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Abstract
Terahertz Methods for Investigating the Liquid Transport
Characteristics in Porous Media
Liquid transport in porous media is an important phenomenon in many scientific
and engineering fields. Investigating the liquid transport process is crucial for gaining
a better understanding of various important industrial processes, such as the disintegration of pharmaceutical tablets as well as the impregnation of catalyst supports and
heterogenous catalysis. In this thesis, the terahertz methods, i.e. terahertz time-domain
spectroscopy (THz-TDS) and terahertz pulsed imaging (TPI), were used as promising
techniques to quantify the impact of the microstructure characteristics and formulation
on the liquid transport process in two types of porous media, i.e. pharmaceutical and
catalytic powder compacts.
The terahertz methods were first used to investigate the liquid uptake and swelling
in fast disintegrating tablets (FDTs) that were prepared from powder mixtures of either
theophylline or paracetamol as a drug and either functionalised calcium carbonate
(FCC) or microcrystalline cellulose (MCC) as a filler at different porosities. The
terahertz results demonstrate the clear impact of porosity and formulation on the water
transport and swelling kinetics of FDTs. The methodology was then extended to
study the transport of water and 1-octanol in α-alumina powder compacts that were
prepared at a range of different compaction forces, i.e. 7, 23, 40 and 58 kN, and heat
treatment conditions, i.e. unfired and fired. The terahertz results reveal that both the
microstructure characteristics and surface properties have an impact on the liquid
transport in the alumina compacts.
The results show the great potential of the terahertz methods to study the liquid
transport characteristics of polymeric and ceramic porous media. Quantifying the
individual disintegration mechanisms, i.e. liquid ingress and swelling, is crucial for
improving the design of pharmaceutical tablets through understanding the effect of
raw materials and processing on the disintegration process. The information on the
liquid transport in catalytic materials is also important for developing the design of
catalysts and enhancing their performance upon contact with the liquid.
Mohammed Dabwan Farhan Al-Sharabi
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Chapter 1
Porous Media
Porous media are widely encountered in a large number of scientific and engineering fields, such as oil and gas industry, hydrology, geology, catalysis, engineering,
medicine and agriculture (Zakirov and Khramchenkov, 2020). A porous medium, or
porous material, is defined as a material consisting of pores, or voids, where the skeletal part of the material is usually referred to as matrix or frame (Ganji and Kachapi,
2015). The pores within a porous medium act as channels through which fluids can
flow (Chhabra and Richardson, 2008). Porous materials can be naturally-occurring
substances or synthetic materials. Examples of natural porous media include zeolites, rocks, soil, wood, cork and bones, whereas common examples of man-made
porous media include cements, ceramics, supported catalysts and pharmaceutical
tablets (Ganji and Kachapi, 2015; Markl and Zeitler, 2017; Munnik et al., 2015).
Fluid flow and transport processes in porous media play a crucial role in several
applications across different scientific fields (Nishiyama and Yokoyama, 2017). For
instance, subsurface transport of contaminated groundwater (McCarthy and Zachara,
1989), mass transport within the liquid electrolyte filling porous lithium battery electrodes (Hossain et al., 2019), liquid transport in papers (Aslannejad and Hassanizadeh,
2017), absorption of liquids by towels (Masoodi and Pillai, 2010), solvent transport
in porous catalyst supports during the impregnation process for the deposition of
the active catalyst (Munnik et al., 2015; Nijhuis et al., 2001), mass transport during
liquid-phase reactions over porous catalysts (Sievers et al., 2016) and liquid transport
in pharmaceutical tablets (Markl et al., 2018c; Yassin et al., 2015a).

1.1

Properties of the Pore Structure

Porous media can be categorised based on the pore size, i.e. pore diameter, d, into
three classes: (I) microporous (d < 2 nm), (II) mesoporous (2 nm < d < 50 nm) and
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Fig. 1.1 The pore structure of a porous medium [modified from (Nishiyama and
Yokoyama, 2017)].
(III) macroporous (d > 50 nm), according to the nomenclature of the International
Union of Pure and Applied Chemistry (IUPAC) (Ohji, 2013). The pore space of
a porous medium is characterised by a complex and random structure of pores of
different shapes, sizes and orientations (Markl et al., 2018b). The pores can be either
open pores that are connected to each other to create tortuous capillaries within the
medium for the fluid to flow through or closed pores, also referred to as isolated pores,
that are isolated from the connected architecture of the void space as illustrated in
Figure 1.1 (Markl et al., 2018b; Nishiyama and Yokoyama, 2017). The microstructure
characteristics of porous materials, such as porosity, pore size, shape and orientation,
tortuosity, permeability, connectivity and anisotropy have an impact on the liquid
penetration into such materials (Cai, 2011; Markl et al., 2018b,c). Among the various
macroscopic properties used for quantifying porous media, the most widely accepted
characteristics used for the description of single-phase fluid flow are porosity, tortuosity
and permeability (Chhabra and Richardson, 2008):

3

1.1 Properties of the Pore Structure

1.1.1

Porosity

Porosity, f , is most often used to describe porous media, which is defined as the ratio
of the void volume, Vvoid , to the total volume of the material, Vtotal , (Bawuah et al.,
2014; Rubenstein et al., 2015). This porosity is referred to as the total or absolute
porosity, which can be quantitively expressed as (Fitts, 2013).
f=

Vvoid
Vtotal

(1.1)

In other words, porosity is the fraction of the total volume available for fluids to
flow through, and therefore the fraction of the volume occupied by the solid portion, i.e.
solid fraction, is (1 − f ) (Chhabra and Richardson, 2008). The value of porosity ranges
between 0 and 1 based on the type of the porous material. A lower value of porosity
indicates a larger resistance to the flow of a fluid through the porous material (Chhabra
and Richardson, 2008).

1.1.2

Tortuosity

Tortuosity, τ, is another property of porous media which describes the extent of the
deviation of the fluid path from a straight-line (i.e. linearity or twisting of the pore
space) in the overall flow direction (Chhabra and Richardson, 2008). Such property can
be defined as the ratio of the average length of the fluid path, lpath , to the geometrical
length of the medium, l, in the flow direction (Markl et al., 2018b):
lpath
(1.2)
l
Tortuosity can also be determined in terms of the diffusion coefficients as the ratio
of the free self-diffusion coefficient of a bulk fluid, D0 , to the effective self-diffusion
coefficient of the same fluid, Deff , within the void space using a probe molecule with
no chemical functionalities that interact with the porous matrix (D’Agostino et al.,
2012):
τ=

τ=

1.1.3

D0
Deff

(1.3)

Permeability

Permeability, k, is a property of the porous medium which describes the ease of the
penetration of a fluid through the medium under a pressure gradient (Tang et al., 2015).
The permeability for a liquid through a porous medium can be defined using Darcy’s
law (Tang et al., 2015). Darcy (1856) introduced an equation that describes the fluid

4

Porous Media

l
𝜇

Q
A
1
𝑃#

∆𝑃

2
𝑃$

Fig. 1.2 The parameters used to define Darcy’s law for the flow of incompressible
liquid through a cylinder of porous medium.
flow in a porous medium based on his experimental work on water flow through beds
of sorted sand. Darcy’s law for horizontal, rectilinear, steady-state and incompressible
liquid flow through a cylinder of porous medium, as illustrated in Figure 1.2, can be
expressed as (McPhee et al., 2015)
Q=

kA∆P
µl

(1.4)

where Q is the volumetric flow rate, A is the cross-sectional area of the medium, ∆P =
(P1 − P2 ) is the pressure gradient across the medium, µ is the dynamic viscosity of the
liquid, l is the length of the medium along the flow direction (McPhee et al., 2015).
Thus, Darcy’s law in Equation 1.4 can be rearranged to determine the permeability as
follows
Qµl
(1.5)
A∆P
The Young-Laplace equation can be used to determine the pressure drop as the
capillary pressure, Pc , in the absence of gravity, as follows (Cai et al., 2021)
k=

2γ cos θ
(1.6)
R
where R is the radius of the capillary tube, γ is the surface tension of the liquid and θ
is the contact angle between the liquid and solid.
The permeability is influenced by both the properties of the fluid as well as
the microstructure characteristics of the porous medium (Tang et al., 2015). Since
measuring the permeability of a porous medium experimentally under laboratory
conditions has a number of drawbacks, such as the long duration of the measurements,
labour costs as well as the high cost of the equipment, it is useful to determine
Pc =

1.2 Characterisation of the Microstructure Characteristics
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the permeability using mathematical equations (Zakirov and Khramchenkov, 2020).
Kozeny-Carman (KC) equation is one of the simplest and most widely accepted
analytical expressions for mathematically predicting the permeability for a laminar
flow, which is derived by combining Darcy’s law and Poiseuille’s law for capillary
tubes, and provides a relationship between the characteristics of the porous medium
and the flow resistance in the pore space (Costa, 2006). KC equation describes the
relationship between the permeability and porosity of a porous medium in a generic
form as (Tang et al., 2015)
k=

f3
c(1 − f )2 S2

(1.7)

where c is the Kozeny-Carman constant and S is the specific surface area.
KC equation can also be expressed as in Equation 1.8 to describe the relationship
between the porosity, permeability, toruosity and specific surface area of a porous
medium (Zakirov and Khramchenkov, 2020):
k=

1.2

f3
cτ 2 S2

(1.8)

Characterisation of the Microstructure Characteristics

Several different methods (Figure 1.3) can be used to investigate the pore structure
characteristics of porous materials, which can be categorised as void-space sensitive
or matrix-sensitive (Markl et al., 2018b). The void-space sensitive techniques can be
used for measuring only the open/connected pores and open porosity of the material
as such methods use a fluid (liquid or gas) for directly accessing the pores of the
medium and probing their characteristics (Naftaly et al., 2020). Examples of such
techniques include mercury porosimetery, helium pycnometry, nitrogen adsorption
and thermoporometry (Naftaly et al., 2020). In contrast, matrix-sensitive techniques
employ an electromagnetic radiation for the pore structure measurement of the material (Markl et al., 2018b). These techniques include optical microscopy, terahertz
time-domain spectroscopy (THz-TDS), X-ray microcomputed tomography (XµCT),
scanning electron microscopy (SEM), atomic force microscopy (AFM), transmission
electron microscopy (TEM), confocal laser scanning microscopy (CLSM) and focused
ion beam SEM (FIB-SEM). The nuclear magnetic resonance (NMR) technique is a
matrix and void-space sensitive technique as such method uses an electromagnetic
radiation and a liquid for investigating the structural characteristics of the porous
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material. The techniques can also be categorised as either surface-sensitive methods
that probe the two-dimensional (2D) structural properties of the material at the surface
or at cross-sections of the material or volume-sensitive methods that provide information of the three-dimensional (3D) structural properties of the pore space of the
material (Markl et al., 2018b).

Fig. 1.3 The different techniques utilised to investigate the pore structure characteristics
of porous media [modified from (Markl et al., 2018b)].
NMR is a very useful technique and has extensively been applied for the investigation of the pore structure properties of various porous media in three different
approaches: NMR cryoporometry (Strange et al., 1993), relaxometry (Mitchell et al.,
2005) and diffusometry (Collins et al., 2007). The NMR cryoporometry method is
used for the non-destructive measurement of the pore size distributions of porous
media (suitable for determining pore diameters between 2 nm and 1 µm, based on the

1.2 Characterisation of the Microstructure Characteristics
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absorbate) by monitoring the melting point depression of a confined liquid (Mitchell
et al., 2008). This method has been used for the characterisation of the pore size
distribution in a range of porous media, such as silica (Strange et al., 1993) and cement
pastes (Leventis et al., 2000). The NMR cryoporometry measurement is conducted
by filling the pores of the sample with a liquid and determining the change in the
thermodynamic characteristics that is a result of the nanostructuring (Mitchell et al.,
2008). The liquid used for the measurement, typically water or cyclohexane, must be
first frozen so that no NMR signal is present (Strange et al., 1993). This is followed by
the slow heating of the sample and monitoring the slow rise of the NMR signal as the
temperature increases (Strange et al., 1993). The pore size distribution of the sample
is then obtained by linking the temperature change to the pore size, i.e. pore diameter,
using the Gibbs-Thomson equation (Mitchell et al., 2008).
The NMR relaxometry technique can be utilised to acquire the pore size distribution
of a material using the difference in the relaxation rates of the molecules at a pore space
in comparison with those present in the bulk liquid (Mitchell et al., 2005). This method
can be conducted with either of the two relaxation rates: longitudinal (spin-lattice), T1 ,
or transverse (spin-spin), T2 , where the inverse relaxation rates, T11 and T12 , are directly
proportional to the surface-to-volume ratio of the porous material (Collins et al., 2007).
Since the porous material has a range of different pore sizes, i.e. pore diameters,
a range of different relaxation times are obtained. Thus, the pore size distribution
can be obtained using the distribution of the measured relaxation times (Mitchell
et al., 2005). On the other hand, the NMR diffusometry technique is utilised to
measure the diffusivity of a liquid within the pore space of a medium at different
observation times (Collins et al., 2007). The surface-to-volume ratio is obtained
at short observation times, whereas the tortuosity is obtained at long observation
times (Collins et al., 2007). This method has been utilised to measure the tortuosity of
supported catalysts (Mantle et al., 2010) and catalyst supports (D’Agostino et al., 2012)
as well as the surface-to-volume ratio and tortuosity of pharmaceutical pellets (Collins
et al., 2007).
Among the previously mentioned techniques, helium pycnometry, mercury porosimetery, XµCT and THz-TDS will be discussed in terms of their capabilities, advantages
and limitations as such techniques have been used for the characterisation of the pore
structure properties of the samples investigated in this thesis:

1.2.1

Helium Pycnometry

Helium pycnometry has been widely used to characterise a variety of porous media, such as woods (Donato and Lazzara, 2012), soils (Bielders et al., 1990), ce-
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ments (Helsel et al., 2016), pharmaceutical tablets (Markl et al., 2017b) and catalyst
supports (Kolitcheff et al., 2017). Helium pycnometry is commonly utilised for measuring the true (skeletal) density of the solid, which can used in combination with
the bulk density of the porous sample to determine its overall porosity (Chang et al.,
2019). Such technique does not provide information on the properties of the individual
pores, such as their size, shape and orientation (Markl et al., 2018b). Although helium
pycnometry is a very accurate method with simple sample preparation and relatively
fast data acquisition and data analysis, such technique can measure only the open pores
that are connected to the surface of the sample and provide limited information on the
structure of the porous material, i.e. true density and overall porosity (Bawuah and
Zeitler, 2021; Markl et al., 2018b).

1.2.2

Mercury Porosimetry

Mercury porosimetry is one of the most widely used techniques to characterise the
pore structure characteristics of a porous medium, such as porosity, pore volume and
pore size distribution (Ferrero and Jiménez-Castellanos, 2002; Voigt et al., 2020).
This method is based on measuring the volume of the intruded/extruded mercury
as a function of the applied pressure (Rodríguez-Reinoso and Sepúlveda-Escribano,
2001). The contact angle of mercury is greater than 90 ◦C for a large number of
materials, which makes it the liquid of choice for conducting such measurements as
mercury does not wet the solid material and therefore its intrusion into the pores can
be performed in a controlled manner as a function of the applied pressure (Markl
et al., 2018b). Mercury porosimetry is capable of measuring pore sizes ranging from
4 nm and 500 µm (Voigt et al., 2020). Although this method provides a wide range of
information on the structure properties of the sample, such as the total specific pore
volume, skeletal and bulk density and pore size distribution (Markl et al., 2018b), the
capability of such technique to measure only pores that are connected to the surface of
the sample (Bawuah and Zeitler, 2021) and the possible chemical contamination of
the sample limit its use for the characterisation of porous media (Ervasti et al., 2012).

1.2.3

X-ray Microcomputed Tomography

XµCT is another useful technique for investigating the microstructure characteristics
of porous media, such as paper (Antoine et al., 2002), rocks (Claes et al., 2016),
pharmaceutical tablets (Busignies et al., 2006) and catalysts (Ruffino et al., 2008).
The XµCT technique is capable of providing three-dimensional information of the
pore structure properties of porous materials as well as the fluid distribution within
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such materials in a non-invasive and non-destructive manner (Iassonov et al., 2009).
Examples of the application of XµCT in the pharmaceutical field include predicting
the porosity of tablets (Markl et al., 2018b), measuring the density distribution within
a tablet (Sinka et al., 2004), predicting the shape and orientation of pores (Markl et al.,
2017b), visualising the formation of voids in a tablet during dissolution (Karakosta
et al., 2006) as well as detecting internal defects, such as agglomerates and/or cracks,
in tablets (Al-Sharabi et al., 2020). In the catalysis field, XµCT has been applied to
analyse the pore structure of exhaust gas monolith catalysts in order to investigate the
impact of the thermal and hydrothermal aging on the catalyst washcoat (Becher et al.,
2019). In addition, XµCT has been utilised for detecting cracks in the catalyst layers
integrated in fuel cells (Roy et al., 2018).
The XµCT method is characterised by the simple sample preparation and the
contactless, non-invasive and non-destructive nature of the measurements (Markl et al.,
2018b). Such technique can be used to perform 2D and 3D visualisation of the the
microstructure of the porous sample without having to cut the sample (Alqahtani
et al., 2020). The method is also capable of probing both the open and closed pores
within the sample. However, XµCT measurements can be time-consuming due to the
lengthy scanning (can take up to several hours based on the the size of the sample
to be measured and the desired resolution) and data processing (can take several
hours depending on the memory and processing power of the computer as well as
the objectives of the image analysis which can involve a number of additional image
segmentation steps) (Markl et al., 2018b)).

1.2.4

Terahertz Time-domain Spectroscopy

THz-TDS has shown great potential as an analytical technique for analysing the pore
structure properties of porous materials with extensive work reporting on the characterisation of the microstructure characteristics of pharmaceutical tablets (Bawuah
et al., 2020; Markl et al., 2018b). This method has been applied to determine the
porosity of porous materials, such as rocks (Heshmat et al., 2017) and pharmaceutical
tablets (Bawuah et al., 2016b, 2014, 2016c; Ervasti et al., 2012; Markl et al., 2017b;
Naftaly et al., 2020). Besides porosity, THz-TDS has also been utilised for investigating a number of other structural properties of pharmaceutical tablets, such as pore
shape (Markl et al., 2017b), anisotropy in the pore structure (Bawuah et al., 2016a;
Markl et al., 2018a), Young’s modulus (Peiponen et al., 2015), optical strain (Bawuah
et al., 2016c) and optical compressibility (Chakraborty et al., 2017).
The THz-TDS measurement is characterised by the fast data acquisition (the
measurement duration can be as short as 100 ms) and subsequent data analysis (takes
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less than 1 s per measurement) (Markl et al., 2018b). Both the open and closed pores
of the porous medium can be measured using THz-TDS in a non-contact, non-invasive
and non-destructive manner (Bawuah et al., 2020; Bawuah and Zeitler, 2021; Naftaly
et al., 2020). However, such technique has some limitations in terms of the thickness
and volume of the compact to be measured (the compact thickness may be limited due
to the strong absorption of the terahertz radiation by some materials, and the compact
volume is limited by the spot size of the terahertz beam, which has a typical diameter
value between 1 and 2 mm) (Markl et al., 2018b). In addition, the measurement
requires precise positioning of the sample, particularly for biconvex tablets (Markl
et al., 2018b). Furthermore, predicting the terahertz-based porosity always requires a
combination of a calibration set of a flat-faced tablets with known nominal porosities,
i.e. porosities determined using the true and bulk densities of the tablets, and the values
of the effective refractive index measured using THz-TDS (Bawuah et al., 2020).
Another limitation is the incapability of the THz-TDS method of measuring the pore
size distribution of the porous material (Markl et al., 2018b).

1.3

Capillary Transport in Porous Media

Capillary transport, also known as capillary rise, capillarity, spontaneous imbibition
or wicking, refers to the spontaneous transport of a wetting liquid into the pores
of a medium under capillary pressure (Cai et al., 2021). This capillary-driven flow
is an important phenomenon encountered in a wide range of natural and industrial
applications, such as oil recovery by spontaneous imbibition in reservoir rocks (Morrow
and Mason, 2001; Takahashi and Kovscek, 2010), water transport in plants (Louf et al.,
2018), movement of groundwater in dry soil (Bachmann et al., 2007) and absorption
of liquid into paper (Songok et al., 2014) to name a few.
Capillary transport is mainly influenced by the microstructure characteristics of the
porous material, interface tension, the properties of fluid and the interactions between
the fluid and solid material (Cai et al., 2021). Wetting is an initial prerequisite for
capillary transport in a porous medium (Masoodi et al., 2007). The contact angle
between the liquid and solid material is a measure of the wettability, the degree of
wetting, of a solid (Dwivedi et al., 2017; Jose and Alagar, 2015). The wettability
is influenced by the characteristics of both the solid and liquid (Kulkarni and Shaw,
2016). Lower wettability of the solid material is indicated by larger values of the
contact angle (Dwivedi et al., 2017). The wettablity can be classified in four cases,
which are are: non-wetting (θ = 180°), bad or low wetting (θ > 90°), good or high
wetting (0° < θ < 90°) and perfect wetting (θ = 0°) as illustrated in Figure 1.4. In
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the case of wetting a solid material by water, high wettablity of the solid is indicated
by a contact angle less than 90° while poor wettability of the solid is indicated by a
contact angle larger than 90° (Hornyak and Rao, 2016).

Contact
angle, θ

Liquid

θ

Porous sample

Case 1

Case 2

θ = 180o

θ > 90o

Non-wetting

Bad or low wetting

Case 3

0 <θ < 90o

Good or high wetting

Case 4

θ = 0o

Perfect wetting

Fig. 1.4 A schematic showing the the different cases of wetting.

1.3.1

Rigid Porous Media

In the case of the capillary transport in rigid porous media, the sizes of the particles and
the pores within the medium do not change during the liquid transport process (Masoodi and Pillai, 2010). An early description of the imbibition process was introduced
by Bell and Cameron (1906), who demonstrated a square root dependance of time
for imbibition. Later, Lucas (1918) and Washburn (1921) investigated the dynamic
factors that have an impact on the capillary flow in a single cylindrical capillary tube
with uniform internal cross-section and introduced the classical form of the LucasWashburn (LW) equation. The LW equation has been widely used to describe the
capillary-driven flow in porous media. For the derivation of the classical LW equation,
it is assumed that an incompressible Newtonian fluid follows the Hagen-Poiseuille
law by considering the relationship between the unbalanced atmospheric pressure, Pa ,
hydrostatic pressure, Ph , and capillary pressure, Pc (Cai et al., 2021). Thus, the length
of the liquid, L, travelled into a capillary tube can be described as a function of time, t,
as (Cai et al., 2021)
dL (Pa + Ph + Pc )(R2 + 4εR)
=
dt
8µL

(1.9)

12

Porous Media
Capillary Rise in a Porous
Medium

Capillary
tube
θ

L(t)

Fig. 1.5 The capillary transport into a porous system modelled by the Lucas-Washburn
equation.
where ε is the coefficient of slip. It is important to note that the classical LW Equation
assumes that the pore space is composed of a set of parallel cylindrical and uniform
capillary tubes (Cummins et al., 2017) as demonstrated in Figure 1.5. Thus, capillary
pressure can be determined using Young-Laplace equation using Equation 1.6 (Cai
et al., 2021). The classical LW equation is an analytical model that is derived by
combining the Young-Laplace and Hagen-Poiseuille equations to describe a crucial
mass transport mechanism in porous media referred to as Darcy flow (Markl and
Zeitler, 2017). In such transport mechanism, the flow through a porous medium is
dominated by a gradient in capillary pressure across the porous system (Yassin et al.,
2015a). Therefore, for a laminar flow, the penetration length, L, of a liquid into a
porous medium with neglecting the effect of gravity and inertia forces can be expressed
as a function of time, t, as (Cai et al., 2021; Markl et al., 2018c)
s
L(t) =

Rh,eq γ cos θt
,
2µ

(1.10)

where Rh,eq is the hydraulic radius.
It is worth mentioning that the classical LW equation has some limitations in
predicting the rate of the wetting liquid in a porous medium as this formalism assumes
that the medium behind the liquid front is fully saturated, which is not always the
case (Cummins et al., 2017). Since several porous media have a wide range of pore
sizes and the porous region behind the liquid penetration front is not completely
saturated, the assumptions made in the LW equation result in discrepancy between the
volumetric flow rate of liquid acquired experimentally and the rate modelled by the
LW equation (Cummins et al., 2017).
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Beside the LW equation, the length of the liquid penetration front for a 1D liquid
transport in a rigid porous medium that is assumed to be consisting of cylindrical and
uniform vertical capillary tubes can also be described in the absence of gravity as a
function of time using Darcy’s law as (Masoodi et al., 2007)
s
L(t) =

4kγ cos θt
f0 µR0

(1.11)

where R0 is the initial capillary radius and f0 is the initial porosity (i.e. pore radius
and porosity of the dry material, respectively).

1.3.2

Swelling Porous Media

Swelling is an important phenomenon that occurs during the liquid penetration into
swelling porous media, such as biopolymeric materials (Singh et al., 2003), polymer
wicks (Masoodi et al., 2007), papers (Chang and Kim, 2020; Masoodi and Pillai,
2010) and pharmaceutical tablets (Desai et al., 2016; Yassin et al., 2015b). Therefore,
it is important to consider the impact of swelling during the liquid transport into
swelling porous materials as the swelling of the medium’s matrix results in a dynamic
change in the pore structure characteristics of the medium, i.e. porosity, pore size
and the permeability (Markl and Zeitler, 2017). These characteristics are functions of
space and time for swelling materials during the liquid ingress process (Masoodi and
Pillai, 2010). Since swelling results in a change in the pore structure and molecular
arrangement of particles, it has an impact on both the wettability and wickability of
such porous materials (Masoodi and Pillai, 2010). A number of models have been
derived to describe the liquid transport process in swelling porous media (Masoodi
and Pillai, 2010; Schuchardt and Berg, 1990)
Schuchardt and Berg (1990) developed a capillary model to describe the rate
of liquid penetration into swelling composite systems consisting of cellulose and
superabsorbant fibers (carboxymethyl cellulose fibres). This model is a modification
of the LW equation which accounts for the impact of the long-term swelling of the
fibres and assumes a linear decrease of the hydrodynamic pore radius with time with
considering a decreasing hydraluic radius behind the liquid front as a result of swelling.
In this model, the hydraulic radius is approximated as a linear function of time such
that Rh,eq = R0 − at, where a is a constant describing the rate of constriction due to
swelling). The modified LW equation developed by Schuchardt and Berg (1990) has
the following form
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R0 γ cos θ
L(t) =
2µ

0.5 
0.5
a2 3
a 2
t − t + 2t
R0
3R0

(1.12)

The results of the liquid imbibition rate that were obtained by the model developed
by Schuchardt and Berg (1990) are in a better agreement with the experimental data
in comparison with the classical LW equation. It is worth noting that in the absence
of swelling, i.e. a = 0, Equation 1.12 turns to the classical LW Equation for a rigid
porous medium (Equation 1.10).
Later, Masoodi and Pillai (2010) derived a model based on Darcy’s law that
accounts for the effect of particle swelling and the subsequent constriction of the pores.
This model describes the liquid penetration length in a swelling porous medium as a
function of time as follows
s
L(t) =

2Pc
f0 µ

Z t

k(t ′ ) dt ′

(1.13)

0

It is crucial to note that the aforementioned models describe the swelling only
during the transient liquid ingress without giving any information on the subsequent
swelling once the medium is fully wetted with the liquid (Markl and Zeitler, 2017).

1.4

Powder Compaction

Powder compaction is an important process that is widely used for the production
of porous media in the form of powder compacts (Cottrino et al., 2013; Kaerger
et al., 2004). Uniaxial die compaction is one of the most common and simplest
densification process to produce powder compacts/tablets with sufficient strength and
desired shape (Cabiscol et al., 2019; Chen et al., 2007). This process involves three
stages, which are die filling, compaction and ejection of the compact as illustrated
in Figure 1.6. During the die compaction process, the compressive forces applied to
the powder material result in volume reduction to make a tablet, and such volume
reduction is usually categorised into three distinct stages: (I) die filling or packing
(II) rearrangement of particles and (III) deformation and creation of interparticle
bonds (Mallick et al., 2011). Particle rearrangement is a critical step for densifying
the powder material during the initial phase of compaction during which the particles
move without being deformed or fractured under low pressures (Mallick et al., 2011).
The particle rearrangement process is then followed by elastic deformation, plastic
deformation or fragmentation of the powder particles (Jivraj et al., 2000). Interparticle
bonds, such as intermolecular bonds, mechanical interlocking and solid bridges, are
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then formed as the particles closely approach each other (Markl and Zeitler, 2017).
Fragmentation and the following mechanical interlocking of fine particles are the
principal processes for densifying the compacts that are made of brittle materials, such
as ceramics (Cabiscol et al., 2019). The interparticle pores of the final powder compact
can be modified by varying the conditions of the compaction process as such pores are
created during compaction (Markl et al., 2018c). Powder compaction will be discussed
in the context of pharmaceutical tablets and ceramic powder compacts:
Compaction

Die filling

Upper
punch
Powder

Lower
punch

Ejection

Powder
compact

Die

Fig. 1.6 The stages of uniaxial die compaction.

