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Abstract

Heckel analysis is a widely used method for the characterisation of the compression behaviour
of pharmaceutical samples during the preparation of solid dosage formulations. The present
study introduces an optical version of the Heckel equation that is based on combination of the
conventional Heckel equation together with the linear relationship defined between the
effective terahertz (THz) refractive index and the porosity of pharmaceutical tablets. The
proposed optical Heckel equation allows us to firstly, calculate the zero-porosity refractive
index, and secondly, predict the in-die development of the effective refractive index as a
function of the compressive pressure during tablet compression. This was demonstrated for
five batches of highly porous functionalised calcium carbonate (FCC) excipient compacts. The
close match observed between the estimated in-die effective refractive index and the
measured/out-of-die effective THz refractive index confirms the validity of the proposed form
of the equation. By comparing the measured and estimated in-die tablet properties, a clear
change in the porosity and hence, the effective refractive index, due to after-compression elastic
relaxation of the FCC compacts, has been observed. We have, therefore, proposed a THz-based
compaction setup that will permit in-line monitoring of processes during tablet compression.
We envisage that this new approach in tracking powder properties introduced in this

preliminary study will lead to the onset of further extensive and detailed future studies.

Keywords: Heckel law; pharmaceutical tablet; elastic relaxation; porosity; terahertz refractive

index

1. Introduction

The numerous advantages that come with the use of pharmaceutical tablets have led to
significant investments by the pharmaceutical industry into the study of powder compaction as
well as controlling the quality of the finished products. Typical pharmaceutical tablets are
composed of several excipient and active pharmaceutical ingredient (API) particles that
undergo a vast complexity of processes during compression. The initially loose powder bed
undergoes dramatic changes as a function of the relative density due to the force of compaction
applied by the tablet punch. These changes include particle rearrangements, elastic and plastic
deformation as well as brittle fracture of particles depending on their mechanical properties.
Moreover, porosity, distribution of internal stress and density (Kawakita and Liidde, 1971;
Ryshkewitch, 1953) as well as the crystal habit of a drug (Rasenack and Miiller, 2002) affect
the tableting behavior and the quality properties of the finished tablet.
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Despite sustained research into powder compaction there are still open questions regarding the
complex nature of tableting processes. It is still challenging to successfully predict the
properties of the end-tablet product even when all the compositions of the powder mixture are
exactly known. Over the past decades a number of experimental techniques and a wide variety
of compaction models (Celik, 1992; Celik and Marshall, 1989; Krycer et al., 1982; Paronen,
1986; Salleh et al., 2015; Sun and Grant, 2001) have been developed and utilised to characterise
compression behaviour, i.e. compressibility, compactibility, and pressure susceptibility of
pharmaceutical powders. These models are mostly empirical and define criteria to guide the
rational selection of suitable excipients to meet the desired properties of the dosage form.
However, many of these models are valid within a restricted range of compaction force and
can only describe the compaction process of specific pharmaceutical materials (Celik, 1992;

Kolafik, 1994; Van Veen et al., 2004; Wu et al., 2005).

The most widespread models are described in terms of the Heckel equation (Heckel, 1961a,
1961b), the Kawakita equation (Liidde and Kawakita, 1966), the Drucker-Prager-Cap model
(Han et al., 2008), the modified Heckel equation by Kuentz and Leuenberger (Kuentz and
Leuenberger, 1999) and the approach according to Cooper and Eaton (Cooper and Eaton,
1962). The Heckel model, which is by far the most popular in the field of powder compression,
is of special interest for the present study. Although several authors have highlighted a number
of limitations (Rue and REES, 1978) and have proposed modified versions of the Heckel model
(Stirnimann et al., 2014), its chief merit is its simplicity together with the readily available
reference dataset for different kinds of pharmaceutical materials. This makes the analysis and
comparison of different pharmaceutical materials more convenient when the Heckel equation

is adopted.

