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The ceramic materials’ properties and the penetrating liquid both influence liquid transport into ceramic catalytic 
materials. Terahertz pulsed imaging (TPI) in combination with a flow cell was used to investigate the transport 
process of polar and less polar solvents into a range of 𝛼-alumina powder compacts. The TPI results show that the 
alumina samples with the largest heating rate (200 ◦C h−1) have the fastest water transport. The TPI results also 
reveal that 1-octanol takes much longer to transport through the alumina samples than water, as the viscosity 
of 1-octanol is much larger than that of water. Since 1-octanol is semi-transparent to terahertz radiation, it was 
possible to study the liquid transport process and the structural changes behind the liquid front, such as the 
change in the refractive index of the compact and the fill fraction of 1-octanol in the compact as a function of 
time.

 Introduction

Porous ceramics have been extensively used in several industrial applications, such as thermal insulators (Wu et al., 2018), membranes for 
tration (Werner et al., 2014; Nagasawa et al., 2020), substrates for electrodes in fuel cells (Amaya et al., 2017) and catalyst supports (Faure et 
., 2011; Pechenkin et al., 2015). The performance of such materials depends on their pore structure properties, such as porosity, pore size, shape, 
ientation, distribution and connectivity, as well as surface area (Hammel et al., 2014; Wan et al., 2020). Ceramic powders are generally compacted 
 uniaxial die pressing in a rigid die, i.e. uniaxial die compaction, to produce a porous powder compact (Chen et al., 2007; Montilha et al., 2018). 
 addition, various additives are added to ceramic powders to achieve the desired flowability and cohesion of particles (Kumar et al., 2014).
The compaction of powder is followed by sintering (firing), a typical densification process for acquiring the desired density and strength of the 
mpacts through the heat treatment of green bodies at high temperatures (Kempen et al., 2019). The inhomogeneous density distribution in the 
wder compact often results in heterogeneous microscopic and macroscopic shrinkage of the compact, which can potentially cause some defects 
 the sintered product (Okuma et al., 2018). The powder properties and manufacturing parameters, such as compaction pressures, heating rates 
 sintering, sintering time and temperature, affect the sintering process (Boccaccini and Trusty, 1998). Furthermore, the sintering process impacts 
e pore structure properties of the final compact as sintering results in the shrinkage of the pores through the rearrangement of particles, relative 
iding of particles or diffusion (Kim et al., 2021). The microstructure characteristics of the compact affect its wettability and hence the liquid 
ansport through the compact (Al-Sharabi et al., 2021). Given that the microstructure of the compact changes during the sintering of the green 
dy, it is crucial to investigate the impact of the sintering parameters, such as the heating rate, on the pore structure properties, and hence the 
uid transport process to enhance the design and performance of catalytic materials in the form of ceramic powder compacts.
Aluminium oxide (Al2O3), also commonly known as alumina, is one of the most widely used ceramic materials due to its low cost and the 
tention of strength and stability at high temperatures (Munro, 1997; Yang et al., 2020). 𝛼-Alumina is a stable alumina phase with desirable 
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atures, such as high strength and hardness, high temperature and corrosion resistance (Luo et al., 2018). This alumina phase has been widely used 
 many industrial applications, such as adsorbants (Choi et al., 2020) and catalytic supports (Rytter et al., 2019).
Liquid transport into porous catalytic materials is an important phenomenon encountered in a large number of applications, such as water 