1.4.1

Pharmaceutical Tablets

Pharmaceutical tablets are typically made by the compaction of a powder mixture that
is composed of one or more active pharmaceutical ingredients (APIs) and a number
of suitable excipients with a range of different functionalities (Jivraj et al., 2000).
The tableting process and the drug delivery properties are governed by the physical
and chemical characteristics of the APIs and the excipients incorporated in the tablet
formulation (Ridgway et al., 2017). However, the excipients are normally present in
the formulation in larger amounts compared to the APIs and therefore these excipients
often have a dominating effect on the performance of the tablets and the ease of their
design in terms of flowability, compressibility and compaction (Markl et al., 2018c).
A range of different excipients can be incorporated in the tablet formulation, such as
fillers, disintegrants, binders, lubricants, diluents, glidants, colorants, flavouring agents
and preservatives (Desai et al., 2016). The therapeutic drug dose is substantially small
in most of the cases and hence the API material needs to be blended with appropriate
excipients to obtain the desired fill volume that is suitable for the compaction of the
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powder blend into a tablet with a proper size (Markl and Zeitler, 2017). Besides providing the required fill volume for compaction, excipients are added to the powder blend
to enhance its processing or performance by controlling the transport of the dissolution
medium and hence the disintegration and the release of the drug in the body (Markl
and Zeitler, 2017). Excipients must be physiologically inactive or inert and maintain
their physical and chemical stability in the dosage formulation throughout the desired
shelf life of the tablet dosage form (Desai et al., 2016). Hydrophilic and hygroscopic
excipients are normally incorporated in the tablet formulation to promote liquid transport and swelling of the tablet and hence cause its rapid disintegration (Yassin et al.,
2015a).
Direct compaction is regarded as the simplest method for the preparation of fast
disintegrating tablets (FDTs) (Stirnimann et al., 2013) due to a number of desirable features, such as the simple procedure, time and cost effectiveness and the exclusion of the
moisture and heat impacts (Li et al., 2017). Fillers are key excipients that are added to
the tablet formulation to acquire the desired fill volume of the tablet. Microcrystalline
cellulose (MCC) is one of the most commonly used filler/binder for direct compaction
due to its excellent direct compatibility at low pressures, insolubility in water and
excellent disintegration characteristics (Jivraj et al., 2000; Li et al., 2017; Thoorens
et al., 2014). Other advantages of MCC include the chemical inertness of such material
as well as its compatibility with most drugs (Jivraj et al., 2000). MCC can be utilised
for making FDTs due to its excellent ability of water absorption into the inter-particle
pores and the water diffusion into the inter-polymer space of cellulose (Ridgway et al.,
2017; Thoorens et al., 2014). However, the maximum achievable porosity of the MCC
based FDTs with acceptable and sufficient tensile strength is limited and therefore
such limitation can affect the rate of liquid penetration and hence the disintegration
behaviour of such tablets (Markl et al., 2017b). Therefore, it is desirable to use more
highly porous excipients for the preparation of FDTs to increase the rate of liquid
ingress into the tablet matrix and cause the rapid disintegration and dissolution of the
tablet (Markl et al., 2017b). The main pore structure characteristics of a tablet, such as
porosity as well as pore size, shape, orientation and connectivity, have an impact on
the rate of liquid ingress into the tablet (Markl et al., 2018b). Therefore, optimising the
void space through maximising the porosity, pore connectivity and permeability with
maintaining the high mechanical stability of the tablet can accelerate the disintegration
process (Chauhan et al., 2018; Jeevanandham et al., 2014; Pabari and Ramtoola, 2012).
This can be conducted by either varying the compaction parameters (e.g. compaction
pressure) to modify the inter-particle pore space or using highly porous fillers for making the FDTs (Markl et al., 2018c). Beside MCC, functionalised calcium carbonate
(FCC) is another excipient that can be used as a filler for the preparation of highly
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porous FDTs due to its suitability for direct compaction, intra-particle porosity, short
duration of disintegration and excellent mechanical strength (Stirnimann et al., 2013).
Ridgway et al. (2004) developed highly porous FCC with porosities up to 60% and
large surface areas to enhance the rate of liquid absorption (10 times higher compared
to the conventional calcium carbonate). FCC is still relatively new as an excipient
and thus it is useful to develop more understanding of the impact of the different
microstructure characteristics of FCC on its liquid transport kinetics for better design
and performance of such material.
Disintegrants are important constituents of the tablet formulation, particularly for
the preparation of FDTs using direct compaction (Li et al., 2017). Such excipients
promote the interruption of the interparticulate bonds and hence the break-up of the
tablet matrix into very small particles (Quodbach et al., 2014a). Disintegrants are
normally cross-linked polymers incorporated in the tablet formulation to promote the
rapid disintegration of the tablet as a result of the swelling of the disintegrant particles
upon contact with water and the subsequent creation of additional stresses that are
enough to break up the tablet (Peppas and Colombo, 1989). The selection of a suitable
disintegrant for a tablet formulation is significantly dependent on the properties of
the drug incorporated in the formulation as the drug solubility, for example, can have
an impact on the mechanism and rate of tablet disintegration (Parkash et al., 2011).
Water-soluble materials undergo dissolution rather than disintegration upon contact
with water, whereas insoluble materials typically disintegrate when the disintegrant is
incorporated in the tablet formulation with a proper amount (Parkash et al., 2011). The
efficiency of a disintegrant is characterised by its ability to break up the tablet into the
smallest possible particles within the shortest time in order to provide more wettable
surface area and a rapid release of API in the body (Quodbach et al., 2014a). Sodium
starch glycolate (SSG), croscarmellose sodium (CCS), crospovidone (XPVP), lowsubstituted hydroxypropyl cellulose (L-HPC) are the most common disintegrants used
for making rapidly disintegrating tablets, such as FDTs, via direct compaction (Li et al.,
2017). Such materials are added to the tablet formulation in small quantities (typically
2% – 5% by weight) to improve the liquid ingress into the tablet matrix and promote
its swelling and eventually cause the desired disintegration of the tablet (Yassin et al.,
2015a).
Lubricants are commonly incorporated in the powder mixture to minimise the
friction between the tablet and die metal surface, which results in the reduction of
the ejection force and hence prevents the cracking or breakage of the tablet during
the ejection step of the compaction process (Li et al., 2017; Morin and Briens, 2013).
Magnesium stearate (MgSt) is commonly added to the tablet formulation as a lubricant
due to its excellent lubrication capability, high melting point, high chemical stability
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and relatively low cost (Perrault et al., 2010). MgSt is typically incorporated into the
powder blend in a very small amount (0.25 to 1 % by weight) (Wang et al., 2010). The
tablet compaction is influenced by the type and concentration of lubricant, the lubrication method, and the procedure of adding the lubricant into the formulation (Morin
and Briens, 2013). MgSt adversely impacts the hardness of the tablets composed of
deformable materials, such as MCC, lactose and starch, more than the tablets made
of brittle materials (Morin and Briens, 2013). It is important to note that lubricants
are highly hydrophobic materials, which have a strong impact on the wettability of
the tablet, and hence the water ingress into the tablet, as incorporating a lubricant into
the formulation is expected to hinder the water transport and hence the onset of the
disintegration and dissolution processes (Markl and Zeitler, 2017). The insolubility of
MgSt in water can result in delaying the dissolution process of the API upon contact
with the dissolution medium (Perrault et al., 2010).

1.4.2

Ceramic Powder Compacts

Polycrystalline ceramic materials are typically made from a powder processing route
as illustrated in Figure 1.7, which shows the different stages involved in the processing
of the raw ceramic powder and its transformation into a strong final product with
the desired properties (Lakhdar et al., 2021). Uniaxial die compaction is the simplest consolidation and densification method for the production of ceramic powder
compacts (Chen et al., 2007). The ceramic powder is usually compacted at room
temperature (cold die compaction) in which the loose powder particles are transformed
into a dense compact (green body) with the desired shape under pressure without
applying external heat during compaction (Khoei et al., 2020). The particle size has
an impact on the compaction of ceramic powders where powders of fine particles are
more challenging to compact in comparison with powders of coarser particles as the
attraction force between the particles is inversely proportional to the size, i.e. diameter,
of the individual particles (Saha et al., 2012). Brittle fracture is the dominating type
of deformation, compared to elastic and plastic deformation, in the compaction of
ceramic powders and is dependent on the toughness and particle size of the raw powder.
The stress needed for brittle fracture reduces with an increase in the particle size and
thus large particles are much easier to crack compared to small particles (Saha et al.,
2012). The large ceramic particles crack more easily due to the fact that such particles
are statistically more likely to contain a crack exceeding the critical crack length for
fast fracture. It is important to note that one limitation of uniaxial die compaction
is the presence of a density gradient, i.e. density distribution, across the ceramic
compact (Chen et al., 2007). Such density distribution imposes some challenges in
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producing ceramic powder compacts using uniaxial die pressing, such as the formation
of cracks during the compaction process, which is most-likely a result of the poor
inter-particle bonding during compaction, as well as warpage during sintering (Chen
et al., 2007).

State of ceramic

Processing Step

Objective of step

Fig. 1.7 The different steps involved in the processing of ceramic powders [modified
from (Lakhdar et al., 2021)]. Dry forming (uniaxial die compaction of dry powder)
is commonly used for the production of ceramic powder compacts that are used as
catalyst supports.
A range of different additives are usually used in the processing of ceramic parts to
the enhance flowability and cohesion of particles during the compaction process (Kumar et al., 2014). The binder is an important additive in the production of ceramic
powder compacts, which should be added in an amount that provides sufficient strength
without causing microstructural defects in the green body during the burnout of the
binder (Kumar et al., 2014). Binders can be inorganic, such as bentonite, and sodium
silicate, or organic, such as polyvinyl alcohol (PVA), polyethylene glycol, polyacrylate, paraffin, starch, methyl cellulose, carboxymethyl cellulose (CMC) to mention a
few (Kumar et al., 2014). PVA is one of the most widely utilised binders for the dry
die compaction of ceramic powders, such as alumina powders (Kumar et al., 2014).
Lubricants are also important additives for the preparation of ceramic powder com-
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pacts, which are used to minimise the fraction between particles through reducing the
shear between two surfaces (Nampi et al., 2011). Stearic acid is one of the lubricants
used for the die compaction of ceramic powders, such as alumina powders (Nampi
et al., 2011).
Ceramics are commonly produced by first transforming the raw ceramic powders
into a compact via die compaction and subsequently sintering the green compact at a
high temperature (Mori et al., 1997). Sintering, also referred to as firing, is an important step in the production of ceramic materials in which the green powder compact
is transformed into a coherent body with controlled density and microstructure, i.e.
grain size and porosity, at a high temperature relatively close to but below the melting
point of the ceramic (Bordia et al., 2017; Prajzler et al., 2018a). The sintering process
is influenced by the properties of the raw ceramic powders and the manufacturing
parameters, such as compaction pressures, heating rate of sintering, sintering time and
sintering temperature (Boccaccini and Trusty, 1998). High temperatures accelerate the
sintering process due to the increase of the atomic mobility upon rising the temperature (German, 2010). The existence of agglomerates, inclusions or heterogeneities
within the green body also results in distinct sintering rates and stresses within the
compact, which may cause structural defects, such as crack-like voids, in the final
sintered product (Boccaccini and Trusty, 1998). The presence of a density distribution
within the green compact leads to a non-uniform shrinkage of the compact during the
sintering process (Mori et al., 1997). Sintering alters the dimensions of the compact,
due to the shrinkage of the compact upon densification, and can cause a change in
the shape of the compact as a result of sintering stresses, anisotropic shrinkage or
swelling (Boccaccini and Trusty, 1998).
The main driving force of the sintering process is the reduction in surface energy,
which is an irreversible process as the surface energy of the small particles is consumed
to form bonds between the particles of the compact (German, 2010). The surface
energy of small particles is larger and therefore sinter faster compared to large particles (German, 2010). The surface area of the compact decreases during sintering as a
results of two process: coarsening (or grain growth) and densification as illustrated in
Figure 1.8 (Blendell and Rheinheimer, 2020). The coarsening process only reduces
the surface area of the compact without causing any growth of the particle contacts or
changing the porosity of the compact, which hence results in a decrease of the total
surface energy. In contrast, the densification process results in a decrease in the surface
area, elimination of pores and shrinkage of the compact, and therefore results in a
reduction of the total surface energy (Blendell and Rheinheimer, 2020).
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Densification

Coarsening

Fig. 1.8 The coarsening and densficiation processes of the ceramic powder compacts
during sintering [modified from (Blendell and Rheinheimer, 2020)].
The sintering stages describe the geometric changes that occur during the conversion of a weak powder compact into a strong body (German, 2014). The sintering
process involves four stages: (I) contact formation (II) neck growth (III) pore rounding
(IV) pore closure (German, 2014) as illustrated in Figure 1.9. In the contact formation
stage, the particles are held together by the weak atomic forces at the contact points
between particles before the sintering begins (German, 2014). The neck growth stage
represents the initial stage of sintering during which necks start to form at particle
contacts (German, 2010). In this stage, the contact grows without interacting with the
adjacent contacts (German, 2014). The pore rounding stage represents the intermediate
stage of sintering and involves the growth and interaction of neighbouring necks to
produce a network of tubular pores (German, 2014). The pore closure is the final stage
of sintering during which the tubular pores collapse into discrete pores of spherical
or lenticular shape (German, 2014). This stage usually begins when the density of
the compact is above 92% of the theoretical density of the material (Blendell and
Rheinheimer, 2020).
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Initial stage
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Fig. 1.9 The stages of sintering [modified from (German, 2014).

1.5
1.5.1

Liquid Transport in Pharmaceutical Tablets
Fast Disintegrating Tablets

Pharmaceutical tablets are porous materials (wide range of pore sizes: micro-, mesoand macropores) and are the most common dosage form for the oral drug administration to the patient (Markl et al., 2018c; Ridgway et al., 2017). The convenience of using
these oral solid dosage forms for drug delivery is due to their ease of manufacturing
and administration, accuracy of the dosage intake and patient compliance (Han et al.,
2018). Such dosage forms can be designed as immediate release tablets for fast drug
delivery or modified release tablets for the release of the drug at a controlled rate over
a specific duration of time (Gaikwad et al., 2018; Markl and Zeitler, 2017). Immediate
release tablets are formulated for rapid and full disintegration upon contact with the
physiological fluids in the body within a short duration of time (full disintegration of
the tablet within 10 to 60 min of ingestion based on the applied regulatory requirements) (Corveleyn and Remon, 1997; European Medicines Agency, 2008). FDTs
are a special case of intermediate release tablets, which are developed for providing
better patient compliance and effective treatment as such tablets rapidly disintegrate
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upon exposure to a small amount of the saliva in the mouth (1 to 2 mL should be
enough to cause the tablet disintegration) (Markl et al., 2018c; Sheshala et al., 2011).
The rapid disintegration of FDTs results in a fast onset of action which provides
enhanced therapy for patients with dysphagia (swallowing difficulty) (Wagner-Hattler
et al., 2017), such as paediatrics and geriatrics patients (Parkash et al., 2011), patients with neurological disorders (e.g. epileptic seizures) (Poukas et al., 2011) and
bedridden patients (Jeevanandham et al., 2014). FDTs, or described as orally dispersible/disintegrating tablets by the European Pharmacopeia, should disintegrate
rapidly within a short period of time (less than 3 min) upon contact with the saliva in
the mouth prior to swallowing (Chandrasekhar et al., 2009; Stirnimann et al., 2013).

1.5.2

Disintegration Mechanisms

Disintegration is the mechanical breakdown of tablets into small particles upon exposure to the dissolution medium (Desai et al., 2016). The disintegration process
is a crucial step for releasing the API and enhancing its bioavailability and performance in the body to achieve an effective treatment of the patient (Markl and Zeitler,
2017). The performance of the drug in the body can be assessed through analysing
the disintegration and dissolution behaviour of the solid dosage formulation upon
exposure to the dissolution medium (Markl et al., 2017c). Liquid penetration and
the subsequent disintegration are the first key steps for releasing the drug in the case
of immediate release tablets and fast disintegrating tablets in particular (Markl and
Zeitler, 2017). The release of the drug is also directly related to the specific surface
area of the drug (Quodbach et al., 2014a). The liquid penetration might be the ratedetermining step, but maximising the specific surface area will actually improve the
dissolution performance. Achieving reproducible and full tablet disintegration upon
contact with the dissolution medium is very important to enhance the dissolution of
the API particles and hence achieve a reliable performance of the tablet as illustrated
in Figure 1.10 (Markl and Zeitler, 2017).
Different mechanisms govern the disintegration process of the tablet upon its interaction with the dissolution medium (Figure 1.11). Understanding these mechanisms
is essential for achieving an optimum clinical performance and providing the desired
therapy for the patient (Markl and Zeitler, 2017). The main mechanisms of tablet disintegration include wicking, swelling and strain recovery. Each of these mechanisms
are explained in more detail in the following:
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Fig. 1.10 The process of the drug release in the body upon exposure to the dissolution
medium [modified from (Markl and Zeitler, 2017)].
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Wicking

(water imbibition
into the powder compact)

Swelling (particles enlarge omni-directionally)

Strain recovery (particles enlarge uni-directionally)

Dissolution (dissolves excipients from the pore walls)

Interruption of particle-particle bonds

Disintegration (break-up of powder compact)

Fig. 1.11 The mechanisms of disintegration in pharmaceutical tablets [modified
from (Markl and Zeitler, 2017)].
Wicking
Wicking is the penetration of liquid through capillary action into the narrow spaces of
a porous material to displace air (Figure 1.11) (Desai et al., 2016). The cohesive forces
between liquid molecules and the adhesive forces between the surfaces of the pore
channels and the liquid molecules act as the driving forces for the liquid penetration
into the porous material. Although wicking is not a primary mechanism of tablet
disintegration, the liquid penetration by the capillary forces is considered to be the
first step in the disintegration process as it is essential for the other disintegration
mechanisms, such as swelling, to take place. The rate of liquid uptake into the void
space of the tablet compact is influenced by the capillary and opposite viscous forces
which either initiate or hinder the liquid entry into the tablet respectively (Markl
and Zeitler, 2017). The microstructure characteristics of the tablet, such as porosity
tortuosity and pore size distribution, have an impact on the rate of liquid ingress into
the tablet matrix, which in turn affects the disintegration time and the initial release
of the drug in the body (Yassin et al., 2015a). In addition, the initial particle size of
the powder blend used for compaction affects the liquid penetration kinetics in the
tablets prepared of plastically deforming materials, such as MCC, compared to tablets
composed of fragmenting materials, such as DCP (Skelbæk-Pedersen et al., 2020a).

26

Porous Media

Swelling
Swelling is a crucial step in the disintegration process of the tablet and the most
widely accepted mechanism for the break-up of the tablet matrix upon exposure to the
dissolution medium (Markl and Zeitler, 2017). Different types of bondings including
intermolecular forces, mechanical interlocking and solid bridges are formed during
the compaction of of the powder (Desai et al., 2016). An omni-directional increase
of the particles occurs during swelling which builds up some pressure and forces the
adjoining components of the tablet apart and hence disrupts these particle-particle
bondings and in turn causes the tablet to break up into its constituent components
(Figure 1.11) (Markl and Zeitler, 2017). The swelling behaviour is influenced by
a number of parameters including porosity, chemical structure and the degree of
cross-linking in polymeric excipients (Desai et al., 2016). Swelling is strongly time
dependent and is greatly influenced by the microstructure of the tablet as well as the
type of the disintegrant present in the dosage formulation (Yassin et al., 2015a). The
rate and extent of swelling can also be affected by the ionic content and the pH of the
dissolution medium (Khare et al., 1992; Zhao and Augsburger, 2005).
Strain Recovery
Strain recovery is another crucial mechanism of tablet disintegration (Desai et al.,
2016). This disintegration mechanism contributes to the break-up of the tablets
containing polymeric excipients, such as XPVP, upon the contact of the tablet with the
dissolution medium (Desai and Heng, 2012; Quodbach et al., 2014b). The compaction
process results in the rearrangement and deformation of the tablet particles as well as
the creation of inter-particle voids and interparticulate bondings (Markl et al., 2018b).
The strain in the tablet is a result of the metastability of the macromolecules resulting
from the interlocking of the polymer chains or the spontaneous increase in the degree
of crystallinity occurring during the powder compaction process. The stored energy
can be liberated in the form of heat as soon as the compaction punches are removed or
upon the exposure of the polymer to the dissolution medium. The contact of polymer
with water increases the mobility of the macromolecular chains which in turn allows
for an increase in the entropy of the system and therefore the original shape of the
deformed polymer molecules is recovered (Markl and Zeitler, 2017). Hence, strain
recovery can be considered as the reversible viscoelstic process of deformation in
which the particles enlarge uni-directionally in the opposite direction of the applied
compaction force (Figure 1.11) (Desai et al., 2016).
It has been suggested that the heat generated or absorbed upon the interaction
of a porous material with an aqueous medium could contribute to the disintegration
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of the powder compact (Markl and Zeitler, 2017). The hypothesis suggests that
the exposure of a disintegrant to water generates some heat which expands the air
entrapped in the pores of the solid. The air expansion due to this exothermic interaction
between the disintegrant material and water exerts some stress which could contribute
to the break-up of the powder compact (Desai et al., 2016). However, the heat
released from the interaction of the tablet with water is very small to cause the
tablet to disintegrate and therefore the heat of interaction can not be considered as a
disintegration mechanism (Markl and Zeitler, 2017).

1.5.3

Research on the Liquid Transport in Pharmaceutical Tablets

The disintegration process of fast disintegrating tablets is complex and poorly understood due to limitations of suitable characterisation techniques for investigating the
impact of the microstructure characteristics, including particle size and porosity, on
the rapid liquid penetration and swelling kinetics of such formulations upon contact
with the liquid (Markl et al., 2018c). The current disintegration test in the European
Pharmacopeia, the United States Pharmacopeia, and the Japanese Pharmacopeia is
conducted by placing a tablet in an open-ended tube on top of a wire mesh and then
periodically moving the tube containing the tablet up and down in a 1 L beaker of the
dissolution medium at 37 ± 2 ◦C for a set period of time. The dissolution medium can
be either water or simulated gastric or intestinal fluid to mimic the body conditions.
The test is considered to be successful if no palpable core is still remaining in the tube
after the exposure to the dissolution medium (Markl and Zeitler, 2017). The standard
disintegration test, defined in the previously mentioned pharmacopeiae, is relatively
straightforward, which is commonly performed in the pharmaceutical industry for
quality control purposes (Skelbæk-Pedersen et al., 2020a). However, such test does not
provide any quantitative analysis on the disintegration process other than the maximum
disintegration time of the tablet (Quodbach and Kleinebudde, 2015; Skelbæk-Pedersen
et al., 2020a). Therefore, there is a need for alternative techniques which can measure
the rapid liquid ingress and the subsequent disintegration of fast disintegrating tablets
and provide a quantitative analysis of their disintegration behaviour in order to control
the quality and enhance the performance of such dosage forms.
Researchers have investigated the liquid transport into a wide range of pharmaceutical tablets and their subsequent disintegration process in several studies (Markl
and Zeitler, 2017). Peppas and Colombo (1989) studied the disintegration process of
porous pharmaceutical compacts containing API particles, several disintegrants and
a number of other excipients in terms of the effect of water absorption on the tablet
disintegration force. It was shown that the disintegration force increases linearly with
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the increasing amount of water penetrating the porous compact system. Tritt-Goc
and Kowalczuk (2002) used the MRI technique to investigate the in situ real-time
disintegration process of paracetamol tablets in an acidic gastric pH environment to
mimic the tablet disintegration under the stomach condition. The study showed that
the physical properties of paracetamol, the tablet porosity and the temperature of the
dissolution medium have an effect on the overall disintegration behaviour of the tablets.
Quodbach et al. (2014b) studied the disintegration process of rapidly disintegrating
tablets containing different disintegrants, CCS, SSG, XPVP and polacrilin potassium
(PP), using high-resolution real-time MRI. The effect of the relative density of the
tablet and the concentration of the disintegrant on the disintegration behaviour were
also quantified.
TPI has recently been used for studying the simultaneous liquid transport and
swelling kinetics of a range of different pharmaceutical powder compacts. Initially,
Obradovic et al. (2007) developed a method to investigate the acetone penetration
and swelling kinetics in solid blocks of polymeric materials, i.e. polycarbonate and
polyvinylchloride (PVC). Yassin et al. (2015b) used TPI to study the solvent ingress
and swelling process of pharmaceutical powder compacts with different excipients
including lactose, Eudragit RSPO and hydroxypropylmethyl cellulose (HPMC) upon
contact with water. The microstructure of these powder compacts was also examined
using XµCT to better understand the link between the microstructure and the liquid
transport and swelling kinetics. Yassin et al. (2015a) conducted another study to
investigate the water ingress and swelling kinetics of MCC based tablets with a range
of porosities using TPI. The study demonstrated the effect of the overall microstructure,
temperature of the dissolution medium and the addition of swelling superdisintegrants
on the disintegration performance. Markl et al. (2017c) analysed the liquid transport
and swelling of pure MCC powder compacts using mathematical models and compared
the results to the data acquired by the TPI method. In another study, Markl et al.
(2018c) developed the TPI method and extended its use to study the liquid transport
kinetics of powder compacts prepared from ceramic materials, i.e. highly porous FCC
powders, and investigated the impact of the microstructure properties, i.e. porosity
and tortuosity, of such ceramic powder compacts on the liquid penetration kinetics.
Skelbæk-Pedersen et al. (2020a) used the TPI method to investigate the impact of
particle size and deformation on the water transport into tablets that were made of a
plastically deforming material, i.e. MCC, and a fragmenting material, i.e. di-calcium
phosphate (DCP) of two size fractions (<125 and 355 µm to 500 µm). The study
revealed that the water transports slower in the tablets prepared from large MCC
particles in comparison with the tablets made from small MCC particles. On the
contrary, the difference in the particle size does not have an impact on the water
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transport kinetics in the DCP tablets as it was found that the water transports at the
same rate in the tablets made of the two different size fractions of the DCP particles.

1.6

Liquid Transport in Catalytic Materials

1.6.1

Porous Ceramics

Porous ceramics are widely used in a large number of industrial applications such as
membranes for filtration (Nagasawa et al., 2020; Nandi et al., 2008; Werner et al., 2014),
thermal insulators (Wu et al., 2018) and substrate for electrodes in fuel cells (Amaya
et al., 2017). Such materials are also widely used as catalysts supports for catalysis (Faure et al., 2011; Pechenkin et al., 2015). Porous ceramics have several desirable
features, such as low density and thermal conductivity as well as high surface area
and permeability (Furlan et al., 2017). Compared to metallic and polymeric materials,
ceramic materials have a number of advantages, such as longer lifetimes and high
chemical and thermal stability (Furlan et al., 2017). The performance of a porous
ceramic material is strongly impacted by its the pore structure characteristics, such as
pore shape, size and distribution and connectivity (Hammel et al., 2014).
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Fig. 1.12 The phase transition of alumina [modified from (Xie et al., 2016).
Aluminium oxide (Al2 O3 ), also commonly known as alumina, is one of the most
widely utilised ceramic materials owing to its low cost, relative abundance as well as the
stability and retention of strength at high temperatures (Munro, 1997). Alumina exists
in several crystal forms, which can be categorised according to the arrangement of
oxygen atoms into hexagonal close-packed (HCP) and face-centred cubic (FCC) (Luo
et al., 2018). Based on the defect locations of the aluminium atoms, alumina can be
categorised into different crystalline polymorphic phases, such as α, β , γ, δ , θ , η, κ, χ
and ρ phases (Luo et al., 2018; Xie et al., 2016). Different precursors of alumina exhibit
different phase transition temperatures during the calcination process as illustrated
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in Figure 1.12 (Xie et al., 2016). The metastable phases of alumina will gradually
transform into the steady-state α phase upon an increase in the temperature (Luo
et al., 2018). α-alumina (α-Al2 O3 ), also known as corundum, is a stable phase of
alumina and the rest of the other crystalline polymorphs are metastable phases that
are referred to as transition aluminas (Boumaza et al., 2009). α-Al2 O3 has an HCP
arrangement of the oxygen anions with the aluminium cations occupying 23 of the
octahedral sites (Boumaza et al., 2009). The X-ray diffraction (XRD) pattern of
α-Al2 O3 powder is shown in Figure (1.13). α-alumina has a number of desirable
properties, such as the relatively low cost, thermal stability, high strength and hardness
and high temperature and corrosion resistance, (Luo et al., 2018; van den Reijen et al.,
2018). The thermal and chemical inertness of α-alumina makes such phase of alumina
an excellent choice as a catalyst support in many industrial applications (van den Reijen
et al., 2018). Examples of the industrial applications of α-alumina as a catalyst support
include steam reforming (Yeboah et al., 1995) and Fischer-Tropsch synthesis (Rytter
et al., 2019).

Fig. 1.13 The XRD pattern of α-alumina powder [modified from (Boumaza et al.,
2009)].