Based on the inevitable need for an analytical model during the preparation of solid dosage
formulations, the present study considers the Heckel equation but introduces an optical-related
version, which is henceforth referred to as “optical Heckel”. The proposed optical Heckel
concept originates from the linear correlation observed between the terahertz (THz) based bulk
refractive index (effective refractive index) and the bulk porosity of pharmaceutical tablets
(Bawuah et al., 2016b; Markl et al., 2018a). With terahertz time-domain spectroscopy (THz-
TDS), the effective refractive index, which is a function of the total porosity of a given tablet,
can be measured in a nondestructive and contactless fashion within seconds. Based on the
unique advantages associated with optical/THz based measurement techniques, we believe that

this new optical Heckel equation can serve as a complementary model for rendering
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comprehensive insight into the processes and compaction mechanisms of pharmaceutical

powders.

Pharmaceutical industry is currently under transition from traditional batch manufacture to
continuous manufacture (Lee et al., 2015; Nasr et al., 2017). One improvement that is usually
coupled with continuous manufacture is continuous process monitoring using Process
Analytical Technology (PAT) tools. A key to successful implementation of real-time release
(RTR) is the ability to monitor processes continuously based on real-time analysis and control
of the manufacturing process. Since the compaction process is one of the key operations in a
continuous manufacturing plant, it is particularly important to control the physical and
chemical properties of tablets. RTR testing is only possible on the basis of a firm understanding
of the process and the relationship between process parameters, material attributes and product
attributes (European Medicines Agency, 2012). A robust physical model that is sensitive
enough and intuitive to use is a key requirement to design and control tablets with
required/specific out-of-die properties. This is possible by utilising observed relations between
THz-TDS and important tablet parameters, as we have reported in our previous THz-TDS
based experiments (Bawuah et al., 2016a, 2016b, 2014a, 2014b, Chakraborty et al., 2017, 2016,
Markl et al., 2017a, 2017b).

Here, we verify the validity of the proposed optical Heckel method using a two-phase
pharmaceutical compact consisting of air-filled pores and a solid material, in the form of a
recently developed excipient, functionalised calcium carbonated (FCC), chosen due its
complex porous particle behaviour unlike that of other commonly used solid excipients. This
excipient presents a more challenging case study for applying conventional modelling

approaches.

The present study also investigates the existence of elastic relaxation of the FCC compacts after
compression based on their in-die and out-of-die porosity as well as height values. To further
ascertain the influence of the elastic relaxation on the optical properties of tablets during and
after compression, this study estimates the in-die effective refractive index based on the
proposed optical Heckel method and compares to the measured counterpart. Elastic relaxation
during (Anuar and Briscoe, 2009) and after (Baily and York, 1976) ejection has major influence
on, especially, the mechanical and microstructural properties of the finished tablets. We believe

that by successfully introducing these optical methods through a carefully engineered
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compaction setup, it is possible to realise in-line quality control of each tablet during and after

compression.

2. Theory

The conventional Heckel equation (Heckel, 1961a, 1961b) describes the relationship between
the logarithmic inverse of the porosity, f = 1 — § with ¢ as the relative density, and the applied
compressive pressure, p. The Heckel equation was derived based on the assumption that the

in-die densification of the bulk powder obeys first order kinetics as,
1
In (;) =-Inf=Kp+A (1)

where K is a constant of proportionality describing the development of a log-linear response of
the structure to the application of pressure, i.e. the Heckel slope, and A4 is an intercept constant
describing densification by particle movement and rearrangement. The inverse of K is the mean
yield pressure and it represents the limit of plastic deformation of materials or the resistance of

a material to deformation (Hersey and Rees, 1971).

