules produced under each roller pressure.
The equation applied to characterize the compression
properties of the granules is stated as
ln

1
= kP + A
1−D

(2)

and

D=

ρr
ρt

(3)

where A is a constant, ρr is relative density (g cm−3) at applied
pressure P (MPa), ρt is true density (g cm−3) as determined via
helium pyconometry (2.2.2). Yield pressure (Py) reﬂects the
plasticity of the material under compression and was calculated
from the reciprocal of the slope k by performing linear
regression of the compression phase of the experiment where
R2 ≥ 0.99. In the present study, in-die force−displacement
compaction proﬁles were obtained from the instrumented
Instron testing system and were mathematically transformed to
ﬁt the Heckel equation. The area under the curve (AUC) of the
force−displacement proﬁles was calculated using the trapezoidal method. The compacts were used for further spectroscopic
studies (2.2.6.3).
2.2.5. Hardness of Compacts. The hardness of the resultant
compacts was determined using a tablet hardness tester (Dr.
Schleuniger Pharmatron). The data reported are the average of
ﬁve replicates ± standard deviation for each set of compacts.
2.2.6. In-line and oﬀ-line spectroscopy. 2.2.6.1. MultiEye
(in-line infrared). The Multieye (Innopharma Laboratories,
Dublin, Ireland), is a multipoint NIR spectrophotometer
designed for in-line, real-time process monitoring. Compared
to NIR array or FTIR-based systems, the Multieye was
designed as a cost-eﬀective instrument which can be used
with ﬁbre-optic probes to achieve a high signal-to-noise ratio
(SNR) (SNR about 5000). The instrument oﬀers users the

⎛1⎞
A = log10⎜ ⎟
⎝R⎠

(4)

Data analysis was performed using the Unscrambler software
(version 10.1). A standard normal variate (SNV) transformation was applied to all NIR spectra to remove slope
variations between spectra by mean centering each spectrum
which reduces the eﬀect of the physical variation of the ribbon
due to the knurled roller surface. The absorbance 4728 cm−1
was used to correlate the spectra with the density measurements. The area under the peak was calculated by integrating
from 3430 to 5010 cm−1 for each spectra measured per ribbon
(both in-line and oﬀ-line data). The area values were averaged
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Table 3. Eﬀect of variations in roll pressure on ribbon density and porosity
run

roll pressure (bar)

roll gap (mm)

1
2
3
4
5
6

20
40
60
80
100
120

0.8
0.6
0.2
0.2
0.1
0.1

average true density (g/cm3)
1.57
1.59
1.57
1.57
1.57
1.57

±
±
±
±
±
±

average envelope density (g/cm3)

0.01
0.01
0.01
0.01
0.01
0.01

0.93
0.97
1.15
1.20
1.19
1.21

±
±
±
±
±
±

0.01
0.06
0.14
0.05
0.18
0.18

average solid fraction
0.59
0.61
0.73
0.77
0.76
0.77

±
±
±
±
±
±

0.01
0.03
0.09
0.03
0.11
0.11

average % porosity
40.57
38.95
26.80
23.34
24.19
23.16

±
±
±
±
±
±

0.85
3.50
8.99
3.24
11.09
11.10

and compared directly to the density measurements. Multivariate analysis was not performed due to the limited raw data
available.
2.2.6.3. Oﬀ-line Raman Spectroscopy. The Raman spectra
were collected using a Raman spectrometer (PerkinElmer
RamanMicro 300, Dublin, Ireland) equipped with a thermoelectrically cooled CCD detector, a microscope for imaging
(Olympus BX51 M with a 20x objective lens (N.A. 0.40 and
F.N. 22) and a 250 mW laser source at 785 nm. The spectral
range was recorded between 200 and 3200 cm−1 with an
integration time of 5 s and averaging two scans. The compacts
were centred under the microscope, and line scans of ﬁve
points were collected (third point was located at the centre of
the compact). Raman spectra were collected on the same day to
avoid day-to-day variances in the results.