1.6.2

Heterogenous Solid Catalysts

A heterogenous catalyst is defined as a material that exists in a different phase from
that of the reactants or products which is used for changing the chemical reaction
rates of the reactants without altering the thermodynamic equilibrium between the
materials (Schlögl, 2015). Common examples of applications that involves the use of
heterogenous solid catalysts include ammonia synthesis (Zhou et al., 2013), control of
vehicle emissions (Chen et al., 2018), steam reforming (Bej et al., 2014; Yeboah et al.,
1995), Fischer-Tropsch synthesis (Rytter et al., 2019; Xu et al., 2020) and hydrogena-
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Fig. 1.14 The main factors in catalysis and their interrelations [modified from (Campanati et al., 2003)].
tion processes (Segobia et al., 2019). The catalytic characteristics of heterogenous
catalysts are significantly impacted by the quality of the raw materials as well as by
every single step involved in the production of such catalysts (Perego and Villa, 1997).
Therefore, designing a specific catalyst can be extremely thorough to obtain the best
catalyst for a specific application (Campanati et al., 2003). The design of catalyst
requires considering the fundamental characteristics and their interrelations in the different stages as well as the wanted and unwanted reactions in the overall process for the
selection of the the active phases as illustrated in Figure 1.14 (Campanati et al., 2003).
Heterogenous solid catalysts are typically designed to have a porous structure in order
to maximise the surface area of such catalysts per unit of reactor volume (Sosna et al.,
2020). Suitable physical and or/chemical promoters are often added to the catalyst to
achieve an optimum performance as these promotors may either adjust the structure
of the catalyst to enhance stability or improve the catalytic reactions to achieve better
selectivity or activity (Campanati et al., 2003). A heterogenous catalyst is described
by the relative compositions of the different constituents (i.e. active species, supports
as well as physical and/or chemical promoters), size, shape, surface area as well as
pore volume and distribution (Campanati et al., 2003)
Supported catalysts are a very common type of heterogenous solid catalysts which
have some desirable features, such as the large surface area, excellent mechanical
and thermal stability and the small quantity of the active species (Liu et al., 2008). A
supported catalyst is typically composed of an active species (e.g. a metal or metal
oxide) that is deposited on a carrier, such as alumina or silica (Campanati et al., 2003;
Liu et al., 2008). The design of such catalysts has an impact on the performance of
the catalytic process (Liu et al., 2008). Alumina is one of the most common catalyst
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supports which has a number of advantages, such as the high thermal and mechanical
stability, high specific surface area and porosity, wide range of pore sizes and chemical
inertness (Munnik et al., 2015). The main two methods for preparing supported
catalysts are impregnation and precipitation (deposition-precipitation), in which an
active metal species is deposited on the catalyst support (Munnik et al., 2015).
Impregnation
Impregnation is a common method for preparing supported catalysts as its execution
is simple and the generated waste is low (Munnik et al., 2015). The impregnation
method involves three stages: (I) the exposure of the porous catalyst support to
a metal precursor solution for a specific duration of time (II) the removal of the
imbibed solvent through drying the support (III) the activation of the catalyst through
calcination, reduction or other suitable treatment process (Perego and Villa, 1997). The
impregnation method is affected by a number of parameters, such as the concentration
of the precursor solution, type of solvent, temperature and the duration of contacting the
support with the impregnating solution (Bailie et al., 2001). Organic metal complexes,
such as metal acetylacetonates, and inorganic metal salts, such as chlorides, carbonates,
sulphates, acetates or nitrates are commonly used as precursors (Munnik et al., 2015).
Water is most often used as a solvent for inorganic salts due to the high solubility of a
large number of such precursors in water, whereas organic solvents are mostly used
for organic metal precursors (Munnik et al., 2015).
Impregnation can be categorised according to the preparation approach, i.e. the
volume of the impregnating solution, into two main methods, which are: (I) wet
impregnation and (II) incipient wetness impregnation (Campanati et al., 2003). The
solution is used in excess volume in the wet impregnation, whereas for the incipient
wetness impregnation, the solution is added in amount that is enough for filling the
pore volume of the support (i.e. the volume of the solution is the same or slightly
less than the total pore volume of the support material) (Bailie et al., 2001; Perego
and Villa, 1997) as illustrated in Figure 1.15. The liquid ingress into the pores of the
dry support matrix is driven by a capillary pressure gradient across a hemispherical
meniscus within the pores of the support as described by the Young-Laplace Equation
(Equation 1.6) (Cai et al., 2021; Munnik et al., 2015). According to Equation 1.6, the
capillary pressure difference increases with a decrease in the pore size, which suggests
that the smallest pores are more favourably responsible for the liquid uptake into the
support (Munnik et al., 2015). For a wetting liquid (i.e. θ < 90°), the penetration of
the liquid into the pores of the support is spontaneous, which is the case with water
uptake into most oxidic catalyst supports. On the contrary, for a non-wetting liquid
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(i.e. θ > 90°), an external pressure is required for the liquid to penetrate the support as
the capillary pressure is negative, which is the case for hydrophobic supports (Munnik
et al., 2015).
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Drip chute
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Bucket
Drive wheel

Feed bin

To drying

Bucket filler
Impregnating solution
Impregnating basin
Impregnating solution

b) Incipient Wetness
Impregnation

Spray header
Support to be
impregnated

Rotating drum
Fig. 1.15 The impregnation methods used for the production of supported catalysts
[modified from (Le Page et al., 1987; Perego and Villa, 1997)].
Deposition-precipitation
Precipitation is a common technique for the preparation of supported catalysts (Campanati et al., 2003). In such method, the metal particles are formed through two processes,
i.e. nucleation and growth, which occur as a result of the supersaturation of the the
precursor solution (Munnik et al., 2015). Precipitation can be performed by dissolving
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and mixing the salts of the active component and support (coprecipitation) (Bailie et al.,
2001) or through placing an existing support material in contact with the precursor
solution (deposition-precipitation) (Moreau et al., 2005). The supersaturation of the
precursor solution can be achieved by inducing a change in the process conditions,
i.e. either through decreasing the temperature, increasing the pH or increasing the
concentration through the evaporation of solvent (Perego and Villa, 1997). Nucleation
can be homogenous, i.e. occurring spontaneously, or heterogenous, i.e. induced by
the addition of seed materials, such as dust or rough edges of the container (Perego
and Villa, 1997). The nucleation rate is influenced by the amount of seed materials, whereas the growth rate is impacted by the temperature, pH, concentration and
ripening (Perego and Villa, 1997).
Deposition-precipitation was introduced to manufacture catalysts with higher metal
loadings compared to those achieved by the impregnation method which is limited by
solubility (Munnik et al., 2015). This method involves two processes: (I) precipitation
of solution in bulk and pore fluid (II) interaction with the surface of the support,
where best results are obtained upon the direct interaction of the hydroxyl (OH− )
groups of the support with the metal ions in the solution (Perego and Villa, 1997).
Slurries are prepared using particles or powders of the desired salt in quantities that
are enough to obtain the desired loading, which is then followed by the addition of
sufficient alkali solution to induce precipitation (Campanati et al., 2003). It is important
to avoid rapid nucleation and growth in the bulk solution to prevent the deposition
outside the pore space of the support material (Perego and Villa, 1997). Uniform
precipitation can be achieved by using the OH− obtained from the hydrolysis of urea
as alternative to conventional alkali as urea dissolves in water but its decomposition
is slow at 90 ◦C, which results in a uniform concentration of OH− in the bulk and
pore solutions and hence a homogenous precipitation over the surface of the support is
obtained (Campanati et al., 2003; Munnik et al., 2015).

1.6.3

Research on the Liquid transport in Catalytic Materials

Since the liquid transport process is encountered in the manufacturing of the catalyst (Campanati et al., 2003; Munnik et al., 2015; Perego and Villa, 1997) as well as
during the heterogenous catalysis over porous catalysts (Rytter et al., 2019; Sievers
et al., 2016; Yeboah et al., 1995), the quantification of the mass transport characteristics is of great importance for enhancing the design of the catalyst as well as for
optimising its performance upon contact with liquids during the heterogenous catalysis.
Researchers have conducted a considerable number of studies to investigate the mass
transport properties of porous heterogeneous catalytic materials using a wide range
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of different techniques. Jaine and Mucalo (2015) utilised the Washburn capillary rise
technique as novel method to calculate the wetting rates of various organic solvents
in a range of different porous catalyst supports and thus gain better understanding of
the solvent selection in the heterogenous reactions. This technique is characterised
by its simplicity and capability to study the rapid penetration of different solvents
into porous materials, i.e. powder beds. The results revealed that the polar aprotic
solvents typically have the largest wetting rates. Zhokh and Strizhak (2017) used gas
chromatography to investigate the transport of methanol through a range of porous
zeolite/alumina catalysts with different zeolite/alumina ratios. The results revealed
that the methanol transport through all the different catalyst samples was non-Fickian.
The study also demonstrated the impact of the content of zeolite on the methanol
transport kinetics where a larger amount of zeolite results in a decrease in the rate of
the methanol transport through the sample.
NMR is a very useful technique for the characterisation of porous catalyst supports.
Mantle et al. (2010) used the pulsed-field gradient (PFG)-NMR technique to investigate
the effective self-diffusivity of alcohols within supported catalysts consisting of gold
on titania, silica and ceria supports as well as gold-palladium nanoparticles on a titania
support. Later, D’Agostino et al. (2012) demonstrated the use of the PFG-NMR
method to measure the self-diffusion coefficients of various organic liquids within
mesoporous catalyst supports, i.e. titania, alumina and silica to investigate the impact
of the chemical functionalities on the effective diffusivity of the probe liquids within
the void space. MRI is another useful technique for the investigation of the liquid
transport characteristics of porous catalysts. The capability of the MRI technique of
providing spatially-resolved information on the mass transport of liquids in a range of
porous media at a high-temporal resolution in more than one dimension, i.e. 1D, 2D
and 3D, shows the potential of such technique for providing a better understanding
of the structure-transport relationships that are of a great importance for enhancing
the design and performance of catalytic materials upon contact with liquids (Ramskill
et al., 2018). Such technique can be utilised in the heterogeneous catalysis field for
the non-invasive and non-destructive characterisation of porous catalysts as well as
the real-time monitoring of reactions (Koptyug et al., 2001). The MRI technique has
been used by a number of researchers to study the preparation of supported catalysts
by investigating the transport of the different components present in the impregnation
solution into the support and the distribution of such components in the solid phase
inside the support after drying the impregnated support. For instance, Lysova et al.
(2005) conducted MRI measurements to monitor the transport of an aqueous solution
of H3 PO4 into alumina pellets during impregnation. The results revealed that the
water penetrates the pellet very fast due to the capillary action whereas the migration
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of phosphate falls behind as a result of the strong interaction of the phosphate with
the support. The study also demonstrated the use of the MRI method to study the
distribution of the adsorbed phosphate within the support after being dried. It was
found that the adsorbed phosphate was distributed in the entire dried alumina pellet
after its impregnation for 18.5 h. Lysova et al. (2010) demonstrated in another study the
use of the MRI method to study the transport of an aqueous solution of (NH4 )6 Mo7 O24
into an alumina pellet and to investigate the distribution of Mo in the solid phase within
the support after drying the impregnated alumina support. The results of this study
showed the slow transport of the front of Mo7 O6−
24 ions into the alumina support due
6−
to the interaction of Mo7 O24 with the surface of the alumina support. The study also
showed that a uniform distribution of Mo7 O6−
24 was obtained after more than 2 h.
TPI is a promising technique for investigating the liquid transport kinetics of ceramic catalytic materials that cane be used as catalyst supports due to the transparency
of most of the ceramic materials to terahertz radiation (Jonuscheit, 2018; Zeitler, 2016).
In addition, the scattering from ceramic porous materials, e.g. heterogenous solid catalysts, is very small due to the substantially long wavelength of terahertz radiation (0.1
to 3 mm) (Markl et al., 2017b). Following the success of using the TPI method in the
pharmaceutical sciences to study the liquid transport and swelling kinetics of swelling
pharmaceutical tablets consisting of polymeric materials (Markl et al., 2017c; Yassin
et al., 2015a,b), Markl et al. (2018c) extended the TPI methodology to investigate the
imbibition of water into rigid ceramic powder compacted prepared from FCC powder,
which can be used as a filler for highly porous tablets. Later, Skelbæk-Pedersen et al.
(2020a) used TPI to study the liquid transport kinetics of rigid ceramic powder compacts made of DCP powder, which has been used as a filler in the tablet formulation.
The success of these studies in studying the liquid transport kinetics of ceramic powder
compacts sparked the motivation to develop and extend the the TPI methodology in
this thesis to investigate the transport of different solvents, i.e. polar and less polar
solvents, into a range of ceramic powder compacts, i.e. α-alumina powder compacts,
that were prepared at different compaction and heat treatment conditions. Studying
the liquid transport kinetics of the α-alumina powder compacts is of great importance
to enhance the design and performance of such materials as catalyst supports upon
their contact with the liquid during the manufacturing processes as well as during the
heterogenous catalysis.
The thesis in the following chapters is structured as follows:
• Chapter 2: introduction on terahertz radiation and its characteristics, generation and detection of broadband THz pulses and applications of terahertz
spectroscopy and imaging.
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• Chapter 3: description of the experimental methods that were used for the characterisation of the different porous media investigated in this thesis, i.e. terahertz
time-domain spectroscopy, terahertz pulsed imaging, X-ray microcomputed
tomography and contact angle measurements.
• Chapter 4: a case study aimed at investigating the effect of the microstructure
characteristics on the rapid liquid transport and swelling kinetics of FDTs for
two different model drugs, i.e. theophylline and paracetamol.
• Chapter 5: a case study aimed at characterising the impact of the microstructure
and surface properties of α-alumina powder compacts with varying compaction
and heat treatment conditions on the water penetration kinetics.
• Chapter 6: a case study aimed at investigating the impact of the heating rate
of sintering and the type of solvent, i.e. solvents of different polarities, on the
liquid penetration kinetics of a range of α-alumina powder compacts that were
prepared at different compaction forces and heat treatment conditions.
• Chapter 7: conclusions and future work on investigating the pore structure
properties and liquid transport in a wide range of pharmaceutical and catalytic
materials.

Chapter 2
Terahertz Technology
2.1

Introduction

2.1.1

Terahertz Gap

Terahertz radiation, also known as THz waves, typically refers to the electromagnetic
radiation located between the infrared and the microwave regions of the electromagnetic spectrum (Figure 2.1) with frequencies ranging between 100 GHz and 10 THz
which is equivalent to wavelengths between 30 µm and 3 mm (Wan et al., 2020). For a
long time, the terahertz region has been difficult to exploit in practical applications
due to the technical limitation of having suitable terahertz sources and detectors (Shen,
2011). The difficulty of developing reliable terahertz sources and detectors is owing
to the fact that either extremely fast electronics or long-wavelength photonics are
required for efficient generation and detection of terahertz radiation (Reid et al., 2013).
The electronic devices, such as the microwave sources and detectors, experience a
rapid drop in intensity or sensitivity at terahertz frequencies (beyond frequencies of
tens of gigahertz) due to the difficulty of oscillating charge carries in semiconductors
at such high frequencies (Burford and El-Shenawee, 2017; Zeitler, 2016). In contrast,
the significant drop in power experienced by the optical sources, such as blackbody
radiation sources and lasers, limits their application for conducting spectroscopy and
imaging at terahertz frequencies (Zeitler, 2016). Furthermore, the incoherent terahertz
radiation generated from sources, such as mercury arc lamps or globars, is difficult to
detect due to the influence of the thermal background radiation from the surrounding
materials at room temperature on the spectral intensity at terahertz frequencies (Zeitler,
2016). Therefore, cryogen-cooled bolometers with very high sensitivity are required
for the detection of the weak terahertz waves (Ikeda et al., 2010). Such difficulties
with reliable, efficient and coherent generation and detection of terahertz radiation
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resulted in the dearth of using terahertz technology, and thus this spectral range was
often referred to as the ‘terahertz gap’ (Kawano, 2013; Pickwell and Wallace, 2006).

Fig. 2.1 Terahertz radiation in the context of the electromagnetic spectrum [modified
from (Zeitler, 2016)].

2.1.2

Characteristics of Terahertz Radiation

Terahertz radiation is non-destructive and non-ionising (Markl et al., 2017b; Pickwell
and Wallace, 2006) and has the ability to penetrate through a number of electrically nonconductive materials, such as polymers and ceramics (Bawuah et al., 2020; Jonuscheit,
2018). The transparency of these materials to terahertz radiation enables the use
of terahertz spectroscopy and imaging techniques for the characterisation of such
materials (Zeitler, 2016). The pulsed terahertz radiation used in the commercial
terahertz systems (e.g. TeraPulse 4000, Teraview Ltd., Cambridge, UK) typically
contains frequency components spanning the range between 0.1 to 4 THz (Markl et al.,
2018b; Novikova et al., 2018). The terahertz techniques have high sensitivity and are
able to achieve excellent contrast to small changes in the refractive index between
different materials (Zeitler and Shen, 2012). Scattering effects are low or negligible
for the terahertz measurements when compared e.g. to optical coherence tomography
(OCT) measurements at near-infrared frequencies due to the substantially longer
wavelengths of the terahertz radiation (75 µm to 3 mm) relative to the length scales
encountered in porous materials, such as pharmaceutical powder compacts (Markl
et al., 2018b; Zhong et al., 2011). Compared to other imaging techniques, this results
in a better contrast and allows the probing of deeper interfaces in the material away
from the surface (Bawuah et al., 2016c; Ervasti et al., 2012; Zeitler, 2016). The
terahertz methods are characterised by fast imaging acquisition and instantaneous
signal processing compared to XµCT where measurements and data analysis are
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time consuming (Kawano, 2013; Zeitler, 2016). The analysis of the data obtained
from the terahertz measurements is straightforward as there is no need for complex
chemometric models for the calibration of the changes in the spectral properties arising
from variations in the refractive index of the samople (Bawuah et al., 2018b). Other
advantages of the terahertz techniques for the characterisation of porous materials
include the ease of use and the inherent safety of these techniques for investigating
food products and biological materials as well as for security check of human body
due to the non-ionising nature of the low photon energy and very low average power
terahertz pulses (nano Watts) (Ok et al., 2014; Zeitler, 2016).

2.2

Generation and Detection of Broadband THz Pulses

The generation and detection of broadband coherent terahertz radiation can be conducted using a number of methods involving the use of photoconductive antennas
(PCAs) or electro-optic crystals (Jepsen et al., 2011). The generation and detection
of terahertz pulses using PCAs will be focused on in this thesis since many commercial terahertz spectroscopy and imaging systems typically utilise such devices
for the generation and detection of pulses of terahertz radiation (Bawuah and Zeitler,
2021; Pickwell and Wallace, 2006). In addition, the terahertz system (TeraPulse 4000,
Teraview Ltd., Cambridge, UK) used for conducting the terahertz spectroscopy and
imaging experiments on the different porous samples in this thesis utilises PCAs for
the emission and detection of broadband terahertz pulses.
The generation and detection of pulses of terahertz radiation was initially conducted
using Auston switches in the early work demonstrated by Auston (1975); Auston et al.
(1984). An Auston switch is an optically gated antenna composing of a material
with a conductivity that is significantly dependent on the optical illumination of the
photoconductive material (Freeman et al., 2012). A short electrical pulse at terahertz
frequencies is generated upon using a short pulse of optical radiation for turning on
the switch (Freeman et al., 2012). Further work in this area was then conducted
by Fattinger and Grischkowsky (1988, 1989) where the generation and detection of
freely propagating pulses of terahertz radiation from a coherent source was described
and later used for time-domain spectroscopy applications (Grischkowsky et al., 1990;
Van Exter et al., 1989).

2.2.1

General Approach of Generating and Detecting THz Pulses

The generation and detection of broadband pulses of terahertz radiation, e.g. using
photoconductive devices, essentially share the same core technology of generation
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and detection for both spectroscopy and imaging as illustrated in the experimental
set-ups of spectroscopy (Figure 2.2) and imaging (Figure 2.3) (Shen, 2011). An
ultrashort femtosecond pulsed laser, such as titanium-doped sapphire (Ti:sapphire)
laser, is typically used for generating and detecting pulses of terahertz radiation
(Malhotra et al., 2017). The pulse generated from the femtosecond laser is separated
by a beam splitter into a pump beam directed to the THz emitter and a probe beam
directed through a rapid optical time delay line to the the THz receiver (Freeman et al.,
2012). The generation of terahertz pulses is achieved by optically exciting a biased
photoconductive antenna (PCA) in the THz emitter by an ultrashort femtosecond
pulse (Auston, 1975). The generated terahertz pulses are then collected and focused
onto the sample of interest (Shen, 2011). The detection in transmission configuration is
achieved by collecting and focusing the transmitted terahertz pulses onto an unbiased
PCA in the THz receiver (Shen, 2011). On the other hand, the detection in reflection
configuration is performed by collecting and focusing the reflected and backscattered
terahertz pulses onto an unbiased PCA in the THz receiver (Alves-Lima et al., 2020).

Fig. 2.2 The generation and detection scheme in a terahertz pulsed spectroscopy system.
BS: beam splitter; M1: metallic mirror; OEM1 and OEM2: off-axis elliptic mirrors
[modified from (Shen, 2011)].
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Fig. 2.3 The generation and detection scheme in a terahertz pulsed imaging instrument.
BS: beam splitter; M1 and M2: metallic mirrors, SL: silicon lens system [modified
from (Shen, 2011)].
It is worth mentioning that a signal will only be registered at the detector upon the
presence of both the terahertz field and the probe pulse, and such signal is proportional
to the terahertz electric field (Freeman et al., 2012). Since the probe pulse is shorter
than the terahertz field, effective sampling of the electric field of the terahertz pulse will
be achieved at a resolution governed by the width of the femtosecond pulse (Freeman
et al., 2012). The variation of the time delay of the probe pulse alters the sampling
point of the terahertz field and therefore the amplitude and phase of the terahertz
electric field can be acquired as a function of time by recording the reading of the
detector as a function of the time delay (Freeman et al., 2012).

2.2.2

Photoconductive Antennas

PCAs have been widely used for the generation and detection of broadband pulsed
terahertz radiation (Burford and El-Shenawee, 2017; Park et al., 2012). A PCA
(Figure 2.4) is a device that is composed of a semiconductor crystal material as a
substrate with two electrodes geometrically designed as an antenna and fitted on the
substrate’s surface (Pickwell and Wallace, 2006). The two electrodes are separated
by a gap through which a free-space femtosecond optical pulse is focused onto the
semiconductor substrate to generate photocarriers upon the absorption of the incident
femtosecond optical pulses (Chen et al., 2019). A silicon lens is typically fitted to the
backside of the semiconductor substrate to increase the efficiency of radiation (Chen
et al., 2019). Gallium arsenide (GaAs) has been widely used as a semiconductor
substrate in PCAs due to the fact that given its bandgap charge carriers can be excited
with 800 nm radiation such as from Ti:sapphire femtosecond-pulsed lasers typically
utilised for the optical excitation of PCAs (Burford and El-Shenawee, 2017). The
three common forms of GaAs used for PCAs are low-temperature grown GaAs (LT-
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GaAs), semi-insulating GaAs (SI GaAs) and ion-implanted GaAs (Burford and ElShenawee, 2017). LT-GaAs is one of the most commonly used GaAs semiconductor
substrates in PCAs for generating and detecting terahertz radiation due to the excellent
properties of such material, such as the high resistivity (107 Ω cm) as well as the
relatively good carrier mobility (100 to 300 cm2 V−1 s−1 ) and short carrier lifetime
(<1 ps) (Salem et al., 2005). Other choices of semiconductor materials used for PCAs
include indium gallium arsenide (InGaAs), radiation-damaged silicon-on-sapphire
(RD-SOS), amorphous silicon and indium phosphide (InP), depending on the laser
used for optical pumping (Freeman et al., 2012).

Electrodes

Fig. 2.4 The design of a terahertz photoconductive antenna that is used for the generation of pulsed terahertz radiation ([modified from (Chen et al., 2019)].
PCAs have a number of different designs, such as dipole antenna (Jepsen et al.,
2011), bow-tie antenna (Freeman et al., 2012) and coplanar strip line antenna (Zhang
et al., 2018), as illustrated in Figure 2.5. The Hertzian dipole antenna, also known
as the small dipole antenna, has been the most commonly utilised design of PCA
with an emission spectral distribution of up to 2 to 3 THz (Tani et al., 1997). The
bow-tie antenna, also referred to as the wideband antenna, has higher radiation power
with emission spectral distribution of lower frequencies compared to the dipole an-
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tenna) (Tani et al., 1997). The coplanar strip line antenna exhibits a very wideband
emission spectral distribution (< 5 THz) (Tani et al., 1997).

Fig. 2.5 The different designs of PCA: (a) dipole antenna, (b) bow-tie antenna and
(c) strip line antenna [modified from (Tani et al., 1997)]. L and W are the length and
width of the PCA antenna, respectively, D is the transmission line width and θ is the
bow angle.
PCAs have been known for being one of the most efficient method for the conversation of visible/near-IR pulses to terahertz pulses (Shen et al., 2003). The generation
of broadband terahertz pulses using a PCA is conducted by focusing a femtosecond
optical pulse with a pulse duration of < 1 ps onto the antenna gap (G) between the two
electrodes, which propagates into the photoconductor, i.e. semiconductor substrate,
and starts to produce photocarriers, i.e. electron-hole pairs, in the photoconductor
upon its absorption, as illustrated in Figure 2.6 (Burford and El-Shenawee, 2017).
The femtosecond optical pulse has a wavelength similar or above the band gap of the
semiconductor (Freeman et al., 2012). The generated photocarriers are then accelerated by a DC biased field, i.e. applied electric field, which results in the generation
of a transient photocurrent that drives the PCA and eventually is re-emitted as an
ultra-short terahertz pulse (Burford and El-Shenawee, 2017; Shen, 2011). Thus, the
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impact of the femtosecond optical pulse is the generation of a transient photocurrent in
the gap between the two electrodes fabricated on the photoconductive substrate, which
may be described as a Hertzian dipole (Freeman et al., 2012). In the Hertzian dipole
approximation, the terahertz electric field, ETHz , is proportional to the time derivative
of the the photocurrent, IPC , generated in the gap between the two electrodes in the far
field as described in the following equation (Tani et al., 2002)
ETHz ∝

∂ IPC (t)
∂t

(2.1)

Fig. 2.6 The generation of pulsed terahertz radiation using a PCA by converting a
femtosecond optical pulse (left) to a terahertz pulse (right) [modified from (Burford
and El-Shenawee, 2017)].
Figure 2.7 shows the transient response of the PCA (Burford and El-Shenawee,
2017). Carriers are generated upon the absorption of the femtosecond optical pulse
in the photoconductor at a rate proportional to the optical pulse, as indicated by the
red colour. The acceleration of the photocarriers via a DC bias generates a transient
photocurrent with a rise time that is roughly proportional to that of the incident
femtosecond optical pulse, as indicated by the gray colour. Once the the photocurrent
reaches its maximum, the decay time is governed by the electrical properties of the
photoconductor, i.e. carrier life time of the photoconductive material, instead of the
time profile of the optical pulse. The recombination of the generated photocarriers
starts immediately after the full absorption of the optical pulse for a photoconductor
with a short carrier lifetime, as represented by the gray colour. In contrast, the generated
photocarriers will keep contributing to the photocurrent after the full absorption of
the optical pulse for a photoconductor with a long carrier lifetime, as represented by
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the blue colour. This results in the broadening of the photocurrent pulse and hence
broadens the output terahertz pulse and decreases its overall bandwidth (Burford and
El-Shenawee, 2017). Therefore, photoconductors with a short carrier lifetime, such as
LT-GaAs, are usually used to obtain large radiation bandwidth (Chen et al., 2019).

Fig. 2.7 The temporal profiles of the carrier generation (red) as well as the photocurrent
in the gap of the PCA for a photoconductor with a short carrier lifetime (gray) and
with a long carrier lifetime (blue) [modified from (Burford and El-Shenawee, 2017)].
The broadband terahertz pulses generated using a PCA can be detected by photoconductive sampling in a PCA that has the same design as the PCA in the THz
emitter (Jepsen et al., 2011). The detection is performed by focusing the femtosecond
probe pulse onto the PCA to generate electron-hole pairs, which are then accelerated by
the incident electric field of the terahertz pulse, ETHz , before their recapture (Freeman
et al., 2012). The photocurrent generated in the gap between the two electrodes in the
PCA is proportional to a convolution of the terahertz electric field received by the PCA
and the transient photoconductivity induced by the gate pulse, σ , as expressed in the
following (Jepsen et al., 2011)
Z +∞

J(τ) ∝

2.3

−∞

ETHz (t)σ (t − τ) dt

(2.2)

Applications of Terahertz Technology

The advances in the terahertz technology over the past decade show the great potential
of such technology for investigating a wide range of applications in many fields. Examples of promising applications of terahertz spectroscopy and imaging are presented
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in this section with more focus on the characterisation of pharmaceutical and ceramic
materials.

2.3.1

Terahertz Time-domain Spectroscopy

Terahertz radiation can be used to induce the low-frequency bond vibrations and excite
intermolecular phonon vibrations of crystalline materials resulting in distinct absorption spectra for the different crystal forms. Therefore, the unique spectral information
obtained from terahertz time-domain spectroscopy (THz-TDS) can be used as crystal
fingerprints to detect, identify and quantify the specific crystal polymorphs (Shen,
2011). Such spectral information can be used for screening in the fields of defence and
national security to detect explosive materials (Choi et al., 2014) and in the field of
pharmaceutical sciences to identify a specific active pharmaceutical ingredient (API)
and hence distinguish between the genuine and fake drug products (Bawuah et al.,
2018b).
THz-TDS has also been used for investigating the properties of a range of ceramic
materials. The refractive indices and loss coefficients of four grades of hexagonal
boron nitride have been determined at terahertz frequencies using THz-TDS (Naftaly
et al., 2010). These optical properties were linked to changes in other characteristics
of such ceramic material, such as structure, composition and porosity (Naftaly et al.,
2010). The study by Kang et al. (2016) demonstrated the application of THz-TDS for
studying the optical and dielectric properties of aluminium nitride (AlN) and Y2 O3 added AlN ceramics prepared via hot press sintering at terahertz frequencies (0.2 to
3.5 THz) and investigating the change in these properties in relation to the densification
and thermal conductivity of of such ceramics. The study showed that the refractive
index of AlN ceramics manufactured via hot press sintering was highly correlated
with densification (Kang et al., 2016). THz-TDS has also been used to investigate
the variation in the the optical and dielectric properties upon transforming aluminium
ammonium carbonate hydroxide (AACH) to α-alumina (Mehboob et al., 2017). The
work demonstrated that an increase in the refractive index and permittivity at terahertz
frequencies is observed upon the change from AACH to amorphous alumina and
finally to the crystalline α-alumina. Higher packing density is obtained upon the
crystallisation of the material, which explains the higher values of the refractive index
and permittivity of the crystalline α-alumina in comparison with the amorphous phase
of alumina. On the other hand, it was observed that the absorption coefficient at
terahertz frequencies decreases upon the transformation of AACH to the crystalline
α-alumina (Mehboob et al., 2017).
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Fig. 2.8 Spectra of different polymorphic forms of sulfathiazole obtained from THzTDS where a clear distinction between the different forms is observed [modified
from (Zeitler et al., 2006)].
THz-TDS is a very useful tool for the characterisation of pharmaceutical products
as pharmaceutical excipients are generally amorphous materials that are transparent or
semi-transparent to terahertz radiation while APIs are normally crystalline materials
with distinct spectral properties at terahertz frequencies (Shen, 2011). The identification of the crystal APIs is essential for developing the drug products and controlling the
quality and performance of such products (Bawuah et al., 2014). THz-TDS has been
used to study the crystallinity and polymorphism in various pharmaceutical materials
due to its excellent sensitivity and reliable spectral information (Strachan et al., 2004;
Taday et al., 2003; Walther et al., 2002). The work by Zeitler et al. (2006) is an example
of the fast and high sensitivity of THz-TDS for the identification of the different polymorphic forms of drugs where the different polymorphs of sulfathiazole can be easily
differentiated in the spectra acquired from THz-TDS as shown in Figure 2.8. Besides
the identification of the different polymorphs, THz-TDS has shown a great potential
as a useful technique for distinguishing a number of hydrate forms (Kogermann et al.,
2007; Liu and Zhang, 2006; Zeitler, 2016; Zeitler et al., 2007a). The study by Zeitler
et al. (2007a) demonstrated the usefulness of THz-TDS to distinguish between the
anhydrate and monohydrate forms of theophylline as shown in Figure 2.9 where clear
differences in the terahertz spectra of the different forms are observed.
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Fig. 2.9 The terahertz absorption spectra and the frequency-dependant refractive
indices of the anhydrate and monohydrate theophylline as functions of wavenumber at
293 K [modified from (Zeitler et al., 2007a)].
THz-TDS is also a very promising technique for investigating the microstructure
properties of porous media, such as porosity as well as pore shape and orientation in
a fast, non-invasive and non-destructive manner (Bawuah et al., 2020; Markl et al.,
2018b). The work by Bawuah et al. (2014) demonstrated the use of THz-TDS in
combination with the Bruggeman model for effective media to quantify the porosity of
pharmaceutical tablets in a non-invasive and non-destructive manner. The Bruggeman
model, later referred to as the traditional Bruggeman effective medium approximation
(TB-EMA), was selected in that study as such model is valid for tablets over a wider
porosity range compared to other EMAs. The porosity of flat-faced tablets made
of only pure microcrystalline cellulose (MCC) was accurately determined using the
Bruggeman model although such model assumes the inclusions to be spherical in
shape (Bawuah et al., 2014). Following from the success of this work, THz-TDS was
exploited in subsequent studies to characterise tablets with more complex formulations
(tablets containing an API and multiple excipients) (Bawuah et al., 2016c) or tablets
with complex shapes (biconvex tablets) (Bawuah et al., 2016b). The Bruggemnan
model for effective media was modified by Markl et al. (2017b), referred to as the
anisotropic Bruggeman effective medium approximation (AB-EMA), to account for
the non-spherical inclusions present in the porous compact and hence provide a better
prediction of the porosity as well as the pore shape, especially for non-spherical and
highly porous ceramic materials, such as functionalised calcium carbonate (FCC).
Subsequent studies were then conducted to further characterise the pore structure
properties of a wide range of pharmaceutical tablets using THz-TDS (Al-Sharabi
et al., 2020; Markl et al., 2018a,b, 2017b). THz-TDS was also used as a new tool
for quantifying the fragmentation behaviour upon the tableting of MCC, dibasic
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calcium phosphate (DCP) and lactose monohydrate tablets through analysing the
scattering of the THz signal (Skelbæk-Pedersen et al., 2020b). An example of the
application of THz-TDS for measuring the porosity of flat-faced pharmaceutical
tablets was demonstrated in the work by Bawuah et al. (2020). The work showed that
the three porosity models based on the THz-TDS measurements, i.e. zero-porosity
approximation (ZPA), TB-EMA and AB-EMA, yield similar porosity results of the
flat-faced tablets as shown in Figure 2.10, which demonstrates the robustness of THzTDS in combination with the porosity models for providing accurate prediction of the
porosity of flat-faced tablets.