The measurement of the refractive index of tablets via THz-TDS has been studied extensively
using both the frequency-domain (Bawuah et al., 2016b; Markl et al., 2017b) and time-domain
analytical approaches (Bawuah et al., 2016b, 2014a; Markl et al., 2017b). The bulk THz
refractive index measured for a given tablet is also referred to as the effective refractive index
(ner) due to the multicomponent nature of a typical pharmaceutical tablet (Bawuah et al.,
2014a). Based on empirical evidence, a linear correlation between the effective refractive index
and the porosity of pharmaceutical tablets composed of different materials and covering a wide

range of porosities was observed (Markl et al., 2018a).

nege (f) = n(0) + (1 —n(0)f 2)

where n(0) represents the zero-porosity refractive index, i.e. the inherent refractive index of the
the solid material constituent in the absence of any imperfections or porosity. During data
acquisition, nitrogen gas was used to purge the sample compartment to reduce the effect of
water vapor on the terahertz transmission measurement and hence, the unity in Eq. (2)
represents the refractive index of air/nitrogen gas (n.ir=1). Eq. (2) is called the zero-porosity
approximation (ZPA) method, which is a complementary method, vis-a-vis effective medium
theory (EMT), for the estimation of the porosity from known 7efr of a given tablet (Markl et al.,
2017b). However, the estimation of porosity of pharmaceutical tablets using Eq. (2) is outside

the scope of this study. In the present study, we intend rather to monitor the in-die development

5



156
157
158
159
160
161

162

163
164
165
166
167
168
169
170
171
172
173

174
175
176
177
178
179
180
181
182
183
184
185
186
187

of nerr during the compression process using Eq. (2). With a compaction simulator, it is possible
to measure the in-die porosity based on in-die densification of the bulk powder, i.e. change in
the relative density with respect to increasing compressive force. Equation (2), therefore, serves
as the basis for the derivation of the proposed optical counterpart of the Heckel law. From Egs.
(1) and (2) we can solve the following expression for the pressure dependent effective

refractive index as follows:

nege(p; ) = n(0) — (n(0) — 1)e~KP+4) 3)

From Eq. (3), we claim that nesr is directly proportional to the result of the Heckel law, and
hence it can be used as an alternative or a complementary quantity to In(1/f). Moreover, based
on the direct use of Eq. (2), i.e. in the derivation of Eq. (3), as well as its applicability for
different types of pharmaceutical powders (Markl et al., 2018a), we propose that the optical
Heckel model can serve as a complemetary general model for characterising the compaction
beviour of different types of pharmaceutical powders. The compression process can be treated
as an adiabatic thermodynamic process, where all the thermodynamic variables, such as,
volume, pressure and absolute temperature (7) are subject to change. In a study conducted by
Wurster and Buckner (Wurster and Buckner, 2012), compaction-induced thermodynamic
changes during the compression of anhydrous lactose, a common pharmaceutical excipient,

has been characterised.

To tackle the mechanisms involved in the compression process of the powder bed rigorously,
one should take into consideration the effect of temperature and pressure on the nesr (Wax and
Cleek, 1973). However, taking into consideration the temperature dependent n.s will yield a
quite challenging situation due to the porous nature of a tablet, which comprises both solid
medium and air. In principle, the solid skeleton could be treated by invoking the Mie-Griineisen
model and considering air as an ideal gas similar to dealing with the state equation of highly
porous materials with closed and isolated pores (Belkheeva, 2015). Even with this assumption,
it is still quite cumbersome to derive the equation of state for pharmaceutical compacts due to
their complex nature, i.e. a typical tablet consists of API and various excipient particles as well
as both isolated and connected pores. Based on the abovementioned difficulties, this study
employs a simple expression as given in Eq. (3) to powder compression. In parallel, we wish
to remark that it is possible, in principle, to gain experimental information on both the
temperature and pressure dependence of effective refractive index (Wax and Cleek, 1973).

Nonetheless, the ZPA refractive index, n(0), used in the calculations of this study is obtained
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at normal atmospheric pressure and at room temperature. Obviously, for rigorous analysis of
the in-die data, the zero porosity refractive index n(0) should be replaced by high pressure and
absolute temperature dependent zero porosity refractive index, n(0, p, T), which corresponds
to the thermodynamic state of the compact inside the die. However, the thermodynamically
dependent refractive indices of the FCC compacts are unknown. Therefore, the present study

utilises the estimated zero porosity refractive index, n(0).