3. RESULTS AND DISCUSSION
3.1. Use of In-line and Oﬀ-line NIR to Study the
Density of Roller Compacted Ribbons. Ribbon density and
porosity are critical to the overall quality of the resulting
granules. A number of reports demonstrated that variations in
ribbon density and porosity can lead to a variation in size
distribution and density of granules for a given milling
condition.10,16 Gamble et al. (2010) reported that an increase
in ribbon porosity resulted in a broader particle size distribution
due to the production of a greater volume of ﬁne particles
which had a negative impact on the ﬂow properties of the
resulting granules.17
In this study, an increase in roller pressure resulted in an
initial increase in ribbon density (Table 3 runs 1−3). However,
at pressures greater than 60 bar the ribbon density remained
constant suggesting the ribbon may be fully compacted (Table
3, runs 4−6). An increase in roller pressure resulted in a
decrease in ribbon porosity as expected; however, at pressures
greater than 60 bar no signiﬁcant diﬀerence in ribbon porosities
was observed as shown in Table 3. The minimum roll gap
setting for this equipment was reached at roll pressures of 100
and 120 bar.
NIR diﬀuse reﬂectance absorbance spectra are a measure of
the apparent absorbance of NIR radiation as a function of
wavelength. It is expected that an increase in absorbance will
correspond with an increase in ribbon density.18,19
Figure 3 shows the measured in-line and oﬀ-line NIR spectra,
the inset plot highlights the region where the area under the
curve was calculated.
Figure 4 outlines the variation of envelope density with
increasing roller pressure (black). A trend between both the oﬀline (green) and in-line (red) NIR measurements to the oﬀ-line
density measurements (black), plateauing above 60 bar, is
evident in Figure 4. The Pearson product−moment correlation
coeﬃcient between the in-line NIR and the density values
reported was r = 0.880 and between oﬀ-line NIR and the
density values reported was r = 0.833. The results show a

Figure 3. Average NIR spectra for both in-line and oﬀ-line
measurements. The inset plot highlights the absorbance peak at
4728 cm−1 used to correlate the density measurements. Standard
normal variate (SNV) preprocessing method applied.

Figure 4. Plot of density (square, n = 3), in-line IR absorbance (circle,
n = 4), and oﬀ-line IR absorbance (triangle, n = 10) versus roll
pressure. Pearson coeﬃcient for in-line NIR and the density values
reported was r = 0.880 and for oﬀ-line NIR and the desnity values
reported was r = 0.833.

promising correlation between both in-line and oﬀ-line NIR
and ribbon envelope density. Further work is required to
validate whether this correlation is adequate to eﬀectively
monitor and ultimately control ribbon density within the
predetermined limits during a production scale, roller
compaction process.
3.2. Particle Size Measurements of Roller Compacted
Granules. 3.2.1. Importance of Granule Particle Size to
Processing. It is well-known that nonoptimal granule particle
size distribution can lead to segregation during the mixing
process and downstream processing issues,20 e.g., ﬂowability of
materials, sedimentation, reworkability or tablet formation,21
162
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and ultimately tablet dissolution22,23 and disintegration24 as
well as bioavailability of the active drug in the patient.25 During
roller compaction, the powder is drawn between two counterrotating rolls in the compaction zone where a high pressure is
applied either for forming a compacted strip or reducing
particle sizes by fragmentation.16,26 The ratio of ﬁnes to largersized granules also plays a major role in the processing
characteristics of the roll compacted material.26 The relationship between the % ﬁnes ≤90 μm present as a function of roll
pressure is given in Figure 5.

to understand the data produced in terms of roller compaction
parameters.
The PSD’s for the granules produced using diﬀerent roll
pressures measured on the Camsizer and Eyecon are shown in
parts a and b of Figure 6, respectively.
Both methods yield a bimodal distribution with the highest
level of ﬁner particles observed for a roll pressure of 20 bar. The
lower 30 μm size limit of the Camsizer, as outlined in its
technical speciﬁcation, is set by the requirement that at least
two adjacent pixels are activated during image analysis. This
requirement drastically increases the likelihood that the
detection event is, in fact, caused by a particle. In terms of
roller compaction, the deﬁnition of ﬁnes fraction is commonly
given as granules ≤90 μm in size.7,27 Therefore, the ﬁnes
fraction ≤90 μm was excluded from the Camsizer evaluation in
the current work. The overall results for the three diﬀerent
particle sizing techniques are compared in Figure 7 for d10, d50
and d90 values (note d90 is absent for sieving).

Figure 5. Percentage of ﬁnes of roller compacted granules as a
function of roll pressure determined by sieve analysis.

It can be seen that the amount of granule ﬁnes is dependent
on the roll compaction force, with the highest amount of ﬁnes
(∼18%) seen for low compaction pressure (20 bar) with freeﬂowing granules predicted by applying higher compaction
forces. Above 20 bar compaction pressure, the degree of ﬁnes
becomes fairly constant at ≲10% indicating the inclusion of
most of the material in the ribbon and that higher pressures do
not appear to lead to a detrimental attritional eﬀect on the
granules produced. The low levels of granule ﬁnes ≤90 μm
present for all pressures would not be expected to cause issues
with downstream processing.
3.2.2. Particle Sizing Methods: Comparison of Techniques.
The current work attempts to compare initial results from oﬀline and at-line/in-line granule particle size data from sieve
analysis, digital image analysis (Camsizer) and the Eyecon and

Figure 7. Comparison of PSD’s obtained by sieving, Camsizer and
Eyecon measurements. (d10 values indicated by squares, d50 indicated
by circles and d90 by triangles).