Fig. 2.10 The terahertz porosity, fTHz , of flat-faced pharmaceutical tablets predicted
by three porosity models based on the THz-TDS measurements as a function of the
nominal porosity, fnominal , calculated using the physical dimensions of the tablets
[modified from (Bawuah et al., 2020)].

2.3.2

Terahertz Pulsed Imaging

Terahertz imaging has been used in a number of applications including imaging
biological systems, food products, car paints, pharmaceutical tablets and ceramic
materials. In the biomedical field, the great potential of using terahertz pulsed imaging
(TPI) for biomedical applications in which biological systems are tested non-invasively
and non-destructively has been demonstrated in a number of studies. TPI has been
successfully applied to non-invasively investigate the most common skin cancer, basal
cell carcinoma (BCC), ex vivo (Woodward et al., 2003) and in vivo (Wallace et al.,
2004). Both studies showed that TPI is able to differentiate between healthy and
diseased tissue due to the contrast between the normal tissue and BCC observed in
the terahertz images (Wallace et al., 2004; Woodward et al., 2003). In addition, the
work by Fitzgerald et al. (2006) demonstrated the use of TPI for depicting human
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breast tumours, i.e. invasive breast carcinoma and ductal carcinoma in situ. In the food
industry, terahertz imaging has been used for the detection of foreign bodies (FBs) in
food products to maintain a high quality of the food product (Ok et al., 2014). The
detection of non-metallic contaminants embedded in food products, such as plastic or
glass, is more difficult compared to the detection of metallic contaminants (Gowen
et al., 2012). Although X-ray imaging systems can identify dense metallic and nonmetallic objects present in food products, the non-dense FBs composing of organic
materials are more challenging to detect using such systems (Nielsen et al., 2013; Ok
et al., 2014). The work by Jördens and Koch (2008) demonstrated the use of TPI
for detecting metallic and non-metallic FBs, such as plastic, stone, metal and glass,
embedded in chocolate bars. The terahertz imaging exploits the relative transparency
of chocolate to terahertz radiation due to the low moisture and high fat content in
chocolate, making it possible to identify other objects present in such food product as
such objects change the scattering profile of the transmitted terahertz signal (Gowen
et al., 2012).
TPI has gained a lot of interest as a robust method for characterising coating
thickness and uniformity in a number of applications. In the automotive industry,
the layer thickness of an automobile car paint consisting of four coating layers has
been successfully measured using TPI in a non-contact and non-destructive manner,
which is important for ensuring that the car paint is of a high quality (Dong et al.,
2015). In the pharmaceutical field, TPI has also been used for the non-contact and
non-destructive measurements of the spatial and statistical distribution of coating
thickness and interface uniformity in coated pharmaceutical tablets (Alves-Lima et al.,
2020; Shen, 2011; Shen and Taday, 2008; Zeitler et al., 2007b, 2010). The work
by Russe et al. (2012) showed the good agreement between the TPI and XµCT results
of the coating thickness (Figure 2.11), which demonstrates the robustness of the TPI
method for analysing the coating structures of coated pharmaceutical tablets. TPI has
also been utilised as a tool for analysing the quality of tablet coating by identifying
defects in the coatings of pharmaceutical tablets (Alves-Lima et al., 2020). The study
by Ho et al. (2007) demonstrated the use of TPI for investigating coating defects
in sustained-release coated tablets with providing information on the location, size
and depth of such defects. In addition, TPI has been successfully applied for the
detection of cracks between layers in bilayer tablets, which are a potential cause of
layer separation in such tablets, which shows the great potential of TPI as a robust
method for detecting such defects and hence enhancing the design and controlling the
quality of multilayer tablets (Niwa et al., 2013).
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Fig. 2.11 A comparison of the coating thickness measurements acquired from TPI and
XµCT [modified from (Russe et al., 2012)].
The aforementioned applications show the great potential of the terahertz spectroscopy and imaging as useful analytical tools to characterise a wide range of different
materials, such as food products, tissues as well as ceramic and pharmaceutical materials. The advances in the development of the terahertz sources and detectors have
accelerated the use of the terahertz methods for material characterisation due to the
more efficient, reliable and coherent generation and detection of terahertz radiation.
Currently, a number of commercial terahertz systems exist, which have smaller sizes
and are relatively cheaper compared to the old terahertz systems. The use of such
commercial systems allows conducting the terahertz spectroscopy and imaging measurements in a rapid, safe and controlled manner. Although the commercial terahertz
systems have successfully been used for laboratory work, such systems require further
development to be used at a larger scale in the industry for quality control of different
products, such as pharmaceutical tablets and catalytic materials.

Chapter 3
Experimental Methods and Theory
3.1

Specifications of the Terahertz System

The terahertz spectroscopy and imaging measurements of a range of powder compacts, i.e. pharmaceutical and ceramic catalytic materials, were performed using a
commercial terahertz system (TeraPulse 4000, Teraview Ltd., Cambridge, UK), shown
in Figure 3.1. The emitter and detector of this system utilise PCAs for the coherent
generation and detection of broadband terahertz pulses. The biased PCA in the emitter
is optically excited by an ultrashort femtosecond pulse for the generation of short
pulses of terahertz radiation for the terahertz spectroscopy and imaging experiments.
The system operates in either transmission or reflection configuration based on the
purpose of the measurement. THz-TDS measurements were conducted in transmission
mode to determine the microstructure characteristics of the powder compacts, such as
porosity as well as pore shape and alignment. On the other hand, TPI measurements
were performed in reflection mode to investigate the liquid transport and swelling
kinetics of such compacts.

3.2
3.2.1

Terahertz Time-domain Spectroscopy
Experimental Procedure and Data Acquisition

The THz-TDS measurements were conducted by acquiring the terahertz time-domain
(TD) waveforms of the sample and the reference, i.e. no sample is placed in the
measurement compartment of the terahertz spectrometer, in transmission configuration.
The signal-to-noise ratio was improved by co-averaging 20 waveforms for each single
measurement of the reference and the sample. All the measurements were performed
using the high-resolution scanning mode (HiResScannerSeries) with a duration of 40 s
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Fig. 3.1 The commercial TeraPulse 4000 system used for conducting the terahertz
spectroscopy and imaging measurements [reproduced from (Aimil Ltd, 2021)].
for each single measurement. Since the terahertz radiation is highly absorbed by water
vapour at the resonance frequencies of the rotational transitions in water (van Exter
et al., 1989), dry nitrogen gas was used to purge the sample compartment throughout
the measurements to reduce the effect of the water vapour on measurement (Bawuah
et al., 2018a; Markl et al., 2018a). For each batch multiple samples were measured.

3.2.2

Time-Domain Data Analysis

The terahertz pulse is delayed upon its propagation through the sample, such as a
porous powder compact. The delay of the terahertz pulse, ∆t, corresponds to the
difference between the time-of-flight (TOF) of the reference pulse, tr , i.e. a pulse
travelling through the empty transmission measurement chamber of the terahertz
spectrometer, and the TOF of the sample pulse, ts , in the TD, i.e. ∆t = ts − tr , as
illustrated in Figure 3.2. The effective refractive index of the porous sample, neff , can
then be calculated based on ∆t in a fast and simple manner. The term ‘effective’ is
used to emphasise that rather than a continued solid slab the sample is an effective
medium, i.e. consisting of a number of constituent materials and containing pores
with each of these phases exhibiting different optical properties and therefore its bulk
characteristics are best described by so-called effective medium models (Bawuah et al.,
2020, 2016c).
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Fig. 3.2 The measurement principle of the THz-TDS technique in transmission mode.
H is the sample thickness, neff is the effective refractive index of the sample and n0 is
the refractive index of ambient air.
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The TOF of the terahertz pulse is governed by the optical path length (OPL) of
the propagating terahertz pulse. Assuming that the terahertz pulse is propagating
at the speed of light in vacuum, c, the OPL travelled by the terahertz pulse through
the reference, OPLr , i.e. air, and through the sample, OPLs , can be defined as in
Equations 3.1 and 3.2, respectively (Bawuah et al., 2020).
OPLr = n0 H = ctr

(3.1)

OPLs = neff H = cts

(3.2)

The difference between OPLr and OPLs yields an expression for neff,TD as follows (Bawuah and Peiponen, 2016; Chakraborty et al., 2017; Markl et al., 2017b)

neff H − n0 H = cts − ctr
(neff − n0 ) H = c∆t
c∆t
+ n0
neff,TD =
H

(3.3)

where n0 is the refractive index of ambient air (n0 = 1), H is the sample thickness and
neff,TD is the effective refractive index extracted from the time-domain data analysis.

3.2.3

Frequency-Domain Data Analysis

The frequency-domain (FD) analysis of the TD data is performed in order to determine
the frequency-dependent optical constants, i.e. effective refractive index, neff,FD , and
effective absorption coefficient, αeff,FD , of the sample from the phase change between
the reference and sample pulses, and the attenuation of the pulse transmitted through
the sample, respectively (Jepsen and Fischer, 2005; Markl et al., 2017b). The TD
signals are first truncated before the appearance of the first back reflection from the
sample to eliminate the echoes due to multiple reflections of the terahertz radiation
upon its propagation through the sample. Then the terahertz electric fields of the
reference, Er (t), and the sample, Es (t), are transformed to the complex FD electric
field, Eer (υ) and Ees (υ) for the reference and sample, respectively, by using the fast
Fourier transform (FFT) (Bawuah et al., 2020, 2016c). The complex transmission
function, Te(υ), is the ratio of Ees (υ)/Eer (υ), and is related to the refractive index, n,
and absorption coefficient, α, as expressed in the following Equation (Bawuah et al.,
2020; Jepsen, 2019)
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Fig. 3.3 The measurement principle of the THz-TDS technique in transmission configuration using the frequency-domain analysis. Eein is the complex electric field of
the incident terahertz pulse, (Ees,r1 and Ees,r2 ) are the complex electric fields of the echo
pulses and υ is the frequency.

Ees (υ)
Te(υ) =
= |T |(υ)eiφ (υ)
Eer (υ)

(3.4)

The transmission function can be expressed in terms of the complex Fresnel field transmission coefficients, e
t12 and e
t23 , (Figure 3.3) for the case where multiple reflections in
the sample are not considered as follows (Jepsen et al., 2011)
Te(υ) = e
t12e
t23 e(−αH/2) e(2πi(n−1)υH/c)

(3.5)

Limiting the FD data analysis to the case where the terahertz pulse propagates
through media with low absorption coefficient, and hence the extinction coefficient
can be approximated as zero, the Fresnel transmission coefficients have only real
values (Jepsen et al., 2011) and thus can be expressed at normal incidence (Figure 3.3)
as (Johnston and Lloyd-Hughes, 2012)
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2n0
n0 + neff
2neff
t23 =
neff + n0
t12 =

(3.6)
(3.7)

The phase difference, φ (υ), and the transmission amplitude, |T |(υ), of the ratio
of Ees (υ)/Eer (υ) are determined and used for the calculation of neff,FD and αeff,FD ,
respectively (Jepsen, 2019). The refractive index is extracted from the phase difference
by comparing Equations 3.4 and 3.5 as follows
2πυH(n − 1)
(3.8)
c
Rearranging Equation 3.8 yields an expression for neff,FD (υ) as follows (Bawuah et al.,
2020; Jepsen, 2019; Jepsen and Fischer, 2005)
φ (υ) =

cφ (υ)
(3.9)
2πυH
The absorption coefficient is obtained from the transmission amplitude by comparing Equations 3.4 and 3.5 as follows
neff,FD (υ) = 1 +

|T |(υ) = t12t23 e(−αH/2)

(3.10)

Substituting Equations 3.6 and 3.7 and the value of (n0 = 1) in Equation 3.10 gives

|T |(υ) =

4neff
e(−αH/2)
(neff + 1)2

(3.11)

By rearranging Equation 3.11 an expression for αeff,FD (υ) can be obtained as (Jepsen,
2019; Jepsen and Fischer, 2005)


2
(neff (υ) + 1)2
αeff,FD (υ) = − ln |T |(υ)
H
4neff (υ)

(3.12)

The following assumptions have been made for the calculation of the frequencydependent optical constants using Equations 3.9 and 3.12: echoes in the measured
sample due to multiple reflections of the terahertz beam are not considered; the beam
is assumed to be a plane wave at normal incidence; changes of the beam path in the
presence of the sample are neglected (i.e. the measured sample is thinner than the
Rayleigh range) (Jepsen, 2019). In addition, the porous sample is assumed to be a
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homogenous medium (Markl et al., 2017a) with low absorption coefficient (Jepsen
et al., 2011).

3.2.4

Determination of Nominal Porosity

The nominal porosity, fnominal , is calculated using the relative density, ρrelative , (solid
fraction), of the porous powder compact which is the ratio of the the apparent density,
ρapparent , to the true density, ρtrue , of the compact as described in Equation 3.13 (AlSharabi et al., 2020; Ridgway et al., 2017). The ρapparent of the compacted sample
is determined from its physical dimensions, i.e. the diameter, D, thickness, H, and
weight, W , while the ρtrue of the powder is measured experimentally using helium
pycnometry (Markl et al., 2017b; Ridgway et al., 2017).

fnominal (%) = (1 − ρrelative ) × 100


ρapparent
× 100
= 1−
ρtrue


4W
× 100
= 1−
πD2 Hρtrue

3.2.5

(3.13)

Prediction of Terahertz-based Porosity

Porosity is an important characteristic of porous media and is defined as the ratio
of the void volume to the total volume of the material (Bawuah et al., 2014). The
porosity of a sample, f , can be predicted based on the neff values obtained in either
TD or FD at a specific frequency (Markl et al., 2017b). The difference in neff of
different compacts with the same composition are mainly influenced by differences in
the microstructure characteristics of these compacts, such as their density and porosity (Markl et al., 2017a). The terahertz-based porosity, fTHz , can be determined using
neff measured by THz-TDS in combination with either zero porosity approximation
(ZPA) (Bawuah et al., 2016c) or effective medium approximation (EMA) models, such
as the Bruggeman model (Bawuah et al., 2014; Markl et al., 2017b).
Zero Porosity Approximation (ZPA)
ZPA is a method in which neff measurements over a discrete range of known porosity
of the powder compact, i.e. fnominal , are linearly extrapolated to estimate the refractive
index of the solid phase for a sample that does not contain any pores. This linear
relationship can expressed as (Bawuah et al., 2016c)
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Fig. 3.4 Schematic of a porous medium that is composed of inter-particle and intraparticle pores. ε0 is the permittivity of pores, i.e. permittivity of ambient air, εsolid is
the intrinsic permittivity of the sample, i.e. solid material without the intra-partcile
voids and εeff is the effective permittivity.

neff = nsolid + (1 − nsolid ) f

(3.14)

where nsolid is the intrinsic refractive index of the sample, i.e. solid material without
the intra-particle voids (Figure 3.4) estimated from the linear extrapolation of neff over
known values of fnominal at zero porosity of the material. Rearranging Equation 3.14
yields an expression for the terahertz-based porosity predicted by the ZPA model, fZPA ,
for a porous compact with known neff as follows (Bawuah et al., 2020, 2016c; Markl
et al., 2018b, 2017b)
fZPA (%) =

neff − nsolid
× 100
1 − nsolid

(3.15)

Traditional Bruggeman Effective Medium Approximation (TB-EMA)
The Bruggeman model for effective media has been widely used for the approximation
of the characteristics of heterogenous samples that consist of different components (Parrott et al., 2012; Spanier and Herman, 2000). Bawuah et al. (2014) used Bruggeman
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model to calculate the porosity of tablets using the neff measured by THz-TDS. This
model is referred to as the traditional Bruggeman effective medium approximation
(TB-EMA) model, which can be expressed in terms of permittivities as (Bawuah et al.,
2014)
εsolid − εeff
ε0 − εeff
(1 − f ) +
f =0
εsolid + 2εeff
ε0 + 2εeff

(3.16)

For the case of a weakly absorbing material the refractive index, n, is related to the
permittivity, ε, as follows (Bawuah et al., 2014; Markl et al., 2018a)
ε = n2

(3.17)

Therefore, by using the relationship expressed in Equation 3.17, the TB-EMA
model can be expressed in terms of refractive indices as (Bawuah et al., 2020; Markl
et al., 2018b)
n20 − n2eff
n2solid − n2eff
(1
−
f
)
+
f =0
n2solid + 2n2eff
n20 + 2n2eff

(3.18)

Substituting n0 by 1 (ε0 = n20 = 1) and rearranging Equation 3.18 yields an expression for the terahertz-based porosity predicted by the TB-EMA model, fTB-EMA , as
follows (Bawuah et al., 2020; Markl et al., 2018b)
fTB-EMA =
1−



1−n2eff
1+2n2eff

1


n2solid +2n2eff
n2solid −n2eff



(3.19)

Anisotropic Bruggeman Effective Medium Approximation (AB-EMA)
The TB-EMA model was modified by Markl et al. (2017b) to account for the nonspherical inclusions embedded within the porous compact by introducing a depolarisation or shape factor, L. To distinguish it from the TB-EMA it was termed as the
anisotropic Bruggeman effective medium approximation (AB-EMA). The concept of
the depolarisation factor was initially introduced by Polder and van Santeen (1946)
where the inclusions within a system were assumed to be spheroids or ellipsoids of
revolution as illustrated in Figure 3.5. The powder compact is exposed to a linearly
polarised terahertz wave during the THz-TDS measurement, and hence, the measurement of εeff is only acquired when the terahertz electric field is in parallel alignment
with the x-axis (Markl et al., 2017b). The general expression of the AB-EMA model
for a system consisting of multiple components that accounts for the pore shape is
given by (Bawuah et al., 2020)
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I

εi − εeff

∑ fi εeff + L(εi − εeff) = 0

(3.20)

i=1

where i represents the number of components in the system (i = 1, 2, 3 . . . I) and
fi is the fill fraction of each component with ∑Ii=1 fi = 1. By considering the porous
system as a two-component system consisting of solid material and air, the AB-EMA
model takes following form when expressed in terms of permittivities (Markl et al.,
2017b)
εsolid − εeff
ε0 − εeff
(1 − f ) +
f =0
εeff + L (εsolid − εeff )
εeff + L (ε0 − εeff )

(3.21)

Using the relationship expressed in Equation 3.17, the AB-EMA model can therefore be expressed in terms of the refractive indices as (Bawuah et al., 2020; Markl
et al., 2018b)
n20 − n2eff
n2solid − n2eff

f =0
(1
−
f
)
+
n2eff + L n2solid − n2eff
n2eff + L n20 − n2eff

(3.22)

Substituting n0 by 1 and rearranging Equation 3.22 yields an expression for
the terahertz-based porosity predicted by the AB-EMA model, fAB-EMA , as follows (Bawuah et al., 2020; Markl et al., 2018b)
fAB-EMA =
1−



1−n2eff
1+Ln2eff

1


n2solid +Ln2eff
n2solid −n2eff

(3.23)
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It is worth noting that for the case of L = 1/3, i.e. spherical inclusions, the TBEMA model is obatined. Evidently, the AB-EMA model is better suited for predicting
the porosity of a compact with non-spherical inclusions since such model is capable of
accounting for the impact of the pore shapes by approximating the pores as spheroids
in comparison with the TB-EMA model, which assumes that the pores have spherical
shapes (Bawuah et al., 2020; Markl et al., 2017b). The pore shape can be predicted
by first estimating L using the AB-EMA model where nsolid is constant over porosity,
and then using Equation 3.24, which describes L as a function of the aspect ratio of
the unique major axis a and the two common axes b = c, (a : b), of the spheroidal
inclusion (Jones and Friedman, 2000; Markl et al., 2017b). The shape of inclusion
is defined by the aspect ratio as: 1 for spheres, > 1 for prolate spheroids and < 1 for
oblate spheroids as illustrated in Figure 3.5.
L=

3.2.6

1
1 + 1.6(a : b) + 0.4(a : b)2

(3.24)

Analysis of the Anisotropy of Pore Structure

In addition to predicting the total porosity of a medium, the degree of anisotropy
of its pore structure in terms of the arrangement or alignment of pores within the
medium relative to the direction of the propagation of the terahertz pulse can be
measured using THz-TDS by exploiting the polarisation of the terahertz wave (Markl
et al., 2018a). The direction of the electric field of the terahertz plane wave, which
is perpendicular to the direction of propagation, can hence be used to describe the
anisotropy of the pores or the solid material of a specific porous medium (Markl et al.,
2018a). Initially, a structural parameter, the so-called S parameter, was introduced
by Bawuah et al. (2016a) based on the concept of Wiener bounds in conjunction with
a model of effective heat conductivity to predict the arrangement of the constituents
within a pharmaceutical tablet. This S parameter is limited to describe structural
differences in the microstructure of porous samples of the same total porosity (Bawuah
et al., 2016a; Markl et al., 2018b). An alternative structural parameter, Sa parameter,
was then proposed by Markl et al. (2018a) by combining the lower and upper limits
of εeff derived based on the Wiener limits model with the experimental data of the
THz-TDS measurements to describe the degree of anisotropy of the microstructure.
The Sa parameter is capable of describing structural differences of samples of different
porosities (Markl et al., 2018a,b).
The case of completely random alignment or arrangement of pores and solid
material within a porous system was set to have a value of 0.5 in the definition of
the Sa parameter, which means that the εeff measured by THz-TDS is the same as
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Fig. 3.6 Schematic of the different cases of pore structure of a porous medium.
the theoretical/ideal permittivity, εideal . The value of εideal can be determined using
εsolid obtained from either ZPA, TB-EMA or AB-EMA and a known porosity (Markl
et al., 2018a). Two cases were considered in the definition of the Sa parameter
(Equation 3.25): serial arrangement (εeff < εideal ) and parallel arrangement (εeff ≥
εideal ) (Markl et al., 2018a).
 

0.5 1 − εL (εideal −εeff )
εeff (εideal −εL )


Sa =
0.5 1 + εeff −εideal
εU −εideal

for εeff < εideal

(3.25)

for εeff ≥ εideal

Using Equation 3.17, the Sa parameter can be expressed in terms of the refractive
indices as (Markl et al., 2018b)

 
2 2
−n2eff )
0.5 1 − nL2 (nideal
2
neff (n2ideal −n

L )
Sa =
2
2
0.5 1 + neff −nideal
n2 −n2
U

ideal

for n2eff < n2ideal
for n2eff ≥ n2ideal

(3.26)

where the subscripts L and U refer to the lower and upper Wiener bounds. The
degree of serial or parallel arrangements of the constituents, i.e. solid material/ pores,
of a porous medium is represented by the value of the Sa parameter, which is a real
number in the range from 0 to 1. A pure serial arrangement of the constituents is
represented by Sa = 0, whereas an ideal parallel arrangement of the constituents is
indicated by Sa = 1 (Markl et al., 2018a) as illustrated in Figure 3.6.
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The characterisation of the pore structure properties of the porous medium in the dry
phase from the simple transmission measurements is then complemented by liquid
transport measurements in reflection mode to understand the effect of the pore structure
characteristics on the liquid transport kinetics. A flow cell is needed to conduct the TPI
liquid transport measurements. Initially, a flow cell was made and first used by Yassin
et al. (2015a) to investigate the water penetration and swelling kinetics of a range
of MCC based tablets to better understand the disintegration performance of such
tablets upon contact with the dissolution medium. The flow cell was then modified
and utilised by Markl et al. (2018c) to enhance the data acquisition and improve the
accuracy of the TPI measurements of the rapid water imbibition into highly porous
ceramic powder compacts, i.e. FCC tablets. A new liquid flow system was designed to
perform highly accurate, safe, fast and reproducible liquid transport measurements.
The different components of the new flow system are discussed in the following:

3.3.1

Flow Cell

A new flow cell (Figure 3.7) was specifically designed for studying the one-dimensional
liquid transport kinetics of porous media using the TPI technique. A number of factors
have been considered in the design of the new flow cell including easy handling of the
sample, improved sealing and enhanced quality of data acquisition in comparison to the
previous model that was initially designed by Yassin et al. (2015a) and then optimised
by Markl et al. (2018c). The flow outlet was placed on the top surface of the flow
cell to ensure no air bubbles are trapped in the system as air bubbles can prevent the
liquid from touching the sample. The turbulence of flow was avoided by positioning
the outlet away from the sample holder. The body of the flow cell was constructed of
316 stainless steel to ensure that the flow cell is robust and corrosion-resistant upon
contact with corrosive liquids and thus maximise the lifetime of the flow cell.

3.3.2

Sample Holder

The sample holder (Figure 3.8) was designed to accommodate samples with a diameter
ranging from 10 to 16 mm and a thickness ranging from 1 to 6 mm. The body of the
sample holder was also constructed of 316 stainless steel in order to avoid corrosion
and degradation when corrosive liquids are used and hence increase its lifetime.
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Fig. 3.7 (a) Schematic of the new flow cell used for investigating the liquid transport
kinetics of porous powder compacts via TPI; (b) a sub-view of the cross-section of the
flow cell; (c) the actual flow cell installed in the lab.
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Fig. 3.8 A schematic diagram of the sample holder.
Position of
ventilation needle

Fig. 3.9 A schematic diagram of the window.

3.3.3

Window

A threaded window (Figure 3.9) was designed to close and seal the flow cell from the
top. Since the terahertz beam travels through this window before reaching the sample,
the window was constructed of high-density polyethylene (HDPE) as this material is
semi-transparent to terahertz radiation and its refractive index is lower compared to
many other potential window materials and hence the signal loss is minimised. The
window was designed with a channel for a ventilation needle, as shown in Figure 3.9,
to remove the air trapped between the window and the sample after the closure of the
flow cell with the window. This ventilation process is required to avoid a two-phase
flow since air needs to be removed from the system upon the penetration of the liquid
into the pores of the sample.
The inner diameter of the window needs to be large enough for the terahertz beam
to pass through before reaching the sample. The parameters used for the calculation of
the inside diameter of the window are shown in Figure 3.10. The terahertz reflection
probe has a focal length of 18 mm and the normal distance between the probe and the
centre of the sample is 17.539 mm. The window was designed in a way that the flow
cell is positioned at least 3 mm away from the reflection probe, i.e the normal distance
between the top of the flow cell and the centre of the sample, c, is 14.539 mm. The
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minimum radius of the window, r, is the sum of spot size or beam radius, w(z), and
the distance between the normal and the incident beam at the top of the flow cell, b.
The terahertz beam emitted from the reflection probe has an incident angle, β ,
of 13°. Using this angle of incidence and the length of c, the length of b can be
determined using the sine rule defined in Equation 3.27 as follows
b
c
a
=
=
sin(α) sin(β ) sin(γ)

(3.27)

14.539 mm
b
=
sin(13◦ )
sin(77◦ )
14.539 mm × sin(13◦ )
⇒b=
= 3.36 mm
sin(77◦ )
The beam of the terahertz radiation is a Gaussian beam as illustrated in Figure 3.11.
The width or diameter of a Gaussian beam is influenced by its beam waist, w0 , at
which the beam has the smallest size and the highest intensity and focus. w0 can be
used to determine the Rayleigh length, zR , as defined in Equation 3.28.
π × w20
(3.28)
λ
The terahertz beam has a beam waist of around 1 mm at the focus. Therefore, for a
terahertz beam at a frequency of 1 THz, a wavelength, λ , of 0.3 mm and a beam waist
of 1 mm, the Rayleigh length is
zR =

π × (1 mm)2
0.3 mm
= 10.5 mm

zR =

w(z) of a Gaussian beam with a circular cross-section at any distance (z) relative to
w0 along the direction of the beam propagation can be calculated using Equation 3.29.
s
w(z) = w0



z
1+
zR

2

The sine rule can be used to calculate the length of a as follows

(3.29)
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Fig. 3.10 The parameters used for the calculation of the size of the window. The
labelling of the blue triangle in the flow cell is shown on the triangle at the bottom.
The terahertz beam is represented by the red colour.
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Fig. 3.11 Schematic diagram of a Gaussian beam.

3.36 mm
a
=
◦
sin(90 )
sin(13◦ )
3.36 mm × sin(90◦ )
⇒a=
= 14.94 mm
sin(13◦ )
Therefore, w(z) at position z = 14.94 mm relative to the focus point or w0 is
s



14.94 mm
w(z) = 1 mm 1 +
10.5 mm

2

= 1.74 mm

The minimum inside diameter of the window = 2w(z) + 2b
= 2 × 1.74 mm + 2 × 3.36 mm
= 10.2 mm
Based on the above calculations, the window was designed with an inside diameter
of 14 mm, which is large enough to minimise the loss of the terahertz signal before
reaching the sample during the terahertz liquid transport measurements.
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3.3.4

Washers and O-rings

Polytetrafluoroethylene (PTFE) washers. i.e. top and bottom washers, were designed
to be placed beneath and on the top of the sample with a nitrile rubber O-ring placed
around the sample to provide the required sealing and ensure that the sample is fixed
during the terahertz liquid transport measurement (Figure 3.12). The PTFE washers
are 1 mm thick whereas the O-ring can be chosen with a range of different sizes based
on the dimensions of the sample to be measured. Figure 3.13 shows the sample setup
during the TPI measurement.