ansport into the porous cathode catalytic layer of fuel cell (Das et al., 2010), the migration of solvent into or out of the pores of the catalyst 
pport during the synthesis processes of porous supported catalysts, such as impregnation and drying (Munnik et al., 2015; Nijhuis et al., 2001), as 
ell as the mass transport during the heterogenous catalysis over porous catalysts (Sievers et al., 2016; Rytter et al., 2019). Since different solvents 
e used during the manufacturing of catalytic materials for the deposition of the different active catalysts on the catalyst support as well as during 
e liquid-phase reactions over solid heterogenous catalysts, it is crucial to investigate the mass transport of various solvents into porous catalytic 
aterials to understand better the impact of the type of solvent on their transport process in porous catalytic materials.
Several studies have investigated the mass transport characteristics of various porous heterogeneous catalysts using many different techniques. 
ine and Mucalo (2015) used the Washburn capillary rise technique to determine the wetting rates and contact angles of several different organic 
lvents in various catalyst support materials. Zhokh and Strizhak (2017) utilised gas chromatography to study the methanol transport through a 
nge of zeolite/alumina catalysts composed of different zeolite/alumina ratios. Mantle et al. (2010) applied the pulsed-field gradient (PFG)-NMR 
chnique to study the effective self-diffusivity of alcohols within supported catalysts consisting of gold supported on titania, silica and ceria as well 
 gold-palladium alloy nanoparticles supported on titania. D’Agostino et al. (2012) also used PFG-NMR to measure the self-diffusion coefficients 
 various organic liquids within mesoporous catalyst supports used in heterogeneous catalysis, i.e. titania, alumina and silica. Lysova et al. (2005)
rformed MRI measurements to study the transport of an aqueous solution of H3PO4 into alumina pellets during impregnation and investigate 
e distribution of the adsorbed phosphate within the dried support. Lysova et al. (2010) also used the MRI technique to study the transport of an 
ueous solution of (NH4)6Mo7O24 into an alumina pellet and investigate the distribution of Mo in the solid phase within the dried alumina support.
Terahertz pulsed imaging (TPI) is another promising technique for investigating the liquid transport kinetics of ceramic catalytic materials due to 
e transparency of most ceramic materials to terahertz radiation (Jonuscheit, 2018; Al-Sharabi et al., 2021). TPI has recently been applied in several 
udies in the pharmaceutical field to resolve the liquid transport and swelling kinetics in a wide range of simple and complex pharmaceutical tablets 
ith different structural characteristics to better understand the disintegration process of such porous compacts upon contact with water (Yassin et 
., 2015a,b; Markl et al., 2017, 2018; Al-Sharabi et al., 2020; Skelbæk-Pedersen et al., 2020; Dong et al., 2021; Dong and Zeitler, 2022; Dong et al., 
23; Soundaranathan et al., 2023). Upon the success of using TPI for the investigation of water transport into rigid ceramic powder compacts made 
om functionalised calcium carbonate powder that can be used as a pharmaceutical filler for highly porous tablets (Markl et al., 2018), Al-Sharabi 
 al. (2021) further developed and used the TPI method to investigate the water transport kinetics of a range of 𝛼-alumina powder compacts that 
ere manufactured at different compaction and heat treatment conditions. The solvent used in all the previously mentioned TPI studies was water. 
 addition to resolving the water transport kinetics, Obradovic et al. (2007) used the terahertz method to quantify the penetration of acetone into 
range of swelling polymeric materials.
This work aimed at using the TPI method to understand better the impact of the heating rate of sintering on the water ingress kinetics of a 
nge of 𝛼-alumina powder compacts prepared at different compaction forces and sintered at 1200 ◦C with three different heating rates (100 ◦C h−1, 
0 ◦C h−1 and 200 ◦C h−1). In addition, this work aimed at applying the TPI technique to study the 1-octanol transport into a range of 𝛼-alumina 
wder compacts prepared at different compaction forces and heat treatment conditions, i.e. unfired and fired at 1200 ◦C with a heating rate of 
0 ◦C h−1.

 Materials and methods

1. Sample preparation

1.1. Materials and compaction
The raw powder mixture and compaction process followed the procedure reported in (Al-Sharabi et al., 2021). A powder mixture consisting of 
ainly 𝛼-alumina with a maximum of 5% m/m of polymeric organic additives and 1% m/m of inorganic additives (Granalox® NM 99, Nabaltec 
G, Schwandorf, Germany) was used to prepare flat-faced cylindrical pellets via direct compaction. The compaction process was conducted using 
compaction simulator (Styl’One Evolution, Medelpharm, Beynost, France) by varying the filling weight of the feed powder while keeping the 
ickness and diameter of the sample fixed to obtain different porosities of the pellet. Four sets of pellets with various porosities were produced 
ing compaction forces of 7 kN, 23 kN, 40 kN and 58 kN. The resulting pellets have a thickness and diameter of around 2 mm and 11.28 mm, 
spectively, and will be referred to as unfired samples.