3 Materials and Methods

3.1 Materials

The training set of powder compacts was prepared from FCC (Omyapharm®; Omya
International AG, Oftringen, Switzerland). The FCC powder is composed of core-shell
structured particles in which agglomerated ultrafine calcium carbonate particulates are
surrounded by lamellae of hydroxyapatite, thus forming a dual porosity compact. A detailed
discussion on the formation of FCC (a highly porous plate-like, nanometre thick lamellar
structure of high surface area) has been reported previously (Markl et al., 2017b). A typical
pharmaceutical FCC particle consists of a calcium carbonate/hydroxyapatite ratio of 15 % -

20 % calcium carbonate to 80 % - 85 % hydroxyapatite.

3.2 Tableting

With a compaction simulator (PuuMan Ltd, Kuopio, Finland), the FCC powder was directly
compressed into flamt-faced, cylindrical tablets with target height and diameter of 1.5 mm and
10 mm, respectively. A range of final compaction levels were achieved by varying the mass of
material in the tablet, resulting in tablets that spanned a wide range of porosities. The highly
porous nature of the FCC particles permitted the manufacturing of five batches of tablets with
increasing porosity starting from a targeted total porosity of 45 % rising to 65 % in 5 %

increments (Table 1). Each batch consisted of 15 tablets.

During the compaction process, both the upper and lower punch forces as well as upper punch
displacement were logged. Figs. 1(a) and (b) show both the compressive force and
displacement-time profiles for each batch of tablets. The in-die tablet thickness/height at any
compressive pressure (Fig. 1(c)) was tracked as the difference between the lower punch
displacement and the upper punch displacement. It is worth mentioning that during the

calculation of the punch displacement, deformation of the tooling was taken into consideration.

The in-die tablet density was then calculated from the weight and thickness of the tablet at a

given compressive pressure. Given the true density of the material in conjuction with the known

7
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in-die tablet density, the relative density, and, hence, the in-die porosity, were extracted. We
wish to mention that the in-die paramater extraction approach does not take into account the
elastic relaxation that occurs after the compaction step. The elastic relaxation causes an
increase of the tablet height and porosity, which in turn influences other material parameters
extracted from the fitted Heckel plots (Celik, 1992).In a study conducted by Celik and Marshall
(Celik and Marshall, 1989), it was observed that the differences in the tablet dimensions due to
the use of the in-die and out-of-die methods significantly influenced the final Heckel plots.
Nonetheless, due to the ease of data collection as well as measurement speed, the in-die

approach is still widely used.

3.3 Methods

Terahertz Time-Domain Spectroscopy (THz-TDS): Terahertz time-domain measurements
were acquired using a Terapulse 4000 spectrometer (Teraview Ltd., Cambridge, UK) in
transmission mode. The transmission chamber was purged with dry nitrogen gas throughout
the measurement and the noise was reduced by co-averaging 60 measurements. Each time-
domain waveform covered a range of 150 ps using a resolution of 0.1 ps, and the total
measurement time of the co-averaged waveforms was 1.5 min. The effective refractive index,
nesr, of a sample can be calculated from these terahertz measurements either by simply
comparing a reference waveform from a known material, e.g. an empty chamber that is purged
with dry nitrogen gas (7.ir = 1), or by considering the fraction of components of known
refractive index in the tablet under a range of porosities and extrapolating to zero porosity to
provide the reference for scaling. Since the particle size of FCC (12.1 pm) is significantly
smaller than the wavelength, A = 300 um, at which we evaluated the refractive index, the
effect of scattering is negligible. Therefore, a reduction in particle size during the compaction
does not influence the refractive index measurements in terms of scattering. In other words,

any dynamic change of sub wavelength particle size is lost.

4 Results and discussion
In this study, both in-die and out-of-die Heckel analysis based on the conventional Heckel
equation and the proposed optical Heckel equation have been performed using compression

data of FCC compacts.