Top
washer

O-ring around
sample

Bottom
washer

Fig. 3.12 A schematic diagram of the washers and O-ring.
6

5

4

3

2

1

3 mm

D

Top
washer
Bottom
washer

Liquid ingress

Sample
holder

C

Sample
O-ring
Window
B

Fig. 3.13 A sub-view of the cross-section
the sample setup consisting of the sample,
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Monitoring, Sensing and Flow Control Components

The flow cell is equipped with a glass sight window to monitor the level of the liquid
inside the flow cell upon pumping the liquid into the flow cell. Monitoring the liquid
level is important to avoid the acquisition of unnecessary data through starting the the
data acquisition when the liquid is about to reach the sample. The flow cell was also
fitted with sensors for measuring the pressure and temperature of the liquid filling the
flow cell. Grade 316 stainless steel was selected as the housing material for all these
components to avoid corrosion upon contact with the liquid and therefore increase the
lifetime of such components. Mini ball valves (inlet, outlet and drainage valves) are
fitted to the flow cell to control the inlet and outlet flow as well as to drain the flow
cell once the experiment is finished.

3.4

Terahertz Pulsed Imaging

TPI measurements were performed to investigate the one-dimensional liquid transport
and swelling kinetics of porous media, i.e. pharmaceutical and catalytic powder
compacts. The in situ TPI measurements were conducted using the commercial
TeraPulse 4000 system in reflection mode in combination with a customised flow
cell. The terahertz system was equipped with a fibre-based reflection probe that had a
silicon lens with an 18 mm focal length. A precision vertical linear translation stage
with a micrometer screw was used to easily and precisely adjust the position of the
reflection probe relative to the sample position.

3.4.1

Measurement Principle

The TPI technique exploits the difference between the refractive indices of the two
media through which the terahertz pulse propagates, i.e. the wetted and dry material,
which causes a reflection of the terahertz pulse from the interface between these two
media (Obradovic et al., 2007; Zeitler, 2016). The change in the refractive index can
be due to either a difference in the density of the same medium or the travelling of the
terahertz pulse from one type of medium to another (Al-Sharabi et al., 2020; Zeitler
and Shen, 2012). Thus, it is possible to investigate the liquid penetration kinetics in
polymeric and ceramic materials due to the difference between the refractive indices
of the wetted and dry material (Markl et al., 2018c; Skelbæk-Pedersen et al., 2020a;
Yassin et al., 2015a,b).
For the terahertz liquid transport measurement, the terahertz radiation is focused on
the sample and a reflection is first obtained from the interface between air and the back
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face of the dry sample which is indicated by a positive peak in the waterfall plot (Figure 3.14). Since ceramic and polymeric materials are transparent or semi-transparent
to terahertz radiation, the terahertz pulse propagates through the sample and another
reflection is obtained from the interface between the front face of the dry sample and
air before the liquid has come in contact with the sample which is represented by a
negative peak in the waterfall plot (Figure 3.14). As the liquid comes in contact with
the sample and due to the difference in the refractive indices of the dry and wetted
material, another reflection is obtained from the liquid front which is indicated by
a positive peak in the waterfall plot (Figure 3.14). By conducting continuous TPI
measurements and subsequently processing the data through a deconvolution process
with plotting the deconvolved waveforms with an offset, it is possible to monitor the
movement of the liquid penetration front through the sample and hence quantify the
real-time liquid transport process by tracking the moving reflection peak of the liquid
front as a function of time. An example of the raw and the corresponding deconvolved
terahertz waveforms of a non-swelling sample, i.e. α-alumina powder compact, is
shown in Figure 3.15. For swelling systems, there is an increase in the thickness of the
sample due to swelling upon contact with the liquid which causes the positive peak
of the sample back face to shift and by tracking the shift in this reflection peak, the
swelling performance of the sample can be studied as a function of time.
The magnitude of the amplitude of the reflection peaks from the different interfaces
occurring in the terahertz waveforms is determined by the relative difference between
the refractive indices of the two media through which the terahertz pulse travels (Markl
et al., 2018c). The amplitude of each reflection peak is related, i.e. directly proportional,
to the reflection coefficient, r12 , which is defined according to Verdet convention for a
terahertz pulse propagating from medium 1 to medium 2 with two different refractive
indices of n1 and n2 , respectively, as in the following Equation (Markl et al., 2018c)
r12 =

n2 cos θi − n1 cos θt
n1 cos θt + n2 cos θi

(3.30)

where θi and θt are the angles of incidence and transmission, respectively. The
sign of the amplitude of the terahertz pulse, i.e. positive or negative, indicate the
propagation direction of the pulse into or out of a medium that has higher or lower
refractive index. The propagation of the terahertz pulse to a medium with a higher
refractive index results in a positive reflection peak whereas its propagation into a
medium with a lower refractive index results in a negative reflection peak.
The peak intensity of the terahertz reflected pulse is influenced by the amount
of the reflected terahertz radiation from the interface and can be determined using
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Fig. 3.14 The measurement principle of TPI in reflection mode for investigating
the liquid transport and swelling kinetics of porous powder compacts (top) and the
corresponding deconvolved terahertz waveforms presented in stack plots, so-called
waterfall plots, of rigid and swelling porous systems (bottom). Every seventh deconvolved waveform is plotted with an offset of 0.03 a.u. between each deconvolved
waveform to better visualise the movement of the liquid penetration front through
the sample. The first TPI measurement is represented by the first waveform at the
bottom of the waterfall plot whereas the last TPI measurement is represented by the
last waveform at the top. The total duration of the full wetting of the sample by the
liquid in seconds is represented by the arrow on the right of the waterfall plot. θ1 and
θ2 are the incidence and refraction angles, respectively; n0 , nl and ns are the refractive
indices of air, liquid and sample, respectively.
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Fig. 3.15 The raw (left) and deconvolved (right) terahertz waveforms of a rigid sample,
α-alumina powder compact, presented in waterfall plots to visualise the transport of a
polar solvent, i.e. water, into the compact. Every seventh terahertz waveform is plotted
with an offset of 0.03 a.u. between each waveform to better visualise the movement
of the liquid penetration front through the sample. The first TPI measurement is
represented by the first waveform at the bottom of the waterfall plot whereas the last
TPI measurement is represented by the last waveform at the top. The total duration of
the full wetting of the sample by the liquid in seconds is represented by the arrow on
the right of the waterfall plot.
Fresnel’s equation which can be described in terms of reflectivity, R12 , as follows
(Yassin et al., 2015b; Zeitler and Shen, 2012)

R12 =

n2 cos θi − n1 cos θt
n1 cos θt + n2 cos θi

2
(3.31)

Normal

Medium 1
n1
Interface I

Medium 2
n2
Interface II

θ1

θ1

θ2

d

Fig. 3.16 The refraction of the terahertz beam at the interface between two media
having different refractive indices. The pulse is propagating from a medium with a
lower refractive index, n1 , to a medium with a higher refractive index, n2 . θ1 and θ2
are the angles of incidence and refraction, respectively.
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The refraction of the terahertz beam can be described using Snell’s law (Figure 3.16), which defines the relation between the angle of incidence, θ1 , and angle of
refraction, θ2 , of the beam when travelling through an interface between two media
with different refractive indices (Peiponen and Gornov, 2012). The angle of refraction
of a terahertz pulse propagating from medium 1 with a refractive index n1 to medium 2
with a different refractive index of n2 can be calculated using Snell’s law of refraction
that is described as (Peiponen and Gornov, 2012).
sin θ2 n1
=
sin θ1 n2

(3.32)

According to Figure 3.16, the distance between two interfaces at which reflections
of the terahertz radiation occur, d, can be determined using the time delay, ∆t, between
the reflected pulses from the two interfaces, the speed of light in vacuum, c, and the
refractive index of the medium between the two interfaces, n2 , as follows (Zeitler,
2016)
d=

∆tc cos θ2
2n2

(a)

(3.33)

(b)
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Fig. 3.17 The deconvolved terahertz waveforms presented in stack plots of two cases:
(a) the water transport (flagged in red) into an alumina sample compacted at 7 kN and
subsequently fired at 1200 ◦C with a heating rate of 100 ◦C h−1 and (b) the 1-octanol
transport (flagged in red) into an unfired alumina sample compacted at 7 kN. Each
third (a) and fifth (b) deconvolved waveform was plotted with an offset of 0.03 a.u.
(a) and 0.02 a.u. between each deconvolved waveform for the water and 1-octanol
transport, respectively. 15 waveforms were averaged during the TPI measurements of
the 1-octanol into the unfired alumina sample due to the slow transport process. The
first TPI measurement corresponds to the first waveform at the bottom of the stack
plot, whereas the last TPI measurement is represented by the last waveform at the top
of the stack plot. The total duration (in seconds) of the full liquid penetration into the
sample is shown by the arrow on the right of each plot.
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Figure 3.17 shows the deconvolved terahertz waveforms of two cases: (I) the
transport of a polar solvent, i.e. water, into a rigid porous system and (II) the transport
of a less polar solvent, i.e. 1-octanol, into a rigid porous system. Water strongly
absorbs terahertz radiation and therefore it is not possible to see what is behind the
liquid front upon the contact of the water with the sample. In contrast, 1-octanol is
semi-transparent to terahertz radiation and thus it is possible to monitor what happens
behind the 1-octanol penetration front upon the contact of 1-octanol with the sample.
The analysis of the shift in the negative peak behind the 1-octanol penetration front is
useful to obtain other important information, such as the change in the refractive index
as well as the fill fraction of the solvent as a function of time.

3.4.2

Experimental Setup and Procedure and Data Acquisition

Reference and Baseline Measurements
Prior to every TPI measurement of the sample, a reference, i.e. reflection from a
mirror, and baseline, i.e. measurement of air without reflection, were acquired at an
acquisition rate of 15 Hz. 500 waveforms were co-averaged for determining both the
reference and baseline.
Operation with Previous Flow Loop
The sample was placed in a cylindrical polyether ether ketone (PEEK) sample holder,
which was fitted to the flow cell. Only the front face of the sample was exposed to
the liquid. The area of the front face of the sample that was exposed to the liquid
was 50.3 mm2 . A round piece of Blu Tack® was then placed on the top of the sample
with two O-rings placed on the top of the Blu Tack® to achieve the required sealing
and ensure that the sample is fixed during the liquid transport measurement. Another
round piece of Blu Tack® was also utilised to provide the required sealing between the
sample holder and the flow cell. The flow cell was closed and sealed with a window
made of polyethylene (PE) to minimise the signal loss during the TPI measurement
due to the transparency of PE to terahertz radiation. The flow cell was placed on the
top of a mounting stage to easily and accurately adjust the position of the flow cell
relative to the terahertz reflection probe (Figure 3.18). The position of the flow cell
was adjusted such that the terahertz radiation is focused on the centre of the sample
to maximise the peak to peak intensity in the terahertz waveform. The flow cell was
equipped with mini ball valves, i.e. an inlet valve A and two outlet valves B and C,
to control the flow of liquid into and out of the flow cell. The tubes were securely
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Fig. 3.18 A schematic diagram of the setup with the old flow cell used for conducting
the TPI measurements on the porous powder compacts.
connected to the flow cell and pump and fixated to the liquid containers used for the
inlet and outlet flow.
At the start of the liquid transport measurement, valves A and B were fully opened
whereas valve C was fully closed to fill the flow cell with the liquid. The liquid was
pumped to the flow cell at 10 rpm using a peristaltic pump (530SN, Watson-Marlow
Ltd, Falmouth, UK). This type of pump was manufactured with a low-pulse pump
head to ensure that the liquid flow into the flow cell is smooth with reduced pressure
fluctuations (Markl et al., 2018c). Then, valve B was fully closed and valve C was
fully opened at the same time to allow the removal of the air bubbles trapped in the
flow cell and hence begin the wetting of the sample. The data acquisition of the
sample measurements was started just before opening valve C and the TPI data were
acquired continuously at an acquisition rate of 15 Hz. The measurement was stopped
and the pump was turned off upon the full wetting or disintegration of the sample. For
disintegrating samples, such as pharmaceutical tablets, the disintegration of the sample
is indicated by the disappearance of the positive reflection peak at the back face of the
sample. For non-disintegrating samples, such as ceramic powder compacts, the full
wetting of the sample by the liquid is indicated by an increase in the magnitude of the
amplitude of the reflection peak from the back face of the sample.
Operation with the New Liquid Flow System
The sample holder was fitted to the flow cell and then the sample was placed in the
sample holder with exposing only the front face of the sample to the liquid. The area
of the front face of the sample that was exposed to the liquid was 38.5 mm2 . PTFE
washers were placed beneath and on the top of the sample with placing a nitrile rubber
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Fig. 3.19 A schematic diagram of the setup with the new flow cell used for conducting
the TPI measurements on the porous powder compacts.
O-ring with a suitable size around the sample for sealing and ensuring that the sample
is held in place to avoid any movement during the TPI liquid transport measurement.
The threaded window was screwed in until pushing on the top washer to close the
flow cell from the top and provide the required sealing. The flow cell was placed
under the TPI probe. The terahertz beam was focused at the centre of the sample by
maximising the peak-to-peak intensity of the TD waveform from the terahertz signal
through adjusting the position of the TPI probe in all directions.
Three containers were utilised for the inlet and outlet flow as well as for draining
as illustrated in Figure 3.19. The same peristaltic pump was used for pumping the
liquid into the flow cell through the inlet valve. The tubes were securely connected
to the peristaltic pump and the channels of the flow cell to avoid any leakage of the
liquid during the TPI liquid transport measurement. The tubes were fixated to the
liquid containers to avoid the movement of the tubes off the containers during the
measurement. It was ensured that the tubes are compatible with the liquid to be studied
to avoid the damage of the tubes upon contact with the liquid. The inlet flow container
was filled with the desired liquid at room temperature. A small amount of the liquid
was also added to the outlet flow container to monitor the elimination of air bubbles
from the flow cell.
The TPI measurement of each sample was started by opening the inlet and outlet
valves and closing the drainage valve. The liquid was pumped into the flow cell
through the inlet valve using the peristaltic pump to displace air and fill the flow cell
with the liquid. The level of the liquid during the filling of the flow cell was monitored
through the sight window and the data acquisition was started once the level of the
liquid was about to reach the front face of the sample. Continuous acquisition of the
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TPI data was performed at an acquisition rate of 15 Hz to monitor the dynamic process
of liquid transport through the sample. The data acquisition was stopped and the pump
was turned off once the sample was fully wetted with the liquid, i.e. the liquid was
transported through the whole sample from the front to the back face of the sample, or
fully disintegrated. Once the experiment was finished, the drainage valve was opened
to drain the flow cell. It was ensured that the flow cell was cleaned thoroughly prior to
measuring a new sample.

3.4.3

Processing of TPI Data

The raw TPI data from each measurement were first deconvolved using MATLAB
(MathWorks, Massachusetts, USA) in order to remove noise and improve contrast to
facilitate the analysis of the raw TPI data. The deconvolution of the raw TPI data is
important for highlighting the reflection peaks occurring at the different interfaces,
particularly the reflection peak of the liquid penetration front. The deconvolution is a
simple division of the Fourier transformed raw signal of the sample, FFT[s(t)], by the
Fourier transformed signal of the reference, FFT[r(t)], and using a double Gaussian
band-pass filter, FFT[ fDG (t)], in the frequency-domain as defined in Equations 3.34
and 3.35 (Markl et al., 2018c; Zeitler and Shen, 2012). An inverse Fourier transform
was then applied to determine the the deconvolved time-domain signal, h(t).


−1 FFT[s(t)]
h(t) = FFT
× FFT[ fDG (t)]
(3.34)
FFT[r(t)]




t2
t2
1
1
exp − 2 −
exp − 2
fDG (t) =
HF
LF
HF
LF

(3.35)

where t is the optical time delay; and LF and HF are the low and high frequency
limits of the double Gaussian band-pass filter, respectively, which define the pulse
width.
A customised MATLAB code was then used to track the moving reflection peak of
the liquid penetration front in h(t) for each sample to obtain its time-resolved liquid
penetration profile, i.e. penetration depth as a function of time. The total number of
pixels that represents the sample thickness, Ntotal , was first calculated by the subtraction
of the indices of the positive peak of the back face from the negative peak of the front
face of the dry sample. The liquid penetration depth, y, as a function of time, t, was
then determined as follows
y(t) = N(t)

H
Ntotal

(3.36)

3.5 X-ray Microcomputed Tomography
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where N(t) is the index of the liquid front peak relative to the sample front face in
the terahertz waveform at a specific time.
Since the acquisition of the TPI data was conducted at an acquisition rate of 15 Hz,
the time step, ts , between each two terahertz waveforms without averaging the terahertz
1
waveforms is 15
s. Thus, t at a specific liquid penetration depth was determined as
follows
t = Wnts

(3.37)

where Wn is the waveform number at a specific penetration depth.
The shift in the positive reflection peak from the back face of the sample relative
to its original location was tracked using a customised MATLAB code to obtain the
swelling profile of each sample.

3.5

X-ray Microcomputed Tomography

The XµCT measurements were performed using a Skyscan 1172 scanner (Bruker,
Antwerp, Belgium). XµCT utilises polychromatic X-rays for scanning the sample of
interest in a cone-beam configuration as illustrated in Figure 3.20. The XµCT system
is equipped with two types of filters, i.e. aluminium filter (Al 0.5 mm) and aluminium
+ copper filter (Al+Cu), for improving the contrast of the sample. The application of a
filter is dependent on the properties of the object to be scanned. First, the sample was
placed on the sample holder and held in place using either Blu Tack® or a double-sided
sticky tape. The 3D imaging was conducted by the rotation of the sample through
either 180° or 360° at a specific angular step, i.e. rotation increment, and collecting
radiographs, also known as shadow projection images, of the sample. The scanning
parameters, such as the voxel resolution, exposure time and the number of frames to be
averaged, were selected based on the properties of the scanned object. The subsequent
reconstruction of the shadow projected images was then performed using NRecon
software (Bruker, Version: 1.7.4.2) to acquire cross-section images of the scanned
sample. DataViewer software (Bruker, Version: 1.5.3.4) was used for the visualisation
and alignment of the reconstructed images of the sample.
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Fig. 3.20 The measurement principle of XµCT in a cone-beam configuration.

3.6

Contact Angle Measurements

The contact angle, θc , measurements of the different porous samples were performed
by our collaborators at the University of Strathclyde using a drop shape analyser (Krüss
DSA30, Krüss GmbH, Hamburg, Germany) to determine the wettability of the solid
sample by the liquid. The principle of the contact angle measurements is illustrated in
Figure 3.21. A droplet of the liquid was dispensed on the sample surface and video
recordings were acquired at an acquisition rate of 30 frames/s. The contact angle-time
profiles were extrapolated by processing and analysing the video recordings using
MATLAB (MathWorks, Massachusetts, USA). GraphPad Prism 8 (GraphPad Software
LLC, San Diego, USA) was utilised to determine the initial contact angle, θc,0 , between
the surface of the solid sample and liquid by fitting a two-phase exponential decay
model (Equation 3.38) to the contact angle profiles.

θc (t) = θc,p + s f e−k f ·t + ss e−ks ·t

(3.38)

s f = θc,0 · x f s
ss = θc,0 1 − x f s



Where θc,p is the contact angle at infinite time, k f and ks are the rate constants for
the fast and slow phases, respectively, and x f s is the fraction of time governed by the
fast phase of the reaction. The contact angle measurements were conducted on three
samples per batch.
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Fig. 3.21 The principle of the contact angle measurements.

Chapter 4
Liquid Transport and Swelling of Fast
Disintegrating Tablets
This chapter has been published in the International Journal of Pharmaceutics as a research paper titled with ‘Simultaneous investigation of the liquid transport and swelling
performance during tablet disintegration’ (doi:10.1016/j.ijpharm.2020.119380). The
powder compaction was performed by our collaborators at the University of Eastern
Finland in Kuopio. Omya International AG provided the FCC material and conducted
the surface area and porosimetric analyses. The terahertz experiments of the tablets
containing paracetamol were performed by Theona Mudley who was an MPhil student
under my supervision, while the terahertz experiments of the tablets containing theophylline were conducted by myself. The data processing of the terahertz measurements
was then performed on an individual basis. Theona Mudley has reported her analysis
of the results included in this chapter in her MPhil thesis.

4.1

Aims and Objectives

The work in this chapter aimed at developing a deeper understanding of the rapid
liquid transport kinetics of FDTs for two different model drugs using the terahertz
methods. The terahertz methods were used for the first time to investigate the effect of
the microstructure characteristics of the tablet on the liquid imbibition and swelling of
complex formulations containing either theophylline or paracetamol.
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4.2
4.2.1

Liquid Transport and Swelling of Fast Disintegrating Tablets

Materials and Methods
Materials

The pharmaceutical tablets are composed of either FCC (Omyapharm® ; Omya International AG, Oftringen, Switzerland) or MCC (Avicel PH-101, FMC BioPolymer,
Philadelphia, USA) as a filler (also as a binder in the case of MCC) and 10% of
either theophylline anhydrous (Sigma-Aldrich, Steinheim, Germany) or paracetamol
(Hangzhou Dayangchem CO. Ltd, Hangzhou, China) as an API. The solubility of
theophylline and paracetamol in water at 25 °C is 7360 mg l−1 and 14 000 mg l−1 , respectively (Yalkowsky et al., 2010). All the formulations contain 2% of CCS (Vivasol,
JRS Pharma, Rosenberg, Germany) as a swelling disintegrant, which facilitates the
disintegration process of the tablet upon contact with the dissolution medium. The
mixing of the powders for each formulation was conducted by our collaborators at the
University of Eastern Finland in Kuopio using a Turbula mixer (Turbula T10 B, Willy
A. Bachofen, Muttenz, Switzerland) in a 1 L vessel. The FCC based tablets have nominal porosities of 45% and 60% and the MCC based tablets have nominal porosities of
10% and 25% (Table 4.1). The higher porosity of the FCC based formulation is due to
the higher intrinsic porosity of the FCC particles as outlined previously (Markl et al.,
2018c).
Table 4.1 The different formulations of the tablets used for the terahertz measurements.
fnominal is the nominal porosity that is calculated using the physical dimensions of the
tablets.
Formulation

API
Theophylline

FCC
Paracetamol
Theophylline
MCC
Paracetamol

4.2.2

fnominal (%)
45
60
45
60
10
25
10
25

Batch code
FT45
FT60
FP45
FP60
MT10
MT25
MP10
MP25

Tablet Compaction

A compaction simulator (PuuMan PCS-1; PuuMan Ltd, Kuopio, Finland) was used to
compact the powder of each formulation into flat-faced round tablets with a diameter
of 10 mm and a thickness of 1.6 mm. The different targeted porosities of the tablets
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were achieved by changing the weight of the formulation powder and maintaining
fixed tablet diameter and thickness. The true density of the formulation was calculated
using literature values of the true densities of the constituents and their ratios in each
formulation (Bawuah et al., 2016b; Markl et al., 2017b; Mesnier et al., 2013). The
mass, diameter and thickness of the compacted tablet were measured to calculate the
tablet apparent density. The nominal porosity was then calculated using the relative
density of the tablet, which is the ratio of the apparent density to the true density of
the tablet as defined in Equation 3.13 (Markl et al., 2017b).

4.2.3

Terahertz Time-Domain Spectroscopy and Imaging

Terahertz time-domain spectroscopy
The THz-TDS measurements were conducted for 20 tablets of each batch. neff,FD was
used for the analysis of the pore structure characteristics of the tablets. The AB-EMA
model was then used to predict the porosity of the tablet using the measured values
of neff,FD as it has been shown that the AB-EMA model is suitable for predicting the
porosity of porous media with non-spherical pore shapes due to the utilisation of the
depolarisation factor L (Markl et al., 2017b). The Sa parameter was also obtained
from the THz-TDS measurements. This parameter reflects the anisotropy in the
microstructure of pharmaceutical tablets in terms of the arrangement of the pores
relative to the direction of the propagation of the terahertz radiation (Markl et al.,
2018a). In this study, the terahertz pulse always propagated through the tablet in axial
direction (same direction as the compaction direction).
Terahertz Pulsed Imaging
The TPI measurements were performed to investigate the 1D liquid transport and
swelling kinetics in fast disintegrating tablets to better understand their disintegration
process upon exposure to the dissolution medium. The previous customised flow
cell with the commercial THz-TDS system was used to acquire the liquid transport
measurements in reflection configuration. For all measurements 6 tablets of each batch,
except for the batches of FP45 (4 tablets), FT60 (5 tablets) and MT10 (5 tablets), were
used for the TPI measurements.

4.2.4

X-ray Microcomputed Tomography

XµCT measurements were conducted using a Skyscan 1172 scanner (Bruker, Antwerp,
Belgium) to investigate the presence of cracks and/or agglomerates in the tablet. A
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tablet was fixed on the sample holder using a double-sided sticky tape and then placed
in the XµCT instrument. Shadow projection images were collected with a resolution
of 3.98 µm at an angular step, i.e. rotation increment, of 0.25◦ over 180◦ using an
aluminium filter (Al 0.5 mm). 10 frames were averaged per position with an exposure
time of 4.5 s. The projected images were then reconstructed using NRecon software
(Bruker, Version: 1.7.4.2) to obtain cross-sections of the sample. DataViewer software
(Bruker, Version: 1.5.3.4) was then utilised to visualise the cross-sectional images of
the sample.

4.2.5

Mercury Porosimetry

The mercury porosimetry measurements and analyses were conducted by our collaborators at Omya International AG. Mercury intrusion measurements were made
using an Autopore V mercury porosimeter (Micromeritics Instrument Corporation,
Norcross, GA, U.S.A.). One tablet of each batch was used per measurement. The
maximum applied pressure of mercury was 414 MPa, equivalent to a Laplace throat
diameter of 4 nm. The equilibration time at each of the increasing applied pressures
of mercury was set to 20 s. Parameterising the elastic behaviour in the data can be
made as part of the overall data correction during the mercury intrusion comprising
the more commonly known effects of compression of mercury and expansion of the
penetrometer (Gane et al., 1996). This is performed conveniently using the software
Pore-Comp (a software program developed by and obtainable from the Environmental
and Fluids Modelling Group, University of Plymouth, U.K.), in which the following
equation is applied:
"


#
P
1
Vint =Vobs − δVblank + 0.175(Vbulk
) log10 1 +
1820
#!
"
(P1 − P)
1
−Vbulk
(1 − Φ1 ) 1 − exp
Mss

(4.1)

where Vint is the volume of intrusion into the sample, Vobs the intruded mercury volume
1 the sample bulk
reading, δVblank the change in the blank run volume reading, Vbulk
volume at atmospheric pressure, P the applied pressure, Φ1 the porosity at atmospheric
pressure, P1 the atmospheric pressure and Mss the bulk modulus of the solid sample
(Gane et al., 1996).
The Young-Laplace equation (Equation 1.6) in section 1.1.3 was used to measure
the pore size distributions by relating the throat size to the pressure of mercury (Gane
et al., 1996).
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Results and Discussion

The pore structure properties, such as porosity as well as the alternative structural
parameter, Sa parameter, will be presented first. Then, the liquid penetration and
swelling profiles will be discussed to understand the impact of porosity as well as
drug solubility on the liquid transport kinetics. Finally, a link between the structural
properties and the parameters of the liquid transport kinetics will be demonstrated.

4.3.1

Analysis of Pore Structure

The frequency dependent neff values obtained from the THz-TDS measurements were
used for the calculation of the THz-TDS porosity of the tablets using the AB-EMA
model (see section 3.2.5) as well as the calculation of the Sa parameter (see section 3.2.6). For subsequent analysis the neff was selected at a frequency of 1.2 THz for
all formulations. This frequency was chosen given that no significant dispersion in neff
was observed, i.e. neff is constant for each set of tablets, and there are no characteristic
absorption peaks visible. The predicted terahertz porosity using AB-EMA was plotted
against the nominal porosity for the different formulations to compare the suitability of
the AB-EMA model in predicting the porosity (Figure 4.1). The depolarisation factor
L in the AB-EMA model was determined to be 0.239 for FCC-theophylline tablets,
0.235 for FCC-paracetamol tablets, 0.364 for MCC-theophylline tablets and 0.405
for MCC-paracetamol tablets. AB-EMA performs well and yields an accurate and
reliable prediction of porosity due to the accurate selection of the depolarisation factor,
particularly for the FCC based tablets where the pores in such tablets are predicted have
a non-spherical shape with a perpendicular alignment to the direction of compaction
(Markl et al., 2017b). The porosity predicted by AB-EMA will be used as the terahertz
porosity for the investigation of the effect of porosity on the liquid transport kinetics.

Fig. 4.1 The THz-TDS porosity, fTHz , predicted by AB-EMA as a function of the
nominal porosity, fnominal , for the formulations containing (a) theophylline and (b)
paracetamol.
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The values of the Sa parameter (Figure 4.2) suggest that the pores as well as the
lumped solid constituents are randomly aligned in the majority of cases. A larger
variation in the Sa parameter is observed within each batch of the MCC based tablets in
comparison to the FCC based tablets. This variation in the Sa parameter might indicate
that tablets of the same formulation and porosity can exhibit different arrangements
and shapes of pores, and can be attributed to inhomogeneity in the formulation during
the mixing process. Further research is required to fully explore the complex interplay
between the mixing process, the particle properties, the resulting porosity of the
powder compact as well as the physical interpretation of the Sa parameter.

Fig. 4.2 The Sa parameter as a function of the nominal porosity, fnominal , for the
formulations containing (a) theophylline and (b) paracetamol.