1.2. Sintering
Sintering was performed on three additional sets of compacted samples using the same compaction conditions and procedure used for the unfired 
mples. The three sets were fired at the same temperature (1200 ◦C) and dwell time (6 h) but at three different ramp (heating) rates (100 ◦C h−1, 
0 ◦C h−1 and 200 ◦C h−1). The firing process was then followed by cooling the samples to room temperature at around 100 ◦C h−1.

2. Determination of porosity

The nominal porosity, 𝑓nominal(%), of the unfired and fired samples was determined using Equation (1) with 𝜌true, 𝐷, 𝐻 and 𝑊 as the true 
nsity, diameter, thickness and weight, respectively (Al-Sharabi et al., 2020). The true density of the alumina powder was measured using helium 
cnometry (Micromeritics ACCUPYC 1340, Austin (TX), USA) and reported in our previous study (Al-Sharabi et al., 2021). A summary of the 16 
tches used for the liquid transport measurements with their corresponding 𝑓nominal(%) is provided in Table 1.

𝑓nominal(%) =
(
1 − 4𝑊

𝜋𝐷2𝐻𝜌

)
× 100 (1)
2

true
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Table 1

The nominal porosity, 𝑓nominal(%), of the samples determined by Equation (1). The sam-
ples were fired at 1200 ◦C with heating rates of (100 ◦C h−1, 150 ◦C h−1 and 200 ◦C h−1). 
10 samples per batch were used to calculate the average 𝑓nominal(%) and its standard 
deviation.

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 100 ◦C h−1 36.39 ± 0.15 32.51 ± 0.15 31.07 ± 0.12 29.94 ± 0.15

Fired at 150 ◦C h−1 36.17 ± 0.17 32.54 ± 0.09 31.15 ± 0.13 30.20 ± 0.19

Fired at 200 ◦C h−1 36.12 ± 0.22 33.00 ± 0.18 31.44 ± 0.19 30.29 ± 0.13

3. Terahertz time-domain spectroscopy

Terahertz time-domain spectroscopy (THz-TDS) measurements were conducted to measure the effective refractive index, 𝑛eff, of the alumina 
mples using a commercial terahertz system (TeraPulse 4000, Teraview Ltd., Cambridge, UK) operating in a transmission configuration. The 
z-TDS measurements were performed for ten samples per batch. These measurements were conducted by comparing the measured terahertz 
aveforms of the sample and a reference, i.e. an empty spectrometer with no sample in the compartment. Dry nitrogen gas was purged into the 
mple compartment during the measurements to reduce the effect of the absorption of the terahertz signal by the water vapour (Al-Sharabi et al., 
20). Each transmission measurement lasted for 40 s, with 20 waveforms being co-averaged to enhance the signal-to-noise ratio. The acquired time-
main terahertz signals of the reference and the sample were transformed to the frequency-domain via fast Fourier transform (FFT) to determine 
e frequency-dependent effective refractive index, 𝑛eff,FD, using (Bawuah et al., 2020)

𝑛eff,FD(𝜐) = 1 + 𝑐𝜃(𝜐)
2𝜋𝜐𝐻

, (2)

here 𝜐 is the frequency, 𝑐 is the speed of light in vacuum, and 𝜃 is the phase difference between the sample waveforms and reference. The 𝑛eff,FD
as 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 
ference waveform was acquired by measuring through two quartz windows placed on top of each other in the liquid cell. For the sample 
easurement, 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. 
e sample, i.e. 1-octanol, was injected into the liquid cell using a pipette and the terahertz sample waveform was acquired by measuring through 
e quartz windows and 1-octanol. The data was processed to determine the 𝑛eff at 1 THz.