4.1 Conventional Heckel analysis
For the sake of comparison, we have performed both in-die and out-of-die conventional Heckel

plots as shown in Fig. 2. In each case, the compression characteristics of FCC were determined
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by estimating the slope (K) and the intercept (4) from the Heckel plots (Eq. (1)). The linear
portion of the plot was carefully selected to obtained a similar range of compressive pressure
for both the in-die and out-of-die data. To meet this condition, only the set BO1 was used for
the in-die log-linear extrapolation analysis. The slope was obtained by fitting a straight line,
whose correlation coefficients (R?) was not less than 0.99, through data points within the

compressive pressure range of around 250 - 370 MPa.

Naturally, one would have expected to observe an overlap of the different curves from the in-
die Heckel plots for the various batches, since the batches were compressed with the same
material (FCC). The shift observed in the Heckel plots means that even though the batches
contain the same material, they will have different compression properties, e.g. different slopes
and, hence, different yield pressures. The inconsistencies observed emphasise the fact that the
conventional Heckel law does not take into consideration the pressure susceptibility, which is
quite predominant at high relative densities and pressures (Kuentz and Leuenberger, 1999). At
low pressures the compression process is dominated by particle rearrangements. In effect,
tablets formed at low pressures are essentially particle agglomerates rather than
homogeneously dispersed holes in a solid matrix, as rightly stated by Kuentz and Leuenberger
(Kuentz and Leuenberger, 1999). Hence, it is not surprising to observe significant differences
in the physical behaviour of tablets created at low compressive pressures - in other words
tablets with low relative density or high porosity, as demontrasted in the present study (see Fig.
2). Kuentz and Leuenberger (Kuentz and Leuenberger, 1999), therefore, introduced a threshold
for the porosity or the relative density at which rigidity starts to evolve. That is, a pressure
susceptibility parameter should be taken into consideration for compacts with porosities below
the threshold porosity. In this study, the focus was not to adopt the modified Heckel law
according to Kuentz and Leuenberger (Kuentz and Leuenberger, 1999), hence, the threshold
porosity for the FCC tablets was not estimated. The model in (Kuentz and Leuenberger, 1999)
was invoked just to explain the behaviour of the curves in Fig. 2. Nonetheless, such

modification can easily be implemented later on if needed.

Finally, the differences in values recorded for both K and 4 in the in-die and out-of-die analyses
are due to the relatively low porosities (see Table 2) used in the in-die analysis compared to
the relative high porosity values for the out-of-die analysis. The increase in porosity values
during the out-of-die analysis is a result of elastic relaxation of the tablets after compression.
To buttress our claim of the possible existence of elastic relaxation of the tablets after

compression, we tabulate and compare both the in-die and out-of-die tablet thicknesses in Table
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2. The percentage relative difference, o/, between the in-die and out-of-die values of the
porosity and height/thickness of the tablets is given by

8] = el 100 )

where J is the tablet parameter, i.e. porosity or height, under consideration, and Jou as well as
Jin are the respective out-of-die and in-die values of the parameter. The results obtained (Table
2) indicate relatively high porosity changes, i.e. significant elastic relaxation after compression,
for the batch formed under high compressive pressure. Similarly, the relative change in height,
as a result of elastic relaxation after compression, is clearly observed for all the batches (Table

2).

4.2 Optical Heckel analysis

Similar analysis, as in the case of the conventional Heckel plots (Fig. 2), were performed using
the optical Heckel concept as given by Eq. (3). In other words, it is possible to predict, using
Egs. (2) and (3), the development of the effective refractive index during the compressive

process of a pharmaceutical compact.

Two major analytical steps were taken during the optical Heckel analyses. Firstly, the K and 4
values, obtained from the in-die conventional Heckel analysis (Fig. 2), were used in addition
to the measured THz effective refractive index and the maximum compressive pressure, to
calculate the in-die zero-porosity refractive index, n(0) = nin(0) given in Table 3. The relative
change between the estimated 7i,(0) with respect to the already known out-of-die zero-porosity
refractive index, i.e. n(0) = nou(0) = 2.97 for FCC powder (Markl et al., 2017b), was calculated
(Eq. (4)) and tabulated (Table 3). The predicted nin(0) values, as listed in Table 3, are in a good
agreement with the nou(0) = 2.97.