Broadly similar trends were observed in PSD’s across sieving,
Camsizer and Eyecon results even if the absolute values varied.
A step change is observed going from 20 to 40 bar roll pressure
with a plateauing at pressures >40 bar in PSD values by all
sizing methods. The trends in results across the PSD are similar
for sieving and the Camsizer measurements, taking into account

Figure 6. Particle size distributions for roller compacted granules by (a) Camsizer measurement and (b) Eyecon measurement.
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which makes further plastic deformation more diﬃcult.
Therefore, the stress needed to produce further deformation
is increased.21 The problem can be attributed to the material
experiencing high compression forces and plastic deformation
during roller compaction which subsequently results in a
reduction in the capability of the granules to undergo further
plastic deformation during further compaction processes.21
This reduction in compressibility of roller compacted granules
can then result in the production of tablets with suboptimum
hardness.31
From Heckel analysis, the mean yield modulus (Py) is used
to reﬂect ability of material to undergo plastic deformation. It
has been proposed that a material becomes less prone to plastic
deformation after being “worked” i.e. roller compacted, and
therefore the higher the Py the more diﬃcult the material is to
plastically deform.21,32,33 In the present study, the data obtained
from in-die Heckel analysis demonstrated an increase in Py for
granules produced with increasing roller pressure alluding to a
decrease in compressibility as illustrated in Figure 8. A

experimental error. The Eyecon is seen to give larger values for
the ﬁner fraction (d10) and lower values for the larger fractions.
It is known that diﬀerences between the measurement
principles and algorithms employed for calculation of particle
size make it extremely diﬃcult to directly compare data
obtained from diﬀerent sizing techniques in an absolute
quantitative manner.28−30 Therefore, it is currently only
possible to compare data in a qualitative manner. Sieve analysis
is a mass-based technique, the Eyecon is based on numberbased size distributions, while the Camsizer can be both
number- and volume-based. A recent publication by Silva et al.
aimed to review diﬀerent in-process particle sizing techniques
and compare them to widely accepted oﬀ-line techniques (laser
diﬀraction and sieve analysis).15 This included the Eyecon
system. The authors noted signiﬁcant variation in the particle
size measured by the diﬀerent methods for homogeneous and
nearly perfectly spherical pellets and porous and almost
perfectly spherical particles compared to a reference laser
diﬀraction technique (Malvern Mastersizer S). They attribute
the observed diﬀerences to diﬃculties in comparing particle
sizing technologies due to diﬀerent measurement theories and
also believe particle shape plays an important role in the
variation observed. They were able to determine reasons for the
diﬀerences between diﬀerent particle sizing techniques rather
than ﬁnd a correlation between the diﬀerent results and believe
that more research investigations such as that currently
reported are required to add to the available databank to
facilitate development of accurate and precise in-line particle
sizing techniques.
The broadly similar trends in PSD’s observed for sieving,
Camsizer and Eyecon results show that the Camsizer and
Eyecon have potential to become part of a characterization
toolset for in-line particle size measurement. In the work of
Silva et al.,15 most of the d90 values obtained with the Eyecon
are slightly smaller than the ones obtained with a laserdiﬀraction (volume-based) Mastersizer S, which is similar to the
trend seen in the current work. In one instance, the granule
batch with the largest size had its size overestimated by the
Eyecon. The authors conclude that these size diﬀerences may
be due to the fact that, if particles are not fully separated, the
Eyecon is not capable of viewing them as individual particles
which results in a larger value being reported for particle size.
This demonstrates the importance of a good sampling
procedure. Granules need to be eﬃciently separated to allow
the correct identiﬁcation of the individual articles, to avoid
errors during measurement, especially for oﬀ-line measurements. During in-line measurements the distance created
between the particles due to their dynamic movement should
be suﬃcient for accurate measurement. Indeed the issues
observed for sampling and segregation for traditional oﬀ-line
measurements may be mitigated by the cascade ﬂow of all
particles past the particle size measurement system, inferring
that at-line or in-line measurements may more accurately
statistically represent the actual granule particle size due to the
dynamic measurement of a high number of granules.
3.3. Study of the Compression Properties of Roller
Compacted Granules. An issue commonly associated with
roller compaction is the loss of reworkability or compressibility
of the powders if the compression forces are too high.31 This
occurs due to the material becoming more diﬃcult to plastically
deform after being “worked”. According to He et al. (2007) this
could be due to entanglement of new dislocations or random
defects formed during the initial plastic deformation phase,