4. Terahertz pulsed imaging

Terahertz pulsed imaging (TPI) was used to measure the one-dimensional (1D) solvent transport kinetics of the 𝛼-alumina powder compacts. 
e in situ TPI measurements were performed using a new bespoke flow cell in combination with the same commercial terahertz system used for 
e THz-TDS measurements but operating in a reflection configuration. The flow cell was first designed and used by Al-Sharabi et al. (2021) for the 
-situ investigation of the water transport kinetics in 𝛼-alumina samples prepared over a wide range of compaction forces and sintering conditions. 
e terahertz system operates with a fibre-based reflection probe mounted on a linear scale to optimise its position before the experiment. The 
obe had a silicon lens with an 18 mm focal length. In order to monitor the liquid transport process, continuous acquisition of the TPI data was 
nducted at an acquisition rate of 15 Hz. The acquired terahertz waveforms cover a total time delay of 45 ps. A detailed explanation of the principle, 
perimental setup and procedure, and TPI data acquisition and processing can be found in our previous study (Al-Sharabi et al., 2021).
Three pellets per batch were used for the TPI liquid transport measurements to obtain each batch’s averaged time-resolved penetration profiles. 
e first set of the TPI measurements was conducted for the in-situ investigation of the penetration of water into 𝛼-alumina powder compacts (cold 
mpaction at compaction forces of 7 kN to 58 kN and fired at 1200 ◦C with three different heating rates of 100 ◦C h−1, 150 ◦C h−1 and 200 ◦C h−1). 
e second set of the TPI measurements was performed to study the transport of 1-octanol into 𝛼-alumina powder compacts (cold compaction at 
mpaction forces of 7 kN to 58 kN, unfired and fired at 1200 ◦C with a heating rate of 200 ◦C h−1). Examples of the in-situ monitoring of the liquid 
ansport process of water and 1-octanol in the alumina samples using TPI are illustrated in Fig. 1.

5. X-ray microcomputed tomography

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

6. Contact angle measurements

The dynamic contact angle was measured for three compacts per batch to determine the wettability of the alumina samples by water and 1-
3

tanol and to investigate the effect of the wettability on the liquid transport kinetics of such samples. The dynamic contact angle between the 
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g. 1. The deconvolved terahertz waveforms presented in stacked plots to show (a) the water penetration (flagged in red) into an alumina sample compacted at 7 kN 
d subsequently fired at 1200 ◦C with a heating rate of 100 ◦C h−1 and (b) the 1-octanol penetration (flagged in red) into an unfired alumina sample compacted at 
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 
d 1-octanol, respectively. Fifteen waveforms were averaged during the 1-octanol TPI transport measurements of the unfired sample due to the slow transport 
ocess. The first TPI measurement corresponds to the first waveform at the bottom of the stacked plot. The total duration (in seconds) of the full penetration of the 
uid into the sample is represented by the arrow on the right of each plot.

mple surface and a droplet of 1-octanol was measured by drop shape analysis (Krüss DSA30, Krüss GmbH, Hamburg, Germany). For each sample, 
deo recordings were taken at 30 frames per second. The video files were analysed using MATLAB (2019a, Mathworks, Massachusetts, USA) to 
easure the contact angle for each frame of the recording. The contact angle profiles were then fit with a two-phase exponential decay model 
q. (3)) using GraphPad Prism 8 (Version: 8.3.1, GraphPad Software LLC, San Diego).

𝜃c (𝑡) = 𝜃c,p + 𝑠f𝑒
−𝑘f⋅𝑡 + 𝑠s𝑒

−𝑘s⋅𝑡 (3)

𝑠f = 𝜃c,0 ⋅ 𝑥fs

𝑠s = 𝜃c,0
(
1 − 𝑥fs

)
𝜃c,0 and 𝜃c,p are the contact angles at initial and infinite time, respectively. 𝑘f and 𝑘s are the rate constants for the fast and slow phases, 
spectively. The fraction of time dominated by the fast phase of the reaction is described as 𝑥fs .