4.3.2

In situ Monitoring of Liquid Imbibition and Swelling

The terahertz electric field of the deconvolved terahertz waveforms for the total liquid
ingress process of each tablet is displayed as a function of the time delay, i.e. waterfall
plot, to visualise the movement of the water penetration front as well as the extent of
swelling in the tablet. The waterfall plots of a tablet from each batch are shown in
Figures 4.3 and 4.4 for the theophylline and paracetamol containing tablets, respectively. The waterfall plots indicate that the total duration for the full hydration and
disintegration is less for the higher porosity tablets of the same formulation.
The amplitude of each reflection peak is directly proportional to the reflection
coefficient, r12 , according to the Verdet convention, which is expressed as in Equation 3.30 (Markl et al., 2018c). In Equation 3.30 we assume that the terahertz pulse
propagates from medium 1 to medium 2 with different refractive indices of n1 and
n2 , respectively. We can use this relationship to qualitatively analyse the reflections
from the various interfaces occurring in the terahertz waveforms. In terms of the first
peak, the terahertz pulse propagates from a medium with a lower refractive index (i.e.
air with n1 = 1) to a medium with a higher refractive index (n2 = neff > 1 of the dry
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Fig. 4.3 Waterfall plots showing the deconvolved terahertz waveforms of one tablet
per batch: (a) FT45, (b) FT60, (c) MT10 and (d) MT25. Every third waveform was
plotted with an offset of 0.02 a.u. between each waveform. The total duration of the
complete hydration and disintegration of the tablet upon contact with the dissolution
medium is indicated in seconds on the right of each waterfall plot.
tablet), which results in a positive reflection peak according to Equation 3.30. Initially,
the peak of the reflection from the tablet front face is negative as the terahertz beam
travels from the dry tablet (n1 = neff > 1) to air (n2 = 1). The wetting of the tablet
causes a change of the refractive index resulting in a positive peak of the water front
due to the higher refractive index of water (n2 = nwet with neff < nwet < nwater ≈ 2.1
at 1.2 THz) (Pickwell and Wallace, 2006) compared to that of the dry tablets used in
this study. In general, the absolute difference between the refractive indices of the dry
and wetted tablet is directly proportional to the magnitude of the reflection peak from
the water front. Two cases could cause a reduction in the magnitude of the reflection
peak from the water front: i) a small absolute difference between the refractive indices
of the dry tablet and the dissolution medium, and ii) the formation of a water gradient
in the tablet during liquid transport through the porous medium.
The waterfall plots show that the magnitude of the amplitude of the water penetration front increases with an increase in the porosity, f , due to an increase in the relative
difference in the refractive indices of the wetted and dry tablet, i.e. |nwet − neff | ∝ f .
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Fig. 4.4 Waterfall plots showing the deconvolved terahertz waveforms of one tablet per
each of batch of (a) FP45, (b) FP60, (c) MP10 and (d) MP25. Each third waveform was
plotted with an offset of 0.02 a.u. between each waveform. The total duration of the
complete hydration and disintegration of the tablet upon contact with the dissolution
medium is indicated in seconds on the right of each waterfall plot.
The batches of the different formulations, excluding the MCC based tablets with 10%
porosity, have a clear and identifiable water penetration front.
According to Equation 3.30, the MCC based tablets should have a higher reflection
amplitude due to the higher relative difference between the neff of the MCC based
tablets and water when compared to the FCC based tablets. However, this is not the
case and the small amplitude of the liquid front reflection in the MCC based tablets
with 10% porosity cannot be attributed to the similarity in the refractive indices of
the liquid (nwater ≈ 2.1 at 1.2 THz) and sample (MCC based formulation, neff ≈ 1.76)
as it was possible to resolve it for a smaller relative difference of refractive indices
for the FCC tablets with 45% porosity (neff ≈ 2). A previous study (Markl et al.,
2017b) concluded that the intra-particle pore structure of FCC does not change during
compaction for the very fine pores below 0.014 µm. These tablets therefore have a
very large consistent intra-particle pore space, which is not affected by the compaction.
This pore space might be the predominant driver in the liquid imbibition process rather
than the inter-particle pore space (Ridgway et al., 2004). If this is the case, then a
bulk water gradient in FCC based tablets should not be observed. On the contrary, the
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liquid imbibition process in MCC based formulations is driven by the inter-particle
pore space. The inter-particle pore space is not uniform within a tablet as there is a
density gradient across the tablet (Djemai and Sinka, 2006; Markl and Zeitler, 2017).
We therefore speculate that the weak reflection amplitude of the water front can be
attributed to the existence of microchannels which promote capillary action that results
in the wetting of the dry material before the bulk of the liquid has reached it. As a
result a water gradient forms ahead of the imbibition front in the sample and hence the
water front is not a clear interface leading to a very weak contrast. In summary, the
formation of a water gradient decreases the amplitude of the reflected terahertz pulse
in the MCC based tablets with 10% porosity.

4.3.3

Quantification of Liquid Penetration and Swelling Rates

Figure 4.5 illustrates the average of the liquid penetration rate for each formulation
as determined in section 3.4. The sudden jumps in the liquid penetration profiles of
some of the batches are attributed to difficulties in reliably tracking the water front
peak during subsequent signal processing. These jumps cause variation in the average
liquid penetration profiles of tablets of the same batch, which is represented by the
relatively large standard deviation of the liquid penetration profile (e.g. FP45). The
porosity of the tablet has a strong impact on the liquid penetration rate. Here we
observe that the rate of liquid penetration is higher for the tablets of higher porosities
as the larger pore space accelerates the water ingress and the swelling of the MCC
particles is not sufficiently fast to constrict the pore mass transport. The API has a
significant effect on the liquid penetration kinetics for the MCC based tablets of 10%
porosity. A slower rate of liquid penetration is observed for the MCC tablets that
contain theophylline, which may be explained by the poor solubility of theophylline
compared to paracetamol. It is interesting to observe that this effect only becomes
evident on the liquid transport in the tablets with low porosity.
A large variation in the liquid penetration profiles is observed for the FP45 tablets
as indicated by the large standard deviation compared to that of the other batches. The
TPI measurements revealed an additional reflection peak that originates from the core
of the tablet matrix in a number of tablets from this particular batch. Therefore, XµCT
measurements were conducted on two tablets with and without a defect, i.e. internal
cracks and/or agglomerates, to further investigate their microstructure and to determine
the source of the additional reflection peak. The XµCT images (Figure 4.6) reveal that
some of the FP45 tablets contain internal cracks that propagate along agglomerates
of paracetamol particles. However, the formulations containing theophylline with the
same filler and porosity (FCC 45%) appear homogenous and do not contain internal
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Fig. 4.5 The average liquid penetration profiles of the FCC based tablets (a and b) and
the MCC based tablets (c and d). The shaded area represents the standard deviation
for each set. The averaging of the liquid penetration rate of each set was conducted
over the shortest time of a complete hydration of the tablet, i.e. time for the fastest
tablet to disintegrate.
cracks or agglomerates. We can therefore attribute the additional peaks in the terahertz
waveform to the air gaps due to the crack. The tableting behaviour that was observed
in our experiments matches previous reports of the crack formation in paracetamol
based formulations compared to theophylline formulations (Chang and Sun, 2017;
Paul and Sun, 2017).
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(a)

(b) Agglomerate of API particles

Internal crack

Fig. 4.6 The reconstructed XµCT images of cross sections of (a) FT45 and (b) FP45.
The image in (a) shows a more uniform distribution of API particles, represented by
the dark regions, in FT45.
Mercury porosimetry measurements were performed on the MCC and FCC based
tablets to further investigate their pore structure. Figure 4.7 shows the pore size distribution curves based on the data acquired from the mercury porosimetry measurements
for the FCC and MCC containing tablets. The peaks of the interparticle pore volume
are located at 0.05 and 0.06 µm for FT45 and FP45, respectively. For the sets of
FT60 and FP60 the peaks of the interparticle pore volume are located at 0.16 and
0.18 µm, respectively. The peaks of the intraparticle pore volume of the FCC based
tablets are very similar for the tablets containing either theophylline or paracetamol
with the same porosity. These intraparticle pore volume peaks of the FCC containing
tablets lie at 0.02 and 0.03 µm for the 45% and 60% porosity, respectively. The very
fine pores are similar for the two samples of FCC with the 45% and 60% porosity
below 0.014 µm and remain constant under compression, as previously seen (Markl
et al., 2017b). However, the pore size region above this diameter displays changes on
compaction due to a combination of the effect of particles becoming packed tighter
together, thus reducing interparticle pore size, and deformation of the surface of FCC
at particle-particle contact under pressure, such that these finer contact pores contribute
to the intrusion volume across a similar pore size range to that of the larger intraparticle
pores.
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Fig. 4.7 The pore size distributions of both the FCC and MCC based tablets.
The peaks of the interparticle pore volume for the MCC based tablets with 25%
porosity are at 2.27 µm for both APIs. For the MCC based tablets with 10% porosity
the interparticle pore volume peaks are observed at 0.84 µm for both APIs. The
paracetamol containing tablet exhibits the peak towards the finer pore diameters when
compared with that of the theophylline containing tablet. The intraparticle pore
volume of MP25 is larger than that of MT25 with both peaks located at 0.84 µm. The
paracetamol tablet has thus more fine pores in comparison to the theophylline tablet.
There is not a clearly identifiable intraparticle pore volume peak for the MCC based
tablets with 10% porosity.
The optical microscope images of the FCC based tablets post mercury porosimetry
measurements (Figure 4.8) show the presence of an agglomerate of paracetamol
particles in the tablet. The inhomogeneity and internal cracks of the FCC based tablets
with paracetamol as API can be attributed to the poor flow and compaction properties
of paracetamol (Kaerger et al., 2004). The internal cracks were observed for the FCC
+ paracetamol tablets, and that is why these were investigated microscopically. The
optical microscope images of the FCC tablets post mercury porosimetry measurements
(Figure 4.8) confirm the presence of agglomerates of paracetamol particles in the
tablet. This observation for FCC + paracetamol does not preclude agglomerates of
paracetamol when formulated with MCC excipient (Paul and Sun, 2017), but the
example here of using microscopy after porosimetry is used to illustrate more clearly
the grain boundaries between excipient and API, which in the case of cracking, as for
the FCC tablet formulation, can lead to macroscale crack-releated inhomogeneities.
The presence of such internal defects, agglomerates and/or cracks, influences the liquid
penetration and swelling kinetics, which might be the cause of large variations in the
liquid penetration profiles of the FP45 tablets as observed in Figure 4.5.
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Mercury droplets
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API particles
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Fig. 4.8 Optical microscope images of FCC based tablets after mercury porosimetry
measurements: (a) showing a large agglomerate of API, and (b) the general distribution
of smaller agglomerates of API.
Figure 4.9 shows the average swelling profile for each formulation. Since FCC
does not swell (Markl et al., 2018c), the swelling in the FCC based tablets is only due
to the presence of the disintegrant, i.e. CCS. A small quantity of CCS (2% by weight
in this study) is used in the tablet formulation to promote the rapid breakage of the
tablet matrix into smaller particles (Ekmekciyan et al., 2018; Yassin et al., 2015a). All
FCC based tablets therefore follow similar swelling kinetics as the concentration of
the disintegrant was kept constant. Minor variations in the swelling profiles are due
to differences in porosity. The extent of swelling of the MCC based tablets is larger
than that of the FCC based tablets as the MCC also swells, albeit at different rate
compared to CCS, and therefore contributes to the overall swelling of these tablets
(Yassin et al., 2015a). The API does not seem to have a significant impact on the extent
of swelling upon hydration, which can be attributed to the low concentration of the
API in the formulation (10%). However, there is a variation in the swelling profiles
of the FT45 and FP45 tablets. The porosity of a tablet has a significant effect on the
swelling behaviour where tablets with a lower porosity tend to swell to a larger extent
due to the slow hydration process in such tablets. The smaller rate of water uptake of
the tablet with the lower porosity, compared to that of the tablet with a higher porosity,
results in a smaller rate of swelling. Therefore, the tablet swells to a greater extent
before the disintegration process occurs.
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Fig. 4.9 The average swelling profiles of all the FCC based tablets (a and b) and the
MCC based tablets (c and d). The shaded area represents the standard deviation for
each set.

4.3.4

Linking Porosity to Transport Kinetics

A power law model, which has been previously implemented for the investigation of
drug release kinetics (Ritger and Peppas, 1987; Siepmann and Siepmann, 2013), can be
used to compare liquid transport kinetics of different tablets. This simple mathematical
model is a correlation of the front movement of a liquid and its transport kinetics in a
porous medium, which can be defined as follows (Yassin et al., 2015a):
y(t) = kt m

(4.2)

where y is the displacement of liquid penetration front or liquid penetration depth
as a function of time t, k is a fitting parameter related to the tablet’s geometry and
structure and the exponent m characterises the mechanism of mass transport process
(Markl and Zeitler, 2017). The value of m of the liquid penetration, mLP , can be
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used to differentiate between different types of mass transport: pure Darcy flow (m
= 0.5), case II transport (m = 1) or anomalous transport (an intermediate value of m
between 0.5 and 1) (Yassin et al., 2015a). Fitting the power law to the experimental
data of all the tablets yields an m value ranging between 0.5 and 1 (Figure 4.10 and
Table A.1 in Appendix A) indicating an anomalous transport in all the tablets, which
is a combination of Darcy flow, driven by a capillary pressure gradient, and case
II transport, driven by an activity gradient (Markl and Zeitler, 2017). The activity
gradient is the impact of swelling on the liquid transport into the tablet matrix due to
hindered transport as a result of some effects including hydrogel formation, increased
tortuosity, decreased porosity or enhanced swelling behaviour (Yassin et al., 2015a).

Fig. 4.10 (a) mLP parameter and (b) kLP parameter of liquid penetration as a function
of the THz-TDS porosity.
Unsurprisingly, the k parameter of liquid penetration, kLP parameter, is linearly
related to the tablet porosity (Figure 4.10 and Table A.1 in Appendix A), where the
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difference of the kLP between the low and high porosity samples is more significant for
the MCC based tablets. The kLP parameter was also investigated as a function of the
pore diameter at the interparticle pore volume peaks. Figure 4.11 shows that the kLP
parameter increases with an increase in the pore diameter within each set of tablets
with the same filler (i.e. FCC or MCC).

Fig. 4.11 The k parameter of liquid penetration, kLP , as a function of the pore diameter.
The power law was also used for fitting the experimental data of the swelling in
order to determine the rate of swelling, kSW . The swelling rate directly correlates
with the porosity for the MCC based tablets (Figure 4.12 and Table A.2 in Appendix
A). This data also indicates that the kSW is almost constant for the FCC based tablets
despite the difference in API and porosity. These results are in line with the fact that
the only material with swelling capacity is the CCS in the FCC based formulations.
The swelling is thus fully controlled by the amount of CCS, whereas the liquid uptake
is driven by the FCC material and the interparticle pores created during compaction.
The MCC based formulations are more complex as both CCS and MCC swell. The
increase in the rate of swelling with increasing porosity indicates that the MCC based
formulations are performance-limited by its ability to take up liquid.
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Fig. 4.12 The kSW parameter of swelling as a function of the THz porosity.

4.4

Conclusions

The terahertz techniques have been used to study the effect of the microstructure
characteristics on the liquid transport and swelling kinetics in complex pharmaceutical
powder compacts. THz-TDS in a transmission setting provided fast, non-destructive
and contactless measurements of the structural properties of porous media, i.e. the
porosity, pore shape and the alignment of pores within compacted tablets. TPI was
able to capture fast liquid transport process and provided a quantitative analysis of the
liquid penetration and swelling kinetics. This proves useful in monitoring the rapid
liquid imbibition and swelling behaviour of FDTs. The terahertz results revealed that
the swelling of the FCC based tablets is fully controlled by the amount of disintegrant,
whereas the liquid uptake is driven by the FCC material and the interparticle pores
created during compaction. The MCC based formulations are more complex as the
MCC significantly contributes to the overall tablet swelling. An increase in swelling
rate with increasing porosity is observed in these tablets, which indicates that such
formulations are performance-limited by their ability to take up liquid. Therefore, the
disintegration performance of MCC-based tablets is liquid uptake limited, whereas
the FCC based tablets are limited by their ability to swell as revealed by combining
the porosity measurements with the liquid transport and swelling data. The swelling
ability can be decoupled from the liquid uptake rate for the FCC based tablets enabling
the control of each of the mechanisms independently.
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This work can help formulation scientists in the pharmaceutical industry enhance
the design of reproducible formulations and dosage forms. It is important to consider
the effects of the liquid transport in the design of pharmaceutical dosage forms. This
helps in a better selection of the materials incorporated in the dosage forms to achieve
the desired disintegration process and hence optimise the performance of the drug
in the body. For instance, the disintegration can be controlled through disintegrant
concentration regardless of compaction when using a non-swelling porous filler. On
the other hand, using the more widely established MCC, the liquid transport, and
hence disintegration, become limited at high compaction pressure, i.e. low porosity,
as swelling MCC particles will restrict further supply of dissolution medium into the
tablet due to the potential blockage of the small pore space with the swelling of the
MCC particles.

Chapter 5
Liquid Transport in α-Alumina
Powder Compacts: Part I
This chapter has been published in the journal of Chemical Engineering Research and
Design as a research paper titled with ‘Terahertz pulsed imaging as a new method for
investigating the liquid transport kinetics of α-alumina powder compacts’
(doi.org/10.1016/j.cherd.2020.11.006). The compaction of the α-alumina powder
and the subsequent sintering of the green compacts were conducted by Vincenzino
Vivacqua from Johnson Matthey. The mercury intrusion porosimetry measurements
were performed by Rob Fletcher from the Johnson Matthey analytical team. The
contact angle measurements were conducted by our collaborators at the University of
Strathclyde.

5.1

Aims and Objectives

α-Alumina is widely used as a catalyst support in a number of industrial applications,
such as steam reforming (Yeboah et al., 1995) and Fischer-Tropsch synthesis (Rytter
et al., 2019). Steam reforming is a process that involves the reaction of hydrocarbons
with water to produce syngas, i.e. carbon monoxide and hydrogen. On the other hand,
Fischer-Tropsch is a process that converts carbon monoxide and hydrogen into liquid
hydrocarbons and water. In such processes, the liquid transports into and out of the
pores of the solid catalyst. Therefore, it is important to investigate the transport of
solvents with different properties into a a wide range of porous catalytic materials with
different structural and surface properties to enhance the design and performance of
such catalytic materials upon contact with the liquid during the heterogenous catalysis
where liquid-phase reactions are catalysed over heterogenous solid catalysts.
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This study aimed at characterising the impact of the microstructure and surface
properties of α-alumina powder compacts with varying compaction and heat treatment
conditions on the water penetration kinetics. The water transport into the different
alumina pellets was studied to explore whether a combination of sintering temperature
and compaction force can produce a strong but still sufficiently porous pellet. At
a given pellet density, there might also be a desirable microstructure which can be
revealed by liquid penetration experiments.

5.2
5.2.1

Materials and Methods
Materials and Sample Preparation

Flat-faced, cylindrical pellets were made from a mixture of mainly α-alumina powder
with 5% m/m max of polymeric organic additives and 1% m/m max of inorganic
additives (Granalox® NM 99, Nabaltec AG, Schwandorf, Germany). These powder
compacts were prepared via direct compaction using a compaction simulator (Styl’One
Evolution, Medelpharm, Beynost, France). The samples have a diameter and thickness
of around 11.28 and 2 mm, respectively. The diameter and thickness were kept constant
while the filling weight of the powder material was adjusted to vary the pellet porosity.
The pellets were compacted at compaction forces of 7, 23, 40 and 58 kN yielding
four classes of samples with different porosities. These samples will be referred to as
unfired samples since no heat treatment was performed after the compaction process.
In addition to the set of unfired samples two further sets of pellets were prepared
by identical compaction conditions but subsequently fired at temperatures of 1200 or
1300 ◦C with a ramp rate of 200 ◦C h−1 and a dwell time of 6 h (Table 5.1) in a
Nabertherm HT64/16 furnace (Nabertherm GmbH, Germany). The samples were then
cooled down to room temperature at a cooling rate of approximately 100 ◦C h−1 . The
organic polymeric additive was completely pyrolised during the firing process and
sintering occurred. As a result the samples were shrunk in thickness and diameter
after firing, which in turn resulted in a reduction of the pellet porosity compared to the
unfired samples.
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Table 5.1 Nominal porosity, fnominal (%), of the samples used for the TPI measurements
and its standard deviation. The average fnominal was determined based on 10 samples
per batch.
Compaction force (kN)
7
23
40
58
Unfired
39.18 ± 0.12 36.09 ± 0.17 34.57 ± 0.06 33.46 ± 0.10
◦
Fired at 1200 C
36.12 ± 0.22 33.00 ± 0.18 31.44 ± 0.19 30.29 ± 0.13
◦
Fired at 1300 C
27.79 ± 0.30 24.61 ± 0.13 22.97 ± 0.21 21.93 ± 0.21

5.2.2

Calculation of Nominal Porosity

The nominal porosity, fnominal , was determined using the relative density, i.e. solid
fraction, as described in Equation 3.13 (Markl et al., 2017b; Stirnimann et al., 2013).
The relative density is the ratio of the apparent density to the true density of the powder
compact. The apparent density of the sample was calculated from the physical dimensions of the sample, i.e. the thickness, diameter and weight. The true density of the
alumina powder was measured using helium pycnometry (Micromeritics ACCUPYC
1340, Austin (TX), USA). These measurements were conducted after the compaction
and firing of the pellets. The true densities were 3.642 ± 0.015, 3.822 ± 0.006 and
3.838 ± 0.025 g cm−3 for the unfired, 1200 and 1300 ◦C batches, respectively. The
true density of each batch is an average of the true densities of the 4 compaction forces,
i.e. 7, 23, 40 and 58 kN.

5.2.3

Terahertz Pulsed Imaging

TPI measurements were conducted to investigate the 1D water transport kinetics of the
alumina samples. The setup used for the in situ TPI measurements was composed of
the new bespoke flow cell (Figure 3.7) and the commercial terahertz system (TeraPulse
4000, Teraview Ltd., Cambridge, UK) in reflection setup. The total time-delay for the
terahertz waveform was 45 ps. For the 12 batches of varying porosities (Table 5.1),
three pellets per batch were measured using TPI to obtain an average time-resolved
water penetration profile of each sample condition.

5.2.4

Mercury Porosimetry

Mercury intrusion/extrusion measurements were conducted using a Micromeritics
AutoPore 9520 mercury porosimeter. The measurements were performed in accordance with ASTM D4284-03 (Standard Test Method for Determining Pore Volume
Distribution of Catalysts by Mercury Intrusion Porosimetry). Intrusion measurements
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were conducted over the pressure range of 3.45 × 103 to 413.69 × 106 Pa followed by
extrusion down to atmospheric pressure. An equilibrium time of 15 s was set for each
data point on both the intrusion and extrusion curves. The surface tension and the
contact angle of mercury were selected as 485 mN m−1 and 140°, respectively. The
samples were dried at 115 ◦C overnight in an oven prior to analysis. The effects of
temperature and pressure that manifested during the porosimetry run were accounted
for by blank correction runs on empty penetrometer tubes which were subsequently
subtracted from the experimental data.

5.2.5

Contact Angle Measurements

Contact angle measurements were conducted on three pellets per batch to determine
the wettability of the alumina pellets by water.

5.3
5.3.1

Results and Discussion
In situ Monitoring of Liquid Transport

Figure 5.1 shows the waterfall plots of the unfired alumina samples at the four different
compaction forces of 7, 23, 40 and 58 kN to highlight the effect of the change in
porosity due to the different compaction forces on the liquid transport kinetics. The
TPI results show that the porosity clearly influences the rate at which water ingresses
into the alumina compacts. The time to fully wet the sample, as indicated by the arrows
on the right of the waterfall plots, shortens with decreasing compaction force and
hence increasing the porosity. The same behaviour was also observed when comparing
the different compaction forces within each set of samples, at each firing temperature,
i.e. 1200 and 1300 ◦C (Figures A.1 and A.2 in Appendix A).
The relative difference between the refractive indices of the two media through
which the terahertz pulse propagates determines the amplitude of the reflection peaks
observed in the terahertz waveform (Zeitler, 2016). The reflection peak amplitude is
related to the reflection coefficient, r12 , which is described in Equation 3.30 based on
Verdet convention, for a terahertz pulse travelling from a medium with a refractive
index of n1 to a medium with a refractive index of n2 (Markl et al., 2018c). The sign
of the pulse amplitude indicates whether the pulse travels into or out of a medium of
higher or lower refractive index. Here, the terahertz pulse travels from air (nair = 1)
into the alumina pellet (2 < neff < 3 at 1 THz) and back to air before the water has
reached the sample. Therefore, a positive peak is observed for the back face of the
pellet while a negative peak is observed for the front face of the pellet before wetting
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Fig. 5.1 Waterfall plots visualising the water ingress into the unfired alumina samples
at different compaction forces of (a) 7 kN, (b) 23 kN, (c) 40 kN and (d) 58 kN. Each
seventh deconvolved waveform was plotted with an offset of 0.03 a.u. between each
deconvolved waveform. The arrow on the right of each waterfall plot indicates the
duration of the full wetting of the sample by water in seconds.
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according to Equation 3.30. The back face refers to the top part of the pellet while
the front face refers to the bottom part of the pellet facing the water as illustrated in
Figure 3.14. For a non-dissolving material, such as alumina, the magnitude of the
amplitude of the water reflection peak is governed by the relative difference between
the refractive indices of the wetted and the dry material. The wetted alumina has a
higher refractive index compared to that of the dry alumina due to the replacement of
air in the pores with water, which has a higher refractive index compared to that of air
(nwater ≈ 2.1 at 1 THz (Pickwell and Wallace, 2006)). Therefore, the reflection peak
from the liquid front is positive in the waterfall plot.
The waterfall plots show that the alumina pellets do not disintegrate in water as the
positive reflection peak from the back face of the sample remains after the full wetting
of the sample. These plots also show that the alumina samples are non-swelling upon
contact with water as the reflection peak from the sample back face remains in the
same temporal position, which indicates that there is no change in the thickness of the
sample as opposed to swelling systems (Obradovic et al., 2007; Yassin et al., 2015a,b).
However, the magnitude of this positive peak from the sample back face increases once
the water has reached the back face. This is attributed to the fact that the displacement
of air in the pores of the compact by water increases the effective refractive index of
the sample and hence results in a larger relative difference between the air and the
back face of the wetted sample. This in turn increases the amplitude of the reflection
peak at the interface of the air/wetted alumina pellet.
The waterfall plots in Figure 5.2 highlight the impact of the change in porosity due
to firing on the rate of water ingress into the alumina samples at the same compaction
force of 7 kN. The porosity of the pellet decreases with an increase in the firing
temperature due to an increase in shrinkage of the pore space, i.e. pore volume, upon
subjecting the sample to a higher firing temperature. Therefore, the time to fully wet
the sample, as indicated by the arrows on the right of each waterfall plots, extends
with increasing firing temperature at the same compaction force.
However, although the unfired samples have the highest porosity compared to the
fired samples at the same compaction force, the total duration of the full wetting of
the unfired samples, as indicated by the arrows on the right of the waterfall plots, is
larger. The same behaviour was also observed when comparing the duration of water
ingress into the unfired and fired samples at the other compaction forces of 23, 40 and
58 kN. The cause of the larger total duration of the full wetting of the unfired samples
by water compared to the fired samples at the same compaction force is justified in the
following sections.
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Fig. 5.2 Waterfall plots visualising the water ingress into the alumina samples compacted at the same force of 7 kN and with different firing temperatures: (a) Unfired
(b) fired at 1200 ◦C and (c) fired at 1300 ◦C. Each seventh deconvolved waveform was
plotted with an offset of 0.03 a.u. between each deconvolved waveform. The arrow on
the right of each waterfall plot indicates the duration of the full wetting of the sample
by water in seconds.

5.3.2

Quantitative Analysis of the Liquid Transport Process

The averaged liquid penetration profiles, i.e. penetration depth as a function of time,
of the alumina samples are presented in Figure 5.3 as determined in section 3.4. The
small standard deviation of the liquid penetration profiles of the alumina samples
show the reliability of using the TPI method to investigate the rate of the liquid
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Fig. 5.3 The average liquid penetration depth as a function of time for (a) the unfired
alumina samples, and the alumina samples fired at (b) 1200 ◦C and (c) at 1300 ◦C. The
standard deviation for each profile is represented by the shaded area. Three samples
per batch were used to determine the standard deviation.
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penetration into such porous media. The liquid penetration profiles indicate that the
rate of water transport increases with decreasing compaction force within each set
of temperature condition (i.e. unfired or fired). This is clearly due to the fact that
compacting the powder at a lower force results in a higher porosity of the sample.
The rate of water transport decreases as the firing temperature increases for each
compaction force due to a decrease in porosity upon increasing the firing temperature.
Although the unfired samples have the highest porosity, such samples have the slowest
rate of liquid transport in comparison with the fired samples at the same compaction
force. This can be attributed to the different surface properties of the unfired and fired
samples. The unfired samples contain polymeric additives, which are removed during
the firing process of the alumina pellets. The presence of such additives in the unfired
samples has an effect on the wettability of the pellet and hence its liquid transport rate.
Therefore, contact angle measurements were conducted to investigate the wettability
of the unfired and fired samples and confirm whether the slower transport rates of the
unfired samples, observed in the TPI results, are due to differences in the surfaces
properties of the unfired and fired pellets. Beside the porosity and wettability properties
of the pellet, the change of other pore structure characteristics of the pellet, such as
pore connectivity, during firing is speculated to also have an impact on the liquid
penetration kinetics.

5.3.3

Wettability Analysis

Contact angle was used to quantify the wettability of the alumina samples by water.
Figure 5.4 shows that the values of the initial contact angle, θc,0 , for the unfired samples
are larger than those for the fired samples. This indicates that the unfired samples have
lower wettability, presumably due to the presence of the polymeric binder, compared to
the fired samples at each compaction force. Therefore, the results of the contact angle
measurements explain the slower transport kinetics of the unfired samples observed in
the terahertz measurements. These findings show that, beside porosity, the difference
in the surface properties due to the presence of different ingredients in the porous
system has an impact on the liquid transport kinetics.
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Fig. 5.4 The initial contact angle, θc,0 , of the alumina samples as a function of the
nominal porosity, fnominal . The black lines are added to guide the eye.