Secondly, by using the average value of the #nin(0), i.e. nin(0) = 3.088 with 6n(0) = 3.97 %, in
combination with the known values of K, 4 and the in-die compressive pressure, the in-die
effective refractive index, nefrin(p;f), defined by Eq. (3), was calculated and compared to the
out-of-die effective refractive index, nefrout (see Fig. 3). Also, the in-die effective refractive
index at maximum compressive pressure, zeftin(Pmax), 18 compared to the measured (out-of-die)

THz effective refractive index, nefrout (Table 3). The black dots in Fig. 3 indicate the neffin.

A close match is observed between the in-die and the out-of-die effective refractive index as
shown in Fig. 3 where the calculated in-die effective refractive index data nicely fits the data

of the out-of-die effective refractive index. The calculated low relative change, oner, of the
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effective refractive index (Table 3) also attests to the observed close match between the in-die
and the out-of-die effective refractive index, which proves the accuracy of the estimated ZPA
n(0) using this newly proprosed optical Heckel method. In other words, the proposed optical
Heckel method can serve as a complementary method to the ZPA method for accurate
prediction of the zero-porosity refractive index of tablets. However, the relative low differences
observed between the values of the calculated in-die effective refractive index, #nefrin, and the
measured/out-of-die effective refractive index (#efrour), might be attributed to the presents of
elastic relaxation of the tablets after compression. Additionally, the use of the simple ZPA n(0)
in the calculations without taking into consideration the effect of the relatively high in-die
temperature and pressure during compression, as already mentioned in section 2, can be a
contributing factor to the observed relative change in the effective and intrinsic refractive
indices. Finally, differences in the moisture content of the samples, as well as experimental
errors during the in-die and out-of-die measurements, can significantly contribute to the

observed discrepancies in the refractive indices.

The above promising experimental observation in addition to the zero offset in the optical
Heckel plots (Fig. 3) suggest the validity of the linear relation between n.fr and f as defined in
Eq. (2) and utilised in Eq. (3). In other words, the purely experimental data gives support to the
theoretical models given in Egs. (2) and (3). The effective refractive index is a basic optical
property that can be measured easily by terahertz time-domain technology (Bawuah et al.,
2016a, 2016b, 2014a, 2014b, Chakraborty et al., 2017, 2016, Markl et al., 2017a, 2017b). This
makes terahertz spectroscopy a promising PAT tool for in-line applications in the

pharmaceutical industry.

Fig. 4 summarises and compares all the estimated relative changes, i.e. porosity, height,
effective refractive index, and intrinsic refractive index, that might be caused by the after-
compression elastic relaxation of the FCC compacts. There is clearly a change in the porosity
as well as effective refractive index due to elastic relaxation. However, the observed relative
change in the porosity is not directly correlated to that of the effective refractive index, which
buttresses our previous speculation that, aside porosity; thermodynamic parameters, e.g.
temperature, have significant influence on the effective refractive index of pharmaceutical
tablets, especially during compression. Similarly, the change in the porosity is not directly
correlated to the tablet thickness change (Fig. 4). The change in the effective refractive index
and porosity clearly indicates the influence of elastic relaxation on the pore structure. This will

in turn impact the liquid uptake rate that is part of the disintegration process of pharmaceutical

11
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tablets (Markl et al., 2018b). This post-compaction variation of the pore structure will also
directly affect the dissolution performance. It is thus of great importance to understand the
elastic relaxation effect in the light of quality control — dissolution studies may yield different
results when conducted right after compaction compared to them performed several days or
weeks after manufacturing. Moreover, the elastic relaxation is a critical mechanism in
continuous manufacturing as the change in tablet volume may cause cracks in the subsequently
applied coating, which may render the coating function, e.g. improving the appearance,

masking an odour, modifying the release characteristics, useless.