 Results and discussion

1. 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 
own in Fig. 2. A linear relation between 𝑛eff,FD and 𝑓nominal is observed within each set of heat treatment conditions. 𝑛eff,FD is inversely proportional 
 the porosity of the compact (𝑓nominal). Due to the presence of polymer binder in the unfired sample 𝑛eff,FD is lower than the fired samples. The 
lymer binder completely burns during the firing process, which explains the difference in refractive index between the fired and unfired samples. 
ecreasing the heating rate results in a slight increase in 𝑛eff,FD for all compaction forces except the lowest (7 kN). This suggests that the firing 
ocess not only results in the removal of the polymeric binder but also causes other structural changes in the compact upon being subjected to 
fferent heating rates of firing.

2. In situ visualisation of liquid transport

The deconvolved terahertz waveforms acquired from each TPI measurement are presented in a stacked plot for each sample as illustrated in 
gs. 3, 4, A.17 and A.18 with an offset between each deconvolved waveform to show the movement of the penetrating solvent in the alumina 
mple as a function of time. Figs. 3 and A.17 show the stacked plots, i.e. waterfall plots, comparing the water penetration into the alumina samples 
 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 
mples at the different compaction forces at the heating rate of 200 ◦C h−1 have been reported in our previous study (Al-Sharabi et al., 2021). 
n the other hand, Figs. 4 and A.18 show the 1-octanol penetration into the alumina samples at the different compaction forces within each heat 
eatment 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 
4

plitude of the terahertz reflection peak (Markl et al., 2018). The sign of the reflection peak amplitude, i.e. positive or negative, shows whether 
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g. 2. The frequency-dependent effective refractive index at a frequency of 1 THz, 𝑛eff,FD, of the unfired and fired alumina samples at different compaction forces 
 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 
0 ◦C h−1 to reach the terminal firing temperature of 1200 ◦C. The black lines are added to guide the eye.

e 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 
ak is observed upon the propagation of the pulse from a medium with a lower refractive index to a medium with a higher refractive index 
l-Sharabi et al., 2020). Therefore, the propagation of the terahertz pulse from air (𝑛air = 1) to the sample (𝑛eff in Fig. 2) and then to air results in 
sitive and negative reflection peaks from the sample back face and front face facing the liquid, respectively, before the liquid comes in contact 
ith the dry sample. The part of the sample wetted with the solvent, i.e. water or 1-octanol (𝑛water ≈ 2.1 as reported by Pickwell and Wallace (2006)
d 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 

 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 complete wetting of 
e sample with water. This observation confirms that the alumina samples do not disintegrate in water given their rigid and non-soluble nature 
 this solvent, as previously observed by Al-Sharabi et al. (2021). Similarly, the terahertz results show that the alumina pellets equally do not 
ssolve or disintegrate in 1-octanol: the back face reflection peak remains detectable even after the 1-octanol completely penetrates the sample. It 
s 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 
e temporal location of the reflection peak from the back face of the sample due to a change in the sample thickness (Obradovic et al., 2007; Yassin 
 al., 2015b,a; Al-Sharabi et al., 2020). The terahertz results show that the temporal position of the positive peak, corresponding to the reflection 
om the back face of the alumina pellet, remains unchanged. This indicates that the sample thickness remains constant and no swelling occurs in 
ther water or in 1-octanol.
The terahertz pulse consists of an alternating external electric field, which couples strongly with the molecular dipole in polar molecules but 
nnot couple effectively with non-polar molecules (Lapuerta et al., 2020). Beyond the dielectric relaxations of the solvent molecules themselves, 
rahertz radiation is at resonance with energies corresponding to intermolecular interactions, such as hydrogen bonds and London dispersion forces. 
is can result in additional absorption based on the composition of the material that is interacting with the terahertz radiation. Water is a highly 
obile solvent with a strong dipole known to absorb terahertz radiation strongly (Xu et al., 2006; Lewis, 2017); due to the strong absorption it is 
possible to observe in reflection what happens in the wetted pellet behind the water front as shown in Fig. 3. In contrast, it is possible to see the 
flection peak from the front face of the pellet after coming in contact with 1-octanol (Fig. 4) as octanol is less polar and less mobile due to its 
creased size, and hence are less absorbing to terahertz radiation (Lapuerta et al., 2020). The position of the reflection peak from the front face of 
e sample is observed to shift to the right upon the penetration of 1-octanol into the sample. It is important to highlight that this is not the result 
 any dimensional changes of the samples pellet, i.e. swelling, but due to the change in refractive index of the wetted matrix. As air in the pores 
 the alumina samples is replaced with 1-octanol the 𝑛eff of the wetted material increases resulting in an increase of the time delay of the reflected 
rahertz pulse. The change in the time delay can be used to calculate the change in 𝑛eff of the alumina sample upon the penetration of 1-octanol 
to the sample.