5.3.4

Analysis of Liquid Transport Kinetics

The simple power law, described in Equation 4.2, can be used to model the liquid
transport kinetics of the alumina samples, as previously used to analyse the liquid
transport kinetics of pharmaceutical tablets (Markl et al., 2018c; Yassin et al., 2015b).
The transport process in the alumina pellets can either be considered as Darcy flow
(driven by a gradient in the capillary pressure) for an m value of 0.5 or anomalous
transport for 0.5 < m < 1 (Markl and Zeitler, 2017; Yassin et al., 2015b).
The power law was fitted to the experimental liquid penetration data of each pellet.
The fitting parameters are summarised in Figure 5.5 and Table A.3 in Appendix A,
which indicate that k increases with an increase in the porosity of the sample within
each temperature condition, i.e. unfired and fired. However, the values of the k
parameter for the unfired samples are lower than those of the fired samples at the
same compaction force due to the presence of the polymeric additives which results
in a reduction in the mass transport rate. The exponent m for the different batches
of the alumina pellets has a value around 0.5 as shown in Figure 5.5 and hence the
mass transport mechanism can be considered to obey Darcy flow. Using the LucasWashburn equation the hydraulic radius of the alumina pellets can be calculated using
this transport data.
To confirm that the mass transport mechanism can be considered to only obey Darcy
flow, the diffusion coefficient, D, was determined by fitting Fick’s law of diffusion
(Equation 5.1) to the water penetration data measured by TPI. The calculated values of
the diffusion coefficient for the different alumina samples at the different compaction
and heat treatment conditions (Table 5.2) are much larger than the diffusion coefficient
of water (0.002 31 × 10−6 m2 s−1 at 25 ◦C) and therefore the transport of water in the
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Fig. 5.5 Parameters extracted from fitting a power law to the experimental data. (a)
k parameter and (b) m parameter of the power law fitting to the liquid penetration
profiles measured by TPI as a function of the nominal porosity, fnominal . The black
lines are added to guide the eye.
different alumina samples at the different compaction and heat treatment conditions is
driven by a capillary pressure gradient across the porous sample and not by a water
concentration gradient.
y(t) =

√
2Dt

(5.1)
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Table 5.2 The diffusion coefficient extracted from fitting Equation 5.1 to the water
penetration data of the alumina samples measured by TPI.
Batch
D (10−6 m2 s−1 )
Unfired, 7 kN
0.0374 ± 0.0072
Unfired, 23 kN 0.0283 ± 0.0096
Unfired, 40 kN 0.0267 ± 0.0095
Unfired, 58 kN 0.0176 ± 0.0021
1200 ◦C, 7 kN
0.1667 ± 0.0199
◦
1200 C, 23 kN 0.1725 ± 0.0098
1200 ◦C, 40 kN 0.1454 ± 0.0211
1200 ◦C, 58 kN 0.1360 ± 0.0095
1300 ◦C, 7 kN
0.1267 ± 0.0017
1300 ◦C, 23 kN 0.1320 ± 0.0061
1300 ◦C, 40 kN 0.1163 ± 0.0172
1300 ◦C, 58 kN 0.1097 ± 0.0022
Mercury porosimetry was used to better understand the pore size of the alumina
samples and how the pore size and its distribution influence the transport kinetics
through investigating the relationship between the k parameter obtained from the
terahertz liquid transport experiments and the pore size measured by the mercury
porosimetry. Figure 5.6 shows that not only the pore size correlates with porosity
but also with the k parameter. It can be seen from the data plotted in Figure 5.6 that
the median pore diameter, obtained from the mercury porosimetry measurements,
decreases with an increase in the compaction force, i.e. a decrease in the porosity,
within each set of temperature condition. The pores seem to get larger upon firing
when comparing the unfired and fired samples at the same compaction force. It is
speculated that such observation can be attributed to the removal of the polymeric
additives as well as forging smaller pores into one larger pore during the sintering of
the unfired samples. Further firing of the pellet, i.e. increasing the firing temperature,
results in the shrinking of the pores which explains the decrease in the median pore
diameter upon increasing the firing temperature when comparing the fired sets of
samples at the same compaction force. The value of the k parameter increases with an
increase in the median pore diameter within each set of temperature condition. It is
important to note that the pores measured by the mercury porosimetry are the open
pores in the alumina powder compacts. However, it is possible for closed pores to
be formed in such compacts upon firing. The median pore diameter (906 to 1128 Å
for the unfired alumina samples and 1029 to 1291 Å for the fired alumina samples)
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Fig. 5.6 (a) The median pore diameter measured by mercury porosimetry as a function
of nominal porosity, fnominal and (b) the k parameter measured using the TPI method
as a function of median pore diameter. The black lines are added to guide the eye.
is much smaller than the THz wavelength (around 67 µm to 2 mm) used in this work,
thus very little scattering is expected from such samples.

5.3.5

Analysis of the Hydraulic Radius of the Porous Compact

The hydraulic radius, Rh,eq , of the alumina compact was determined by fitting the
Lucas-Washburn equation (Equation 1.10) to the liquid penetration data measured
by TPI. The contact angle between water and the alumina compact with highest
compaction force along with the dynamic viscosity and surface tension of water at
20 ◦C (1.002 mPa s and 72.75 mN m−1 , respectively) were used for the calculation of
Rh,eq for each compaction force within each set of firing conditions. Figure 5.7 shows
that the Rh,eq increases with a decrease in the compaction force, i.e. increase in the
porosity, within each set of temperature conditions. Figure 5.7 also shows that the Rh,eq
is linearly correlated to the median pore radius. The difference in the gradient of this
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correlation between the Rh,eq and the median pore radius within each set of temperature
conditions can be attributed to differences in the contact angle. An increase in the
median pore radius results in an increase in the Rh,eq which drives the liquid to move
faster through the alumina compact.

Fig. 5.7 The hydraulic radius, Rh,eq , obtained by fitting the Lucas-Washburn equation
to the liquid penetration data acquired by TPI as a function of (a) the nominal porosity,
fnominal , and (b) the median pore radius. The black lines are added to guide the eye.
The TPI method has previously been used by Markl et al. (2018c) to investigate
the kinetics of water transport into functionalised calcium carbonate (FCC) powder
compacts, which are similar to the alumina compacts in the sense that both the FCC
and alumina compacts are ceramic materials that do not disintegrate in water due to
their rigid, non-dissolving and non-swelling nature in water. The study conducted by
Markl et al. (2018c) showed that the k parameter obtained from the terahertz liquid
transport data of the FCC tablets is linearly correlated to the porosity, and the exponent
m shows that mass transport mechanism of such tablets was found to obey Darcy
flow. This is consistent with observations in the water transport results of the alumina
samples. The Rh,eq of the FCC tablets was found to have a strong correlation with
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porosity, which is also the case for the Rh,eq of the alumina samples within each set
of temperature condition, i.e. unfired and fired. The very small size of the Rh,eq of
the FCC and alumina compacts suggests that the fine structure, i.e. the smallest pores,
drive the water penetration at the wetting front, and the imbibition is controlled by the
permeability of the compact at long times (Markl et al., 2018c; Ridgway et al., 2006).
Sintering is a crucial step in the processing of ceramic powder compacts, such
as α-alumina, in which the green powder compact is converted into a coherent body
with controlled microstructure (Prajzler et al., 2018b). The design of strong pellets
with sufficient porosity is of great importance to ensure that the pellet does not break
upon contact with high pressure liquids during the wetting process. The TPI results
(Figure 5.5) reveal that sintering the green α-alumina pellets not only strengthens the
pellet and ensures its mechanical stability but also increases its water transport rate
when comparing the unfired and fired samples at 1200 ◦C. Therefore, based on the
desired transport kinetics for a specific application, the manufacturing conditions, i.e.
compaction force and sintering temperature, can be adjusted carefully so the design
of the pellet achieves the target transport kinetics. The results reported in this study
show the great potential of using the TPI method for conducting at-line analysis of
catalyst manufacturing processes, such as wetting and impregnation, as well as for
investigating the impact of the microstructure and surface characteristics on the liquid
transport kinetics in a fast manner. The TPI method can further be developed to study
the two-dimensional (2D), i.e. axial and radial, liquid transport kinetics of porous
ceramic materials as only the 1D liquid transport in the axial direction was investigated.
Such results can then be compared to the results of existing methods, such as MRI
where the 2D or 3D liquid transport into porous ceramics can be investigated. In
addition, the current processing of the TPI data that is based on the intensity profile
of the time-domain signal for tracking the peak of the liquid front movement can
be further extended by reconstructing the permittivity profile based on the method
by Zaytsev et al. (2013). The use of permittivity profile can provide further information
on the internal structural changes that occur in the compact during the ingress of the
liquid. In summary, studying the effect of varying manufacturing conditions on the
liquid transport characteristics of catalysts and catalyst supports helps engineers in
the catalysis field optimise the design of the catalyst at a reduced cost and controlled
quality.
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Conclusions

This work has demonstrated the use of the TPI method in combination with the
newly designed flow cell to successfully study the liquid transport kinetics of ceramic
catalytic materials. The effect of the microstructure characteristics, such as porosity,
as well as the surface properties of the alumina compacts on their liquid transport
kinetics has been investigated. It has been shown that the liquid ingress is influenced
by both the porosity as well as the surface properties of the alumina pellets. Other
microstructure properties of the pellet, such as pore connectivity, can also have an
impact on the liquid transport kinetics and therefore it is important to further investigate
the impact of such structural properties on the liquid penetration kinetics. The surface
properties of the solid material determine its wettability and hence influence its liquid
imbibition kinetics. The contact angle results have shown the lower wettability of the
unfired samples compared to the fired samples at the same compaction force, which
is in agreement with the observations in the terahertz results of the liquid transport
kinetics. This shows the potential of using TPI as a new method for conducting at-line
analysis of wetting and impregnation of the catalytic materials. The investigation of
the effect of both the pore structure characteristics as well as the surface properties
of the catalytic materials on their liquid transport kinetics is of great importance for
enhancing the design of the catalyst and hence, optimising its performance during
heterogenous catalytic reactions where the solid catalyst can come into contact with
liquid reactants or products.
Investigating the liquid transport kinetics of catalytic materials is crucial for enhancing the design and hence the performance of such materials. The selection of
specific compaction and firing conditions of the catalyst pellet depends on the application. The unfired samples are not strong enough to be used in practical applications as
such samples might break upon contact with high pressure liquids. Therefore, sintering
the pellet is important for ensuring that the pellet is mechanically strong for practical
use. Studying the liquid transport kinetics of a combinations of different compaction
and firing conditions provides valuable information on the desirable microstructure
of the pellet, i.e. a mechanically strong but sufficiently porous pellet, to achieve the
desired mass transport kinetics.

Chapter 6
Liquid Transport in α-Alumina
Powder Compacts: Part II
The compaction of the α-alumina powder and the subsequent sintering of the green
compacts were conducted by Vincenzino Vivacqua from Johnson Matthey. The
contact angle measurements were conducted by our collaborators at the University of
Strathclyde. The data of the water transport into the unfired samples and the samples
fired at 1200 ◦C with a heating rate of 200 ◦C h−1 have been reported in chapter 5.
The initial contact angle data of wetting the alumina samples by water have also been
reported in chapter 5.

6.1

Aims and Objectives

This work aimed at using the TPI method to better understand the impact of the heating
rate of sintering on the water ingress kinetics of a range of α-alumina powder compacts
prepared at different compaction forces and sintered at 1200 ◦C with three different
heating rates (100, 150 and 200 ◦C h−1 ). In addition, this work aimed at applying
the TPI technique to study the transport of a less polar solvent, i.e. 1-octanol, into a
range of α-alumina powder compacts prepared at different compaction forces and heat
treatment conditions, i.e. unfired and fired at 1200 ◦C with a heating rate of 200 ◦C h−1 .
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Materials and Methods
Sample Preparation

Materials and Compaction
The raw powder mixture and compaction process followed the procedure reported in
chapter 5. A powder mixture consisting of mainly α-alumina with a maximum of 5%
m/m of polymeric organic additives and 1% m/m of inorganic additives (Granalox®
NM 99, Nabaltec AG, Schwandorf, Germany) was used to prepare flat-faced cylindrical pellets via direct compaction. The compaction process was conducted using a
compaction simulator (Styl’One Evolution, Medelpharm, Beynost, France) by varying
the filling weight of the feed powder while keeping the thickness and diameter of
the sample fixed to obtain different porosities of the pellet. Four sets of pellets with
varied porosities were produced using compaction forces of 7, 23, 40 and 58 kN. The
resulting pellets have a thickness and diameter of around 2 and 11.28 mm, respectively,
and will be referred to as unfired samples.
Sintering
Sintering was performed on additional three sets of samples that were compacted using
the same compaction conditions and procedure as used for the unfired samples. The
three sets were fired at the same temperature (1200 ◦C) and dwell time (6 h) but at three
different ramp (heating) rates (100, 150 and 200 ◦C h−1 ) in a Nabertherm HT64/16
furnace (Nabertherm GmbH, Germany). The firing process was then followed by
cooling the samples down to room temperature at a rate of around 100 ◦C h−1 .

6.2.2

Determination of Porosity

The nominal porosity, fnominal (%), of the unfired and fired samples was determined
using Equation 3.13. A summary of the 16 batches used for the liquid transport
measurements with their corresponding fnominal (%) is provided in Table 6.1.
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Table 6.1 The nominal porosity, fnominal (%), of the samples determined by Equation 3.13. The samples were fired at 1200 ◦C with heating rates of (100, 150 and
200 ◦C h−1 ). 10 samples per batch were used to calculate the average fnominal (%) and
its standard deviation.
Compaction force (kN)
Unfired
Fired at 100 ◦C h−1
Fired at 150 ◦C h−1
Fired at 200 ◦C h−1

6.2.3

7
23
40
58
39.18 ± 0.12 36.09 ± 0.17 34.57 ± 0.06 33.46 ± 0.10
36.39 ± 0.15 32.51 ± 0.15 31.07 ± 0.12 29.94 ± 0.15
36.17 ± 0.17 32.54 ± 0.09 31.15 ± 0.13 30.20 ± 0.19
36.12 ± 0.22 33.00 ± 0.18 31.44 ± 0.19 30.29 ± 0.13

Terahertz Time-domain Spectroscopy

Terahertz time-domain spectroscopy (THz-TDS) measurements were conducted to
measure the effective refractive index, neff , of the alumina samples using the commercial terahertz system (TeraPulse 4000, Teraview Ltd., Cambridge, UK) operating
in a transmission configuration. The THz-TDS measurements were performed for
10 samples per batch. The frequency-dependent effective refractive index, neff,FD ,
was calculated using Equation 3.9. The neff,FD was determined at 1 THz for all the
samples considering that neff,FD is constant and no absorption peaks were observed at
the selected frequency.
The neff of 1-octanol (99% purity, Alfa Aesar) was also measured using a liquid
cell in combination with the THz-TDS system. The terahertz reference waveform was
acquired by measuring through two quartz windows placed on top of each other in
the liquid cell. For the sample measurement, a spacer with a thickness of 1.15 mm
was placed between the two quartz windows in the liquid cell to create space for the
sample. The sample, i.e. 1-octanol, was injected to the liquid cell using a pipette
and the terahertz sample waveform was acquired by measuring through the quartz
windows and 1-octanol. The data was processed to determine the neff at 1 THz.

6.2.4

Terahertz Pulsed Imaging

Terahertz pulsed imaging (TPI) was used to measure the 1D solvent transport kinetics
of the α-alumina powder compacts. The in situ TPI measurements were performed
using the new bespoke flow cell (Figure 3.7) in combination with the same commercial
terahertz system used for the THz-TDS measurements but operating in reflection
configuration. The acquired terahertz waveforms cover a total time-delay of 45 ps.
Three pellets per batch were used for the TPI liquid transport measurements to
obtain the averaged time-resolved penetration profiles of each batch. The first set of
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the TPI measurements were conducted for the in situ investigation of the penetration
of water into α-alumina powder compacts (cold compaction at compaction forces
of 7 to 58 kN and fired at 1200 ◦C with three different heating rates of 100, 150
and 200 ◦C h−1 ). The second set of the TPI measurements were performed to study
the transport of 1-octanol into α-alumina powder compacts (cold compaction at
compaction forces of 7 to 58 kN, unfired and fired at 1200 ◦C with a heating rate of
200 ◦C h−1 ).

6.2.5

X-ray Microcomputed Tomography

XµCT measurements were conducted on the alumina samples that were compacted
at 7, 23, 40 and 58 kN and subsequently fired at three different heating rates of 100,
150 and 200 ◦C h−1 to 1200 ◦C to visualise the microstructure of these samples and
detect the presence/absence of cracks after firing, which can potentially have an impact
on the water penetration kinetics in such samples. The samples were scanned at an
isotropic voxel size of 4.44 µm using a Skyscan 1172 instrument (Bruker, Antwerp,
Belgium) with a cone-beam configuration with the application of an aluminium copper
(Al+Cu) filter. Each alumina sample was fixated on the sample holder using a doublesided sticky tape. The 3D scanning of the sample was conducted by rotating the
sample through 180 ◦C and collecting the projection images at a rotation step of 0.25°
and an exposure time of 6000 ms. The shadow projected images were subsequently
reconstructed using NRecon software (Bruker, Version: 1.7.4.2) to obtain cross-section
images of the scanned sample. These reconstructed images were then aligned and
visualised at a specific position of interest using DataViewer (Bruker, Version: 1.5.3.4).

6.2.6

Contact Angle Measurements

The contact angle was measured for three compacts per batch to determine the wettability of the alumina samples by water and 1-octanol and to investigate the effect of
the wettability on the liquid transport kinetics of such samples.

6.3
6.3.1

Results and Discussion
Analysis of Effective Refractive Index

The neff,FD of the alumina powder compacts measured by the THz-TDS technique is
presented as a function of the fnominal of these compacts as shown in Figure 6.1. A
linear relation between neff,FD and fnominal is observed within each set of heat treatment
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Fig. 6.1 The frequency-dependent effective refractive index, neff,FD , of the unfired
and fired alumina samples at different compaction forces of 7 kN, 23 kN, 40 kN and
58 kN as a function of the nominal porosity, fnominal . The fired samples were fired at
different ramp rates of 100 ◦C h−1 , 150 ◦C h−1 and 200 ◦C h−1 to reach the terminal
firing temperature of 1200 ◦C. The black lines are added to guide the eye.
condition. neff,FD increases with a decrease in fnominal of the compact, i.e. an increase
in the compaction force. neff,FD of the unfired samples is lower in comparison with
the fired samples, which can be attributed to the presence of the polymer binder in the
unfired samples. The polymer binder completely burns during the firing process which
explains the difference in the neff,FD of the fired and unfired samples. Decreasing the
heating rate seems to result in a slight increase in neff,FD for all compaction forces
except the lowest (7 kN). This suggests that the firing process not only results in
the removal of the polymeric binder but also causes other structural changes in the
compact upon its subjection to different heating rates of firing.

6.3.2

In situ Visualisation of Liquid Transport

The deconvolved terahertz waveforms acquired from each TPI measurement are
presented in a stack plot for each sample as illustrated in Figures 6.2, 6.3, A.3 and
A.4 with an offset between each deconvolved waveform to show the movement of the
penetrating solvent in the alumina sample as a function of time. Figures 6.2, A.3 show
the stack plots, i.e. waterfall plots, comparing the water penetration into the alumina
samples at different compaction forces within each set of heating rate, i.e. 100 and
150 ◦C h−1 . The waterfall plots of the water penetration into the alumina samples at
the different compaction forces at the heating rate of 200 ◦C h−1 have been reported in
Figure A.1. On the other hand, Figures 6.3 and A.4 show the 1-octanol penetration
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into the alumina samples at the different compaction forces within each heat treatment
condition, i.e. unfired and fired at 1200 ◦C with a heating rate of 200 ◦C h−1 .
The relative difference in the refractive indices of the two media through which
the terahertz pulse travels determines the magnitude of the amplitude of the terahertz
reflection peak (Markl et al., 2018c). The sign of the reflection peak amplitude, i.e
positive or negative, shows whether the propagation of the terahertz pulse is into or
out of a medium with lower or higher refractive index (Al-Sharabi et al., 2021). A
positive reflection peak is observed upon the propagation of the pulse from a medium
a with a lower refractive index to a medium with a higher refractive index (Al-Sharabi
et al., 2020). Therefore, the travelling of the terahertz pulse from air (nair = 1) to the
sample (neff in Figure 6.1) and then to air results in positive and negative reflection
peaks from the sample back face and front face facing the liquid, respectively, before
the liquid comes in contact with the dry sample. The part of the sample wetted with
the solvent, i.e. water or 1-octanol (nwater ≈ 2.1 (Pickwell and Wallace, 2006) and
n1-octanol ≈ 1.484 at 1 THz), has a higher refractive index in comparison with the
dry part of the sample and therefore a positive reflection peak is observed for the
penetrating liquid front.
The positive peak corresponding to the reflection from the back face of the alumina
pellet does not disappear after the full wetting of the sample with water. This indicates
that the alumina samples do not disintegrate upon the full hydration of the sample due
to their rigid and non-dissolving nature in water, as previously observed by (Al-Sharabi
et al., 2021). Similarly, the terahertz results show that the alumina pellets are nondissolving and non-disintegrating in 1-octanol as the back face reflection peak remains
after the 1-octanol has fully penetrated the sample. It has been shown in previous
studies that the TPI method provides information on the swelling of a porous compact
which is indicated by a shift in the temporal location of the reflection peak from the
back face of the sample due to a change in the sample thickness (Al-Sharabi et al.,
2020; Obradovic et al., 2007; Yassin et al., 2015a,b). The terahertz results show that no
change in the temporal position is observed for the positive peak corresponding to the
reflection from the back face of the alumina pellet indicating that the sample thickness
remains unchanged, which hence shows that the alumina samples do not swell in either
water, as previously observed by (Al-Sharabi et al., 2021), or in 1-octanol.
An alternating external electric field is generated by the terahertz radiation which
has strong interaction with polar molecules but very weak interaction with non-polar
molecules (Lapuerta et al., 2020). The interaction between the terahertz radiation and
the material of interest is governed by intermolecular interactions, such as hydrogen
bonds and London dispersion forces, which results in different absorptions based
on the composition of the material interacting with the terahertz radiation (Lapuerta
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Fig. 6.2 The deconvolved terahertz waveforms presented in stack plots (waterfall plots)
to show the water penetration into a set of alumina samples that were compacted at
(a) 7 kN, (b) 23 kN, (c) 40 kN and (d) 58 kN and subsequently fired at 1200 ◦C with
a heating rate of 100 ◦C h−1 . Each third deconvolved waveform was plotted with an
offset of 0.03 a.u. between each deconvolved waveform to enable the visualisation of
the water front movement into the alumina sample. The total duration (in seconds) of
the full penetration of water into the sample is represented by the arrow on the right
each plot.
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Fig. 6.3 The deconvolved terahertz waveforms presented in stack plots to show the
1-octanol penetration into a set of unfired alumina samples that were compacted at
(a) 7 kN, (b) 23 kN, (c) 40 kN and (d) 58 kN. Each fifth deconvolved waveform was
plotted with an offset of 0.02 a.u. between each deconvolved waveform to enable
the visualisation of the 1-octanol front movement into the alumina sample. The total
duration (in seconds) of the full penetration of 1-octanol into the sample is represented
by the arrow on the right each plot.
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et al., 2020). Water is a polar solvent that is known to strongly absorb terahertz
radiation (Lewis, 2017; Xu et al., 2006) and therefore it is not possible to see what
happens in the wetted pellet behind the water front as shown in Figure 6.2. On the
other hand, it is possible to see the reflection peak from the front face of the pellet
after coming in contact with 1-octanol (Figure 6.3) as alcohols are less polar solvents
that are less absorbing to terahertz radiation (Lapuerta et al., 2020). The position of
the reflection peak from the front face of the sample is observed to shift to the right
upon the penetration of 1-octanol into the sample. The replacement of air in the pores
of the alumina samples with 1-octanol increases neff of the wetted material and hence
increases the time delay of the terahertz pulse. Tracking the change in the time delay
is very useful as such information can be used for the calculation of the change in neff
of the alumina sample upon the penetration of 1-octanol into the sample.

6.3.3

Quantification of the Liquid Transport Process

Effect of Heating Rate of Firing on the Water Transport
Figure 6.4 shows the averaged water penetration depth as a function of time for the
alumina samples that were compacted at 7, 23, 40 and 58 kN and subsequently fired at
1200 ◦C with heating rates of 100, 150 and 200 ◦C h−1 . The water penetration profiles
show that the alumina pellets with the largest heating rate of 200 ◦C h−1 have the largest
rate of water transport compared to the other heating rates of 100 and 150 ◦C h−1 at
the same compaction force. Similar rate of water transport is observed for the samples
fired at heating rates of 100 and 150 ◦C h−1 within each of the compaction forces of 7,
23 and 40 kN. However, a difference in the rate of water transport is observed between
the heating rates of 100 and 150 ◦C h−1 at the compaction force of 58 kN where the
samples fired at a heating rate of 100 ◦C h−1 exhibits a larger rate of water ingress.
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Fig. 6.4 The water penetration depth as a function of time of the alumina samples
compacted at 7, 23, 40 and 58 kN and subsequently fired at 1200 ◦C with heating
rates of 100, 150 and 200 ◦C h−1 . The shaded area of each profile corresponds to the
standard deviation of each batch.
The XµCT measurements were conducted to investigate the presence of cracks
during the firing process at different heating rates, which can potentially affect the
penetration rate of water into the alumina samples at the different compaction forces.
The XµCT results presented in Figure 6.5 show that all the fired samples at the
different heating rates and compaction forces have a homogenous structure with no
cracks. Therefore, the impact of cracks within the porous compact on the water
transport rate can be eliminated.
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Fig. 6.5 Reconstructed cross-sectional XµCT images of the alumina samples that
were compacted at (a) 7 kN, (b) 23 kN, (c) 40 kN and (d) 58 kN and subsequently fired
at 1200 ◦C at three different heating rates of (I) 100 ◦C h−1 , (II) 150 ◦C h−1 and (III)
200 ◦C h−1 .
Effect of the Type of Solvent on the Transport Process
The averaged liquid penetration profiles showing the transport of 1-octanol into the
unfired and fired alumina samples with the different compaction forces are shown in
Figure 6.6. These profiles show that the change in the compaction force and hence
the porosity of the compact clearly influences the transport process of 1-octanol in
the alumina samples. The 1-octanol transports at a larger rate with a decrease in
the compaction force as applying a lower compaction force results in a more porous

132

Liquid Transport in α-Alumina Powder Compacts: Part II

sample and hence the 1-octanol takes less time to penetrate the sample. This behaviour
is observed for the unfired and fired samples when comparing the transport rates of
1-octanol at the different compaction forces. Therefore, it is clear from the TPI results
that the microstructure characteristics of the sample, i.e. porosity, has an influence on
the penetration rate of 1-octanol into the alumina samples.

Fig. 6.6 The liquid penetration depth as a function of time for the 1-octanol transport
into the (a) unfired and (b) fired alumina samples at different compaction forces of
7, 23, 40 and 58 kN. The shaded area of each profile corresponds to the standard
deviation of each batch.
Figure 6.7 shows that the 1-octanol transports faster in the unfired alumina samples
in comparison with the fired samples at the same compaction force. The unfired
samples have higher porosity compared to the fired samples at the same compaction
force since the firing process results in the shrinkage of the compact and hence a
decrease in its porosity. This suggests that the difference in the penetration rates
of 1-octanol in the unfired and fired alumina samples is strongly influenced by the
microstructure properties of the compact, i.e. porosity. The lipophilicity of the unfired
samples containing the polymeric additives further explains the faster transport of
1-octanol in such samples compared to the fired samples at the same compaction
conditions. However, in our previous work (Al-Sharabi et al., 2021), the TPI results
showed that the unfired samples had slower rate of water transport as such samples
have lower wettability due to the presence of the polymeric additives. The terahertz
results of the 1-octanol transport were confirmed by the results of the contact angle
measurements (Figure 6.8), which show that the initial contact angle of the alumina
samples fired at 1200 ◦C have larger values relative to the unfired samples at the same
compaction force, except the samples compacted at 40 kN which is an outlier. The
smaller contact angles of the unfired samples confirm that such samples are more
wettable and therefore have faster transport rates compared to the fired samples.
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Fig. 6.7 The liquid penetration profiles of the water and 1-octanol transport into the
alumina samples compacted at (a) 7 kN, (b) 23 kN, (c) 40 kN and (d) 58 kN. The fired
samples were fired at 1200 ◦C with a heating rate of 200 ◦C h−1 . The shaded area of
each profile corresponds to the standard deviation of each batch.
A comparison between the rates of the penetration of water and 1-octanol into the
unfired and fired alumina samples at the different compaction forces is also illustrated
in the liquid penetration profiles in Figure 6.7 and discussed later after fitting the
power law (Equation 4.2) as shown in Figure 6.15. The rate of water penetration is
larger than the rate of the 1-octanol at the same compaction force and heat treatment
condition, i.e. unfired and fired, indicating the slower transport process of 1-octanol
into the alumina sample. The dynamic viscosities of water and 1-octanol at 20 ◦C

134

Liquid Transport in α-Alumina Powder Compacts: Part II

Fig. 6.8 The initial contact angle of the unfired and fired alumina samples that were
compacted at 7, 23, 40 and 58 kN and wetted with 1-octanol and water. The fired
samples were fired at 1200 ◦C with a heating rate of 200 ◦C h−1 .
are 1.002 mPa s (Al-Sharabi et al., 2021) and 9.183 mPa s (Trenzado et al., 2003),
respectively. Therefore, the slower transport of 1-octnaol can be attributed to the fact
that 1-octanol has a much larger dynamic viscosity compared to that of water, which
results in much slower penetration of the 1-octanol into the porous compact. This
is consistent with the definition of Lucas-Washburn equation for a laminar flow in a
porous medium, expressed in Equation 1.10, which shows that the penetration rate
decreases with an increase in the dynamic viscosity of the liquid penetrating the porous
sample (Cai et al., 2021).
Since it is possible to observe the position of the reflection peak from the front face
of the sample upon the transport of 1-octanol into the sample, the change in the time
delay, ∆t, can be obtained and then used to determine the change in neff as a function
of time as described in Equation 3.33. Since cos θ ≈ 1 for all the unfired and fired
samples at the different compaction forces, Equation 3.33 is simplified as expressed in
Equation 6.1 to obtain the change in neff as a function of time (Zeitler and Shen, 2012).
∆tc
(6.1)
2H
Figure 6.9 shows the averaged change in neff of the unfired and fired alumina
samples at each compaction force upon the transport of 1-octanol into the sample. neff
of the alumina compact increases with time upon the penetration of 1-octanol in all
the unfired and fired samples at the different compaction forces. This is due to the
fact that the penetration of more 1-octanol into the matrix of the sample increases the
concentration of 1-octanol which has a higher refractive index in comparison with air
and thus causes an increase in ∆t with time.
neff =
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Fig. 6.9 The change in the refractive index upon the transport of 1-octanol into the (a)
unfired and (b) fired samples at the different compaction forces. The fired samples
were fired at 1200 ◦C with a heating rate of 200 ◦C h−1 . The shaded area of each profile
corresponds to the standard deviation of each batch.
The information of the change in the effective refractive index of the sample as a
function of time, ∆neff (t), upon wetting with 1-octanol is of great importance as such
information can be used to predict the fill fraction of the solvent in the compact as a
function of time, fopen,solvent (t), as demonstrated in the following equations



neff,dry = fopen + fclosed nair + 1 − fopen − fclosed nsolid

(6.2)


neff,wetted (t) = fopen,solvent (t)nsolvent + fopen − fopen,solvent (t) + fclosed nair + (6.3)

1 − fopen − fclosed nsolid
∆neff (t) = neff,wetted (t) − neff,dry = fopen,solvent (t) (nsolvent − nair )
fopen,solvent (t) =

∆neff (t)
nsolvent − nair

(6.4)
(6.5)

Figure 6.10 shows that the fill fraction of 1-octanol in the alumina samples increases
as a function of time for each batch. The rate of the solvent filling increases with a
decrease in the compaction force within each heat treatment condition, i.e. fired and
fired, as decreasing the compaction force results in an increase in the porosity of the
compact.
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Fig. 6.10 The change in the fill fraction of 1-octanol into the (a) unfired and (b) fired
samples at the different compaction forces. The fired samples were fired at 1200 ◦C
with a heating rate of 200 ◦C h−1 . The shaded area of each profile corresponds to the
standard deviation of each batch.
Further analysis on the negative reflection peak from the sample front face facing
the liquid was conducted to investigate the change in the amplitude and width of this
peak upon the the transport of 1-octanol into the unfired and fired alumina samples at
the different compaction forces. This analysis was performed to see if the TPI method
can be used to extract any information on whether potentially concentration gradients
are getting established during the wetting of the porous alumina samples by 1-octanol.
Figure 6.11 shows that the the peak amplitude decreases as a function of time for both
the unfired and fired samples at the different compaction forces of 7, 23, 40 and 58 kN.
This is expected as the concentration of 1-octanol increases in the sample and replaces
the air in the pores with time (see Figure A.5 for the absorption spectrum of 1-octanol),
which causes more absorption of the terahertz signal and in turn reduces the amplitude
of the reflection peak from the sample front face. It can also be seen that the peak
amplitude of the unfired samples is lower compared to the fired samples at the same
compaction force. This can be explained by comparing the relative difference between
the refractive indices of the two media the terahertz pulse propagates through. The
unfired samples have lower values of refractive index, as shown in Figure 6.1, which
results in a smaller relative difference between the refractive indices and and hence
a lower peak amplitude is observed for such samples compared to that of the fired
samples at the same compaction force.
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Fig. 6.11 The change in the amplitude of the reflection peak from the sample front face
upon the transport of 1-octanol into the (a) unfired and (b) fired samples at the different
compaction forces. The fired samples were fired at 1200 ◦C with a heating rate of
200 ◦C h−1 . The shaded area of each profile corresponds to the standard deviation of
each batch.
Figure 6.12 shows that the width of the peak from the front face of the unfired
samples increases and then becomes constant. This was observed for all the compaction
forces of 7, 23, 40 and 58 kN. In contrast, the width of the peak from the front face of
fired samples is constant as a function of time. This might be due to the presence of
the polymeric additives in the unfired samples, which are removed during the firing
process.