Figure 8. Mean yield Pressure of roller compacted granules as a
function of increasing roller pressure. (black y-axis, average ± std, n =
5). Average Raman intensity (red y-axis) as a function of compact
hardness (green y-axis) and roller pressure (average ± std, n = 5).
Persons correlation coeﬃcient between the compact hardness and
Raman intensity was r = 0.910.

signiﬁcant diﬀerence in Py was determined between granules
produced at 20 and 120 bar (p ≤ 0.005). This indicated that the
granules produced with increasing roller pressure demonstrated
a decrease in compressibility properties.
This was conﬁrmed by a decrease in the area under the curve
(AUC) of the pressure−displacement curves with increasing
roller pressure (data not shown). A reduction in AUC was
observed between 20 and 60 bar with no further reduction
between 60 and 120 bar.
The reduction in compact hardness indicated that a
maximum compression was reached during the roller
compaction process and thus impacted the integrity of the
resultant compact. Raman spectroscopy was shown to give an
indication of the mechanical strength of the tablets produced in
this study (determined by measurement of crushing strength)
by detecting diﬀerences in the smoothness of the tablet
surface.34 Raman spectroscopy, unlike NIR spectroscopy, is not
based on absorption or emission of radiation, but on inelastic
scattering. The Kubelka−Munk theory of reﬂectance states that
diﬀusive reﬂectance increases with decreases in particle size;35
therefore, Raman intensity should increase with increasing
particle size. When the compression force is high, the surface of
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roller pressure was increased. A reduction in granule
compressibility was observed with increasing roller pressure,
reaching a plateau at pressures >60 bar indicating a maximum
compression state had been reached. Compacts produced from
the granules displayed a decrease in hardness with increasing
roller pressure.
The second objective was to evaluate the performance of the
NIR MultiEye system (in-line ribbon density) and Eyecon
(particle size analysers) as potential PAT tools for roller
compaction. A correlation between in-line NIR measurements
(MultiEye) and oﬀ-line NIR measurements, and ribbon
envelope density (GeoPyc) has been achieved (in-line: r =
0.880 and oﬄine: r = 0.833). Hence, the MultiEye has shown
signiﬁcant promise as a PAT tool to monitor ribbon envelope
density in roller compaction. The use of oﬀ-line sieving,
Camsizer and the Eyecon resulted in a broadly similar trend in
particle size distributions, although the absolute values vary as
expected; hence, the Eyecon shows potential to become part of
the characterization toolset for in-line particle size measurements. Furthermore, Raman spectroscopy was shown to give an
indication of the mechanical strength of placebo tablets by
detecting diﬀerences in the smoothness of the tablet surface (r
= 0.910).
These initial results demonstrated a good relationship
between in-line and oﬀ-line methods to measure in-process
ribbon density and particle size distribution. These promising
results require further validation to establish whether these
novel PAT techniques can be used eﬀectively to monitor and
ultimately control in-process material attributes during
continuous processing. Key to this validation will be the
demonstration of high monitoring accuracy after a long period
of manufacturing.

the tablet has fewer pores on the surface and hence a smoother
surface.36−38 The high compression force causes the structure
of the material to be more condensed. For Raman spectroscopy
when the surface is smoother, the radiation scatters more
eﬃciently because it will not scatter into the cavities.
Excipients/API inhomogeneities and spatial variation of the
compacts will aﬀect the spectroscopic measurements, thus
giving diﬀerent results, depending on how the measurement is
performed. When physical properties are measured, the
distance between the sample and the objective lens is
standardized. A change in distance will have an eﬀect similar
to that from a change in the compact hardness.
In this work standard preprocessing methods such as the
derivatives, multiplicative scatter correction (MSC), and
standard normal variation (SNV) cannot be applied to the
data as the methods lose the baseline-shifting information. It
was found that area normalisation of the Raman spectra
preserved the baseline information and hence the physical
properties of the compacts (Figure 9). A comparison of
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4. CONCLUSION
This study sets out to monitor critical quality attributes of a
placebo ribbon and granulate produced by a roller compaction
process using two novel PAT techniques. The objectives of this
study were 2-fold. The ﬁrst objective was to investigate the
eﬀects of varying roller pressure on ribbon and granulate
properties. As expected, variations in roller pressure have a
signiﬁcant impact on ribbon and granule properties. An
increase in roller pressure resulted in a corresponding increase
in ribbon envelope density, reaching a plateau at pressures >60
bar. A decrease in porosity is observed with increasing roller
pressure, again reaching a plateau at pressures >60 bar.
Variations in roller pressure had a signiﬁcant impact on the
particle size distributions of the resulting granulate with a
general reduction in the percentage of ﬁnes (<90 μm) as the
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