The close match between the values of the calculated and measured refractive index is an
indication of the possibility to conduct optical Heckel analysis using THz technology. By
engineering a compaction setup coupled with terahertz pulse imaging (TPI), it would be
possible, in principle, to measure the in-die refractive index at a given compressive force as
illustrated in the schematic diagram shown in Fig. 5. With the known in-die refractive index,
we can extract the values of K and 4 from a In(n.(p;f)) versus compressive pressure plots (Eq.
(3)). One advantage of the proposed optical Heckel analysis over the conventional Heckel
analysis is the use of a basic optical property, i.e. refractive index that can be measured directly
by THz means. At present, there are no good techniques available to measure porosity in-die
(except maybe the use of in situ ultrasound approach), hence, the porosity used in the
conventional Heckel plots is mostly calculated from the bulk and true densities of a given
powder material. However, accurate measurements of the true density of pharmaceutical
powder, especially hydrates, by using helium pycnometry, has raised major concern (Sun,
2004). It is important to mention that, currently, the use of the THz-TDS in the detection of the
effective refractive index of pharmaceutical tablets is limited to out-of-die method only.
Nevertheless, the relatively good match between the calculated (in-die) and measured (out-of-
die) refractive index data shows the power of the proposed optical Heckel law to estimate K
and A accurately from a non-contact measurement of THz pulse under standard condition
(atmospheric pressure). Finally, aside from confirming the validity of the linear relation (Eq.
(2)), the close similarity of the calculated (7efrin) and measured (7efrour) data also means that
both in-die and out-of-die porosity of tablets can now be estimated from their THz refractive
index data without using the current not ideal true density approach.

5. Conclusions

This study has successfully introduced and practically demonstrated the newly proposed optical

Heckel concepts for fast, non-invasive and accurate characterisation of the compression
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behaviour of FCC compacts. As a case study, five batches of compressed FCC compacts with
different porosity levels were used in the study. The proposed optical Heckel equation was
derived based on modified mathematical models formulated as a result of our previous THz-
TDS experiments. Close correlations were observed between the in-die and out-of-die optical
Heckel analyses without any significant offsets. The close match between the values of the
predicted effective THz refractive index, i.e. based on the optical Heckel equation, and the
measured THz refractive index of the FCC compacts has shown the feasibility of replacing the
porosity with the effective THz refractive index during Heckel analysis. We will work on
extending the optical Heckel concept to other popular models such as Leuenberger, and

Kawakita using different pharmaceutical materials and biconvex tablets.

The present study has also investigated the existence of elastic relaxation of FCC compacts
after compression based on the differences observed in both their in-die and out-of-die porosity
as well as height values. Furthermore, the study has highlighted the effect of after-compression
elastic relaxation on the optical properties, i.e. effective refractive index, of FCC compacts
using the newly proposed optical Heckel method. Based on a comparison between the
calculated in-die effective refractive index and the measured out-of-die effective refractive
index, a clear change in the effective refractive index of the FCC compacts has been observed.
The relative change in the effective refractive index is attributed partly to elastic relaxation and

partly to thermodynamic effects as well as possible experimental errors.

Finally, the proposed optical Heckel method can serve as a complementary method to the ZPA
method for accurate prediction of the zero-porosity refractive index of pharmaceutical tablets.
Hence, as an initiator of future study, the present work proposes a compaction setup that will

allow in-line process monitoring using THz technology.
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Table 1
Tablet batch m (mg) Houe (mm) D (mm) Jfout (%)
BO1 21742 1.67 10.04 45.50+0.52
B02 19042 1.64 10.03 50.27+0.50
B03 16842 1.63 10.02 55.72+0.40
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B04 147+2 1.62 10.02 61.02+0.93

B05 122+2 1.61 10.00 67.35+0.79

Table 1: A list of the out-of-die properties of the five batches of FCC tablets. The tablet
geometry was that of flattop cylindrical, having an axial height, Hou, diameter, D, weight, m,
and the calculated nominal porosity, fou, derived from the true density and bulk density. The
instruments used for measurement of weight, dimensions as well as the porosity calculation

have been described in our previous study (Markl et al., 2017b).