Fig. 6.12 The change in the width of the reflection peak from the sample front face
upon the transport of 1-octanol into the (a) unfired and (b) fired samples at the different
compaction forces. The fired samples were fired at 1200 ◦C with a heating rate of
200 ◦C h−1 . The shaded area of each profile corresponds to the standard deviation of
each batch.
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The rate of the penetration of 1-octanol into the alumina samples was also quantified using the information obtained from the analysis of the negative reflection peak
from the sample front face. For a non-swelling system (Figure 6.13), e.g. the alumina
sample, the liquid penetration rate was determined by first tracking the amplitude of
the reflection peak from the sample front face to determine the change in the time
delay, ∆t, upon the transport of 1-octanol into the alumina sample, which is then used
to calculate the penetration depth, L, as a function of time as expressed in the following
equation
L=c

H

∆t − ∆t0
nwet − ndry

Wetting
ndry

H

(6.6)

ndry

H-L

nwet

L

Fig. 6.13 Schematic of the wetting of a non-swelling alumina sample by 1-octanol.
The average liquid penetration profiles determined based on the analysis of the
reflection peak from the sample front face are shown in Figure 6.14. These profiles
show that the compaction force and hence the porosity of the alumina sample has a
clear impact on the penetration of 1-octanol into the alumina samples. The rate of the
penetration of 1-octanol increases with a decrease in the compaction force. The same
behaviour is observed for both heat treatment conditions, i.e. fired and fired samples,
when comparing the 1-octanol transport rates at the different compaction forces within
each heat treatment condition. The liquid penetration profiles determined through
the analysis of the negative reflection peak from the sample front face are in good
agreement with the liquid penetration profiles that were determined by tracking the
positive reflection peak from the liquid front (Figure 6.6), as indicated by the difference
between the penetration rates determined by the two methods for each manufacturing
condition ( 6.14). The analysis of the reflection peak from the sample front face sheds
light on new useful information that can be extracted using the TPI method.
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Fig. 6.14 The liquid penetration depth as a function of time for the 1-octanol transport
into the (a) unfired and (b) fired alumina samples at different compaction forces of 7,
23, 40 and 58 kN based on the analysis of the reflection peak from the sample front face.
The shaded area of each profile corresponds to the standard deviation of each batch.
The difference between the averaged 1-octanol penetration data determined based on
the peak of the 1-octanol penetration front and the penetration data determined based
on the peak from the sample front face is show in (c) for the unfired samples and (d)
for the fired samples.

6.3.4

Liquid Transport Kinetics

The power law (Equation 4.2) was fitted to the time-resolved data of the liquid penetration rates to extract the values of parameters k and m. It can be seen from Figure 6.15
and Table A.4 in Appendix A that the parameter k acquired from fitting the water
transport data with the power law increases with an increase in the porosity of the
sample within each heating treatment condition indicating that the water transports
faster at higher porosity, i.e. lower compaction force. This is consistent with the
findings of the TPI water transport measurements on other ceramic powder compacts,
such as functionalised calcium carbonate (FCC) (Markl et al., 2018c) and di-calcium
phosphate (DCP) (Skelbæk-Pedersen et al., 2020a) where a linear relationship between
the parameter k and porosity was observed. In addition, the parameter k the alumina
samples fired at a heating rate of 200 ◦C h−1 has the highest values compared to the
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other heating rates of 100 and 150 ◦C h−1 at the same compaction force. On the other
hand, Figure 6.15 and Table A.5 in Appendix A show that the parameter k obtained
from fitting the 1-octanol transport data with the power law increases as the the porosity
increases within each heat treatment condition, i.e. unfired and fired. The parameter
k of the 1-octanol transport has smaller values compared to the values of the water
transport data at the same manufacturing conditions indicating the slower transport
of 1-octanol into the alumina sample. The values of the parameter m suggest that the
transport of water and 1-octanol can be considered to be Darcy flow that is dominated
by a gradient in the capillary pressure across the alumina compact.

Fig. 6.15 Characteristic parameters extracted from the liquid penetration profiles using
the power law (Equation 4.2). (a and b) The parameters k and m obtained from the
power law fitting of the rates of water penetration into the alumina samples: compacted
at 7, 23, 40 and 58 kN; unfired and fired at 1200 ◦C with heating rates of 100, 150 and
200 ◦C h−1 . (c and d) The parameters k and m obtained from the power law fitting of
the rates of 1-octanol penetration into the alumina samples: compacted at 7, 23, 40
and 58 kN; unfired and fired at 1200 ◦C with a heating rate of 200 ◦C h−1 . The black
lines are added to guide the eye.
The terahertz liquid transport results revealed the effect of the polarity of the
solvent on the transport kinetics in the unfired samples containing polymeric additives
and the fired samples without the additives at the different compaction forces. Such
results show the great potential of the TPI method to provide a better understanding of
the interaction between the different solvents and the porous ceramic catalysts during
the manufacturing processes as well as during the heterogenous catalysis. Gaining
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a better understanding of the transport of different solvents in a range of catalyst
compacts will help the scientists in the catalyst field design catalysts with the desired
quality and properties.

6.4

Conclusions

The TPI method was successfully applied to understand the impact of the sintering
conditions, i.e. heating rate in this work, on the water ingress into a range of alumina
powder compacts. The samples fired at a heating rate of 200 ◦C h−1 has the largest
rate of water ingress in comparison with the samples fired at the other heating rates of
100 and 150 ◦C h−1 at the same compaction force. Better understanding of the effect
of the different sintering parameters involved in the sintering process on the liquid
transport kinetics is crucial for optimising the synthesis of catalytic materials, saving
energy and hence reducing the operational costs of catalyst manufacturing as well as
achieving the desired liquid transport kinetics. The TPI technique was also established
for quantifying the transport kinetics of less polar solvents, 1-octanol in this study, and
showed how the type of solvent significantly impacts the liquid transport kinetics in
the alumina powder compacts. The transparency of the less polar solvents to terahertz
radiation shows that valuable information can be obtained using the TPI method, such
as the change in the neff of the ceramic powder compact upon the transport of the less
polar solvent which can then be used to calculate the fill fraction of the solvent in the
compact. Investigating different solvents is important to gain better understanding
of the interaction of the different solvents during both the manufacturing as well as
during the liquid-phase reactions over heterogeneous solid catalysts. The TPI results
demonstrated in this work shed lights on developing ceramic catalyst and catalyst
supports by providing quantitative analysis of the impact of the heating rate and the
type of solvent on the liquid transport kinetics in such materials.

Chapter 7
Conclusions and Future Work
7.1

Main Conclusions

The capability of terahertz radiation to penetrate most of polymeric and ceramic
materials makes the terahertz techniques suitable for the characterisation of porous
media that are made from polymers or ceramics. In this thesis, the terahertz methods
were used to investigate the liquid transport characteristics of two types of porous
media, i.e. pharmaceutical and catalytic powder compacts. THz-TDS in transmission
configuration was utilised to determine the pore structure properties of the compacts,
i.e. porosity, pore shape and alignment of pores within the compacts, in a fast, noninvasive, non-destructive and non-contact manner, whereas TPI in reflection mode was
used to study the liquid penetration and swelling kinetics of such compacts. Helium
pycnometry, mercury porosimetery and XµCT were also used as complementary
techniques to characterise the pore structure characteristics of pharmaceutical and
catalytic powder compacts.
The terahertz methods were first used to study the effect of the pore structure
characteristics as well as formulation on the rapid liquid transport and swelling performance of FDTs that were designed for patients with swallowing difficulties. The
powders used for making the FDTs contained either MCC or FCC as a filler, theophylline or paracetamol as an API and CCS as a disintegrant. The results of the TPI
measurements show that the porosity of the tablets has a clear impact on the rate of
water ingress into the tablet where larger rates of water transport are obtained for
tablets with higher porosities. Since FCC is a non-swelling material, the swelling
performance of the FCC containing tablets is fully governed by the concentration of
CCS in the formulation at the different porosity levels. In contrast, the swelling of the
MCC particles contributes to the overall swelling of the tablet and results in a larger
rate of swelling for the more porous MCC based tablets.
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Upon the the success of the TPI method to investigate the liquid transport kinetics
of tablets made from non-swelling ceramic materials, the methodology was further
developed to study the liquid transport in other ceramic materials that are used in other
industries beside the pharmaceutical industry, such as α-alumina which is widely used
as a catalyst support in the catalysis field. A range of α-alumina powder compacts were
prepared at different compaction forces and heat treatment conditions to establish the
TPI method for investigating the liquid transport kinetics of ceramic catalytic materials
and to provide a better understanding of the processes where the liquid transport into
such materials is encountered. The TPI method has successfully been applied to study
the transport of polar and less polar solvents into such compacts. The impact of the
microstructure and surface properties on the liquid transport process was investigated
for two solvents, i.e. water (polar) and 1-octanol (less polar). The terahertz results
show that the porosity of the compact influences the rate of liquid penetration into
the compact within each heat treatment condition, i.e. unfired or fired at specific
conditions. The rate of water and 1-octanol transport into the α-alumina powder
compacts is larger at lower compaction force as compacting the powder at a lower
compaction force results in a higher porosity and hence a faster transport of the liquid
through the compact. The terahertz results show that although the unfired samples
have the highest porosity, such sample have lower rate of water transport compared
to the fired samples at the same compaction conditions. This can be attributed to the
difference in the surface properties as the unfired samples contain some polymeric
additives, which results in a lower wettability and hence a slower water transport in
the unfired samples. In contrast, the rate of 1-octanol transport is larger in the unfired
samples indicating that the 1-octanol transport process is influenced by the porosity
of the sample. This observation can also be explained by the lipophilicity of the
unfired samples containing the polymeric additives, which results in a faster transport
of 1-octanol in such samples compared to the fired samples at the same compaction
conditions. All of these results were confirmed by determining the wettability of the
compacts by water and 1-octanol through conducting contact angle measurements.
The terahertz results also reveal that the heating rate during the sintering process of
the alumina compacts influences the liquid transport where firing the samples at a
heating rate of 200 ◦C h−1 results in the largest rate of water transport compared to the
other heating rates of 100 and 150 ◦C h−1 . The ability of the TPI technique to study
the transport of solvents with less polarity and the transparency of such solvents to
terahertz radiation enable the investigation of the structural changes in the compact,
such as the change in the effective refractive index of the compact and the fill fraction
of the solvent in the compact as a function of time. The results show that the effective
refractive index increases due to the increase of the fill fraction of 1-octanol in the
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sample. Such information is valuable for a better understanding the transport in porous
catalysts upon contact with solvents with less polarity.
The information on the liquid transport and swelling into polymeric and ceramic
powder compacts obtained from the terahertz methods is very useful for enhancing
the design and performance of such materials upon contact with the liquid. In the
pharmaceutical field, the liquid penetration and swelling are essential disintegration
mechanisms that are dependent on the properties of the raw materials incorporated in
the formulation as well as on the manufacturing conditions. The quantitive analysis
of these individual mechanisms helps formulation scientists in the pharmaceutical
industry improve the design of formulations and obtain the desired performance of the
drug in the body. In the catalysis field, studying the liquid transport process is of great
importance for improving the design and performance of porous catalysts by providing
a better understanding of the liquid penetration process involved the manufacturing
processes, such as impregnation and drying, as well as in the heterogenous catalysis
where liquid reactants are catalysed over porous catalysts.

7.2

Future Work

7.2.1

Further Investigation of the Liquid Transport characteristics Using the Terahertz Methods

Liquid Transport in Immediate Release Tablets
The TPI method can be utilised to further investigate the impact of a number of different
parameters on the liquid penetration and swelling performance of immediate-release
tablets (Figure 7.1).
Table 7.1 The batches of the pharmaceutical tablets used for the terahertz experiments.
Compositions
MCC PH-101
MCC PH-101 + CCS (2%)
MCC PH-101 + CCS (5%)
MCC PH-101 + CCS (8%)
DCP + MgSt (1%) + CCS (2%)
DCP + MgSt (1%) + SSG (2%)
DCP + MgSt (1%) + L-HPC (2%)

Targeted porosity
10%
15%
20%
15%

15%

Future work using the TPI method includes the following:
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Parameters affecting tablet disintegration
Liquid properties

Temperature

pH

Fillers

Characteristics of tablets
Excipients

Drug

Disintegrants

Structural
properties
Solubility

Morphology
Swelling

Non-swelling
Type of disintegrant
Concentration of
disintegrant

Processing
routes
Granulation

Porosity
Pore size

Dry
Wet
granulation granulation

Pore
connectivity
Drying
Direct
compaction

Fig. 7.1 The different parameters to be investigated to better understand the liquid
transport and swelling kinetics of pharmaceutical tablets.
• Investigating the effect of porosity on the liquid penetration and swelling kinetics
in tablets containing other grades of MCC, i.e. Avicel® PH-101, as Avicel® PH102 and Avicel® PH-200 have been investigated by Yassin et al. (2015a) and
Skelbæk-Pedersen et al. (2020a). In this study, the Avicel® PH-101 MCC powder
is compacted at three different porosities: 10%, 15% and 20% (Table 7.1).
• Studying the influence of adding a dintegrant at different concentrations to
formulations containing a swelling filler, such as MCC with different pharmaceutical grades. The work by Yassin et al. (2015a) has demonstrated the use
of TPI to investigate the impact of the disintegrant, CCS, on the disintegration
process of MCC (Avicel® PH-102) based tablets with an overall porosity of
10%. The formulation consisted of a mixture of MCC and CCS at two different
concentrations of 2% and 5%. For instance, CCS can be added to the formulation containing MCC (Avicel® PH-101) at concentrations of 2%, 5% and 8%
(Table 7.1). The tablets are made via direction compaction to achieve a constant
porosity of 15%. The porosity is kept fixed in this study to investigate the
effect of only the amount of the disintegrant on the liquid ingress and swelling
behaviour. This study will also show the impact of the grade of MCC on the
disintegration process of the tablets.
• Investigating the impact of different types of disintegrant on the liquid penetration and swelling kinetics of tablets containing non-swelling fillers, such as DCP.
Three types of disintegrants: CCS, SSG and L-HPC, at a constant concentration
of 2% can be added to the formulation containing DCP as a filler and MgSt at a
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concentration of 1% as a lubricant (Table 7.1). The tablets are compacted via
direct compaction to obtain a constant overall porosity of 15%. This study aims
at investigating the impact of the type of disintegrant on the liquid penetration
and swelling in tablets containing rigid ceramic fillers. Since such tablets do
not contain any swelling fillers, this work will shed light on understanding
the contribution of the disintegrant to the overall swelling of the system when
compared to the disintegration of tablets containing swelling fillers.
• Quantifying the impact of the temperature of the dissolution medium on the
liquid transport and swelling kinetics of a range of tablets containing different
components. The effect of the temperature of water (varied between 20 and
37 ◦C) on the liquid penetration and swelling kinetics of MCC based tablets,
made from pure MCC or a mixture of MCC and CCS, has been investigated
by Yassin et al. (2015a). New tablets can be prepared from swelling fillers, such
as MCC, with different disintegrants or from non-swelling fillers, such as FCC
or DCP, with different disintegrants. Complex formulations can be made by
incorporating an API into the formulation. The temperature of the dissolution
medium can be varied between 20 and 37 ◦C for these measurements.
Liquid Transport in Catalytic Powder Compacts
The success of using the TPI method to investigate the liquid transport kinetics of
ceramic powder compacts, i.e. α-alumina compacts, shows the potential of such
technique to be used for further analysis of different parameters that can influence
liquid transport characteristics of ceramic catalytic materials (Figure 7.2).
Liquid transport characteristics in porous catalysts
Liquid properties
Viscosity Polarity Temperature

Catalyst properties
Active component Type of ceramic
Gold

Alumina

Platinum

Silica

Polymeric additives

Hydrophilic

Hydrophobic

Titania
Zirconia

Processing step
Calcination
Mixing
Compaction
Sintering

Fig. 7.2 The different parameters to be investigated to better understand the liquid
transport kinetics of catalysts.
Future work using the TPI method includes the following:
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• Further investigation of the effect of surface properties of the alumina pellets on
the liquid transport can be conducted using the TPI technique. The TPI results
revealed that the presence of the the polymeric additives in the unfired samples
impacts the wettability and hence the rate of water ingress into the pellet. It was
shown that the water transports at slower rate in the unfired samples although
such samples have higher porosity compared to the fired samples at the same
compaction condition. Therefore, it will be useful to investigate the impact
of different polymeric additives, i.e. hydrophilic and hydrophobic polymeric
binders, on the wettability behaviour and hence the liquid transport kinetics.
• The information on the rates of the penetration of different solvents into alumina
is of great importance to better understand heterogenous catalysis over supported
catalysts where such liquids are involved. The TPI method can be used to study
the transport of other non-polar solvents, such as heptane and octane, into the
α-alumina pellets. The transport results can then be compared to those of
the 1-octanol transport at the same manufacturing conditions, i.e. compaction
and sintering conditions, of the alumina pellets. For comparable results, the
α-alumina powder is compacted at 4 compaction forces, i.e. 7, 23, 40 and
58 kN and then subsequently sintered at a temperature 1200 ◦C with a ramp rate
of 200 ◦C h−1 and a dwell time of 6 h. The pellets are then brought to room
temperature at a cooling rate of 100 ◦C h−1 .
• The TPI technique can also be utilised to investigate the transport of metal
salts (e.g. copper chloride or sulphate dissolved in water or alcohol). Such
information is very useful for improving the preparation methods of supported
catalysts, such as impregnation. The rate of the solvent transport can then be
related to the deposition of the active species on the catalyst support.
• It will also be useful to study the impact of the temperature of the solvent on the
liquid transport kinetics. The impact of temperature on the liquid penetration
kinetics can be investigated for different alumina samples that are prepared at
different compaction forces and heat treatment conditions, i.e. unfired and fired
at different heating rates and firing temperatures.
• The TPI method can also be used to study the liquid transport in supported
catalysts containing active catalyst components. The aim of this study is to
investigate the impact of the presence of the active species on the liquid transport
kinetics. In this study, supported catalysts can be made from α-alumina as a
catalyst support with platinum or gold as an active species. The alumina powder
is compacted at 7, 23, 40 and 58 kN and subsequently fired at different firing
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rates and firing temperatures. The loading of the active component can be varied
as well. This information provides a better understanding of the heterogeneous
catalysis, i.e. liquid phase reactions catalysed over supported catalysts.
• The liquid transport process can also be studied for a range of different solvents,
polar and non-polar, into different phases of alumina, e.g. γ-alumina.
Beside the liquid transport studies, another interesting study is to investigate the
change in the refractive index and crystallite size as a function of the firing rate. Then,
a correlation between the refractive index and crystallinity for a range of different
firing rates can be established. Such correlation will be useful to give an insight
of the catalyst deactivation with crystal growth. The refractive index is measured
using THz-TDS whereas the crystallite size is determined using XRD. Therefore, by
measuring the refractive index of the alumina samples using THz-TDS and using this
correlation, information on the crystallinity of the sample can be obtained in a fast,
non-contact, non-invasive and non-destructive manner.

7.2.2

Further Analysis of the Microstructure Properties Using XµCT

In this thesis, XµCT has been used for visualising the microstructure of porous media,
i.e. pharmaceutical and catalytic powder compacts, to investigate the presence of
agglomerates and/or cracks in such materials. Further work can be conducted to
quantify the microstructure properties, such as the porosity of the compact. The XµCT
technique is useful for the calculation of the porosity of the whole sample or a specific
portion of it. XµCT can be used as a complementary technique to calculate the porosity
of pharmaceutical tablets as well as catalysts and catalyst supports, and link the results
to the liquid transport data obtained from the TPI method. In addition, XµCT can be
utilised to investigate the distribution of the active species within the catalyst support
after the drying process of the support. The results of the distribution can then be
linked to the transport kinetics to investigate the relation between the transport rate of
the impregnating solution and the distribution of the active species within the support
material.
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Appendix A
Supporting Information
A.1

Liquid Transport and Swelling of Fast Disintegrating Tablets

Table A.1 k and m parameters, correlation coefficient, R2 , and root mean square
error (RMSE) extracted from fitting a power law (Equation 4.2) to the liquid (water)
penetration profiles of the fast disintegrating tablets.
Batch code
FT45
FT60
FP45
FP60
MT10
MT25
MP10
MP25

kLP (mm s−m )
0.315 ± 0.059
0.403 ± 0.017
0.279 ± 0.084
0.383 ± 0.016
0.119 ± 0.049
0.713 ± 0.114
0.180 ± 0.064
0.934 ± 0.091

mLP
0.671 ± 0.067
0.941 ± 0.036
0.713 ± 0.093
0.882 ± 0.043
0.912 ± 0.232
0.828 ± 0.157
1.020 ± 0.261
0.667 ± 0.074

R2
0.999
0.999
0.997
0.999
0.994
0.995
0.985
0.995

RMSE (mm)
0.009
0.011
0.019
0.011
0.030
0.025
0.041
0.024
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Table A.2 k and m parameters, R2 and RMSE extracted from fitting a power law
(Equation 4.2) to the swelling profiles of the fast disintegrating tablets.
Batch code kSW (mm s−m )
FT45
0.022 ± 0.007
FT60
0.016 ± 0.010
FP45
0.022 ± 0.003
FP60
0.019 ± 0.002
MT10
0.023 ± 0.004
MT25
0.071 ± 0.034
MP10
0.030 ± 0.004
MP25
0.096 ± 0.008

mSW
0.735 ± 0.072
1.288 ± 0.792
0.884 ± 0.099
0.772 ± 0.113
0.741 ± 0.041
1.402 ± 0.789
0.927 ± 0.083
1.030 ± 0.081

R2
0.994
0.998
0.999
0.986
0.998
1.000
0.999
1.000

RMSE (mm)
0.002
0.001
0.001
0.002
0.002
0.001
0.001
0.001
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Liquid Transport in α-Alumina Powder Compacts:
Part I

Fig. A.1 Waterfall plots visualising the water ingress into the alumina samples fired
at 1200 ◦C and compacted at different compaction forces of (a) 7 kN (b) 23 kN (c)
40 kN and (d) 58 kN. Each seventh deconvolved waveform was plotted with an offset
of 0.03 a.u. between each deconvolved waveform. The arrow on the right of each
waterfall plot indicates the duration of the full wetting of the sample by water in
seconds.
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Fig. A.2 Waterfall plots visualising the water ingress into the alumina samples fired
at 1300 ◦C and compacted at different compaction forces of (a) 7 kN (b) 23 kN (c)
40 kN and (d) 58 kN. Each seventh deconvolved waveform was plotted with an offset
of 0.03 a.u. between each deconvolved waveform. The arrow on the right of each
waterfall plot indicates the duration of the full wetting of the sample by water in
seconds.
Table A.3 k and m parameters, R2 and RMSE extracted from fitting a power law
(Equation 4.2) to the water penetration profiles of the alumina samples (unfired and
fired at temperatures of 1200 or 1300 ◦C with a ramp rate of 200 ◦C h−1 ).
Batch
Unfired, 7 kN
Unfired, 23 kN
Unfired, 40 kN
Unfired, 58 kN
1200 ◦C, 7 kN
1200 ◦C, 23 kN
1200 ◦C, 40 kN
1200 ◦C, 58 kN
1300 ◦C, 7 kN
1300 ◦C, 23 kN
1300 ◦C, 40 kN
1300 ◦C, 58 kN

k(mm s−m )
0.273 ± 0.026
0.236 ± 0.041
0.229 ± 0.040
0.188 ± 0.012
0.577 ± 0.035
0.587 ± 0.017
0.538 ± 0.039
0.521 ± 0.018
0.504 ± 0.003
0.514 ± 0.012
0.482 ± 0.035
0.468 ± 0.005

m
0.516 ± 0.020
0.527 ± 0.039
0.523 ± 0.034
0.562 ± 0.015
0.544 ± 0.015
0.520 ± 0.002
0.536 ± 0.027
0.532 ± 0.012
0.542 ± 0.006
0.507 ± 0.000
0.515 ± 0.017
0.501 ± 0.005

R2
RMSE (mm)
1.000
0.006
0.999
0.012
1.000
0.009
0.999
0.016
1.000
0.007
1.000
0.004
1.000
0.009
0.999
0.010
0.999
0.011
1.000
0.008
0.999
0.011
0.999
0.011
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Fig. A.3 The deconvolved terahertz waveforms presented in stack plots (waterfall
plots) to show the water penetration into a set of alumina samples that were compacted
at (a) 7 kN, (b) 23 kN, (c) 40 kN and (d) 58 kN and subsequently fired at 1200 ◦C with
a heating rate of 150 ◦C h−1 . Each third deconvolved waveform was plotted with an
offset of 0.03 a.u. between each deconvolved waveform to enable the visualisation of
the water front movement into the sample. The total duration (in seconds) of the full
penetration of water into the sample is represented by the arrow on the right each plot.

176

Supporting Information

Fig. A.4 The deconvolved terahertz waveforms presented in stack plots to show the
1-octanol penetration into a set of alumina samples that were compacted at (a) 7 kN,
(b) 23 kN, (c) 40 kN and (d) 58 kN and subsequently fired at 1200 ◦C with a heating
rate of 200 ◦C h−1 . Each fifth deconvolved waveform was plotted with an offset of 0.02
a.u. between each deconvolved waveform to enable the visualisation of the 1-octanol
front movement into the sample. The total duration (in seconds) of the full penetration
of 1-octanol into the sample is represented by the arrow on the right each plot.

Fig. A.5 The absorption coefficient of 1-octanol as a function of frequency.
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Table A.4 k and m parameters, R2 and RMSE extracted from fitting a power law
(Equation 4.2) to the water penetration profiles of the alumina samples (unfired and
fired at 1200 ◦C with heating rates of 100, 150 and 200 ◦C h−1 ).
Batch
Unfired, 7 kN
Unfired, 23 kN
Unfired, 40 kN
Unfired, 58 kN
Fired at 100 ◦C h−1 , 7 kN
Fired at 100 ◦C h−1 , 23 kN
Fired at 100 ◦C h−1 , 40 kN
Fired at 100 ◦C h−1 , 58 kN
Fired at 150 ◦C h−1 , 7 kN
Fired at 150 ◦C h−1 , 23 kN
Fired at 150 ◦C h−1 , 40 kN
Fired at 150 ◦C h−1 , 58 kN
Fired at 200 ◦C h−1 , 7 kN
Fired at 200 ◦C h−1 , 23 kN
Fired at 200 ◦C h−1 , 40 kN
Fired at 200 ◦C h−1 , 58 kN

k(mm s−m )
0.273 ± 0.026
0.236 ± 0.041
0.229 ± 0.040
0.188 ± 0.012
0.541 ± 0.052
0.510 ± 0.030
0.478 ± 0.039
0.506 ± 0.037
0.567 ± 0.044
0.503 ± 0.041
0.478 ± 0.005
0.476 ± 0.046
0.577 ± 0.035
0.587 ± 0.017
0.538 ± 0.039
0.521 ± 0.018

m
0.516 ± 0.020
0.527 ± 0.039
0.523 ± 0.034
0.562 ± 0.015
0.535 ± 0.030
0.527 ± 0.021
0.541 ± 0.023
0.526 ± 0.020
0.525 ± 0.031
0.533 ± 0.019
0.533 ± 0.001
0.524 ± 0.025
0.544 ± 0.015
0.520 ± 0.002
0.536 ± 0.027
0.532 ± 0.012

R2
1.000
0.999
1.000
0.999
0.999
0.999
0.999
0.999
0.999
0.999
0.999
0.999
1.000
1.000
1.000
0.999

RMSE (mm)
0.006
0.012
0.009
0.016
0.0113
0.010
0.012
0.010
0.011
0.011
0.014
0.011
0.007
0.004
0.009
0.010

Table A.5 k and m parameters, R2 and RMSE extracted from fitting a power law
(Equation 4.2) to the 1-octanol penetration profiles of the alumina samples (unfired
and fired at a temperature of 1200 ◦C with a ramp rate of 200 ◦C h−1 ).
Batch
k(mm s−m )
Unfired, 7 kN
0.069 ± 0.005
Unfired, 23 kN
0.064 ± 0.005
Unfired, 40 kN
0.064 ± 0.002
Unfired, 58 kN
0.062 ± 0.004
◦
Fired at 1200 C, 7 kN
0.062 ± 0.007
◦
Fired at 1200 C, 23 kN 0.058 ± 0.002
Fired at 1200 ◦C, 40 kN 0.055 ± 0.000
Fired at 1200 ◦C, 58 kN 0.062 ± 0.001

m
0.567 ± 0.011
0.560 ± 0.007
0.555 ± 0.004
0.554 ± 0.009
0.571 ± 0.021
0.570 ± 0.000
0.575 ± 0.000
0.553 ± 0.000

R2
0.999
0.999
0.999
0.999
0.998
0.999
0.999
0.999

RMSE (mm)
0.013
0.013
0.013
0.013
0.020
0.013
0.013
0.014