3. Quantification of the liquid transport process

3.1. Effect of heating rate of firing on the water transport
Fig. 5 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 
d 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 
e highest heating rate of 200 ◦C h−1 have the fastest rate of water transport at any given compaction force. A similar rate of water transport is 
served 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 
 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 
 a heating rate of 100 ◦C h−1 exhibits a faster rate of water ingress.
The X𝜇CT measurements were conducted to investigate the presence of cracks during the firing process at different heating rates, potentially 
ecting the water penetration rate into the alumina samples at the different compaction forces. The X𝜇CT results presented in Fig. 6 show that all 
e fired samples, over the range of rates and compaction forces, exhibit a homogenous structure and no cracks are apparent. Therefore, we assume 
at the transport measurements are not affected by any crack structures in the matrix.

3.2. 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 
5

mpaction forces are shown in Fig. 7. These profiles reveal that the change in the compaction force, and hence the porosity of the compact, clearly 
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g. 3. The deconvolved terahertz waveforms presented in stacked plots (waterfall plots) to show the water penetration into a set of alumina samples that were 
mpacted 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 
as 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 
tal duration (in seconds) of the full water penetration into the sample is represented by the arrow on the right of each plot.

fluences the transport process of 1-octanol in the alumina samples. The 1-octanol propagates faster the more porous the sample is. This behaviour 
 observed for the unfired and fired samples. Therefore, it is clear from the TPI results that the microstructure characteristics of the sample, i.e. 
rosity, influence the penetration rate of 1-octanol into the alumina samples.
Fig. 8 shows that the 1-octanol transport is faster in the unfired alumina samples than the fired samples at the same compaction force. The 
fired samples exhibit higher porosity than the fired samples at the same compaction force since the firing process results in the shrinkage of the 
mpact and hence a decrease in its porosity. The higher lipophilicity of the unfired samples containing the polymeric additives further explains 
e faster transport of 1-octanol in such samples compared to the fired samples at the same compaction conditions. In contrast, in our previous 
ork (Al-Sharabi et al., 2021), the TPI results showed that the unfired samples had a slower rate of water transport as such samples have lower 
ettability due to the polymeric additives. The increase in transport rate observed in the terahertz results of the 1-octanol transport were confirmed 
 contact angle measurements (Fig. 9), which show that the initial contact angle of the alumina samples fired at 1200 ◦C have larger values relative 
 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 
6

fired samples confirm that such samples are more wettable and, therefore, have faster transport rates than the fired samples.
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g. 4. The deconvolved terahertz waveforms presented in stacked plots to show the 1-octanol penetration into a set of unfired alumina samples that were compacted 
 (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 
able 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 
represented by the arrow on the right of each plot.

A comparison between the rates of the penetration of water and 1-octanol into the unfired and fired alumina samples at the different compaction 
rces is also illustrated in the liquid penetration profiles in Fig. 8 and discussed later after fitting the power law (Equation (9)) as shown in Fig. 16. 
e water penetration rate is higher than the rate of the 1-octanol transport at the same compaction force and heat treatment condition, i.