Table 2
Tablet batch  fin (%) of (%) Hin(mm)  0H (%)
BO1 44.04 3.32 1.60 4.37
B02 49.95 0.64 1.56 5.13
B03 55.56 0.29 1.57 3.82
B04 60.97 0.08 1.55 4.52
BO05 67.36 0.01 1.56 3.21

Table 2: Estimated in-die values of the average porosity and average height of the five batches
of FCC compacts. fin is the in-die porosity values at maximum compressive pressure. of is the
relative change, in percentage, between the out-of-die (see Table 1) and in-die porosity values.
Hi, is the in-die tablet height at maximum compressive pressure. 0H is the relative height

change, in percentage, between the out-of-die (see Table 1)and in-die data

Table 3

Tablet batch Neffout Neffin onetr (%) nin(0) on(0) (%)

BO1 2.152 2.172 0.92 3.053 2.79
B02 2.029 2.000 1.45 3.149 6.03
B03 1.916 1.884 1.70 3.164 6.53
B04 1.798 1.789 0.50 3.111 4.75
B05 1.669 1.711 2.45 2.964 0.20

Table 3: A comparison between measured THz effective refractive index (7efrour) and
calculated, i.e. using Eq. (3) effective refractive index based on in-die, nefrin, Heckel analyses.
nin(0) is the calculated zero-porosity refractive index using the in-die K and A values obtained
from the conventional Heckel plots (Fig. 2). onerr is the relative change, in percentage, between

the out-of-die and in-die effective refractive index values whereas 6n(0) is the calculated
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relative change in the intrinsic refractive index of FCC using out-of-die, nou(0) = 2.97, and in-
die, nin(0) refractive indices. Eq. (3), in conjunction with out-of-die effective refractive index
(nefrout), Was used for the calculation of the in-die zero-porosity refractive indices tabulated

below.
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Fig. 1. Parameters of the compaction of five batches with varying porosity. (a) The compressive
force- and (b) displacement-time profiles for each batch of tablets during compression. (¢) In-
die monitoring of the height of the tablets during the compression. The targeted output tablet

height was around 1.5 mm.
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Fig. 2. Conventional Heckel plots for the tablet samples using in-die and out-of-die
measurements. From the log-linear extrapolation (R? = 0.99) using batch B01 for the in-die
analysis, the values of K = 0.00130 MPa™! and 4 = 0.3361 were extracted. Out-of-die analysis
of the five batches of FCC tablets using two points for the log-linear extrapolation yielded K =
0.00076 MPa'! and 4 = 0.5050. Only batch BO1 was used for the in-die analysis due to the
well-defined linear portion between the pressure range of around 250 — 370 MPa, as shown.
This pressure range matches the portion chosen for the log-linear fitting for the out-of-die
analysis. The black dots show the in-die values of In(1/f) at the maximum compressive pressure

for each batch.
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Fig. 3. Effective refractive index (nef(p;f)) as a function of the compaction pressure for both
in-die and out-of-die analysis. The parameters K = 0.00130 MPa’!, 4 = 0.3361, obtained from
the conventional Heckel plots, were used to calculate the nefrin(p;f). For the sake of comparison,
we again plot the out-of-die measured THz refractive index, nefrout, as a function of compressive

pressure. The black dots show the values of zefrin(p;f) at the maximum compressive pressure

for each batch.
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Fig. 4. A comparison of the estimated relative change in the porosity, height, effective

refractive index and intrinsic refractive index with respect to the out-of-die porosity.
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574
575  Fig. 5. Principle of a proposed future compaction setup coupled with a TPI. (a) Shows the very

576  beginning of the compression process with the force, Fi. (b) Indicates an increasing
577  compressive force, F2, which causes an increase of the refractive index. This designed setup

578  will monitor the dynamic change of the THz refractive index from the beginning to the end of

579  the compaction process.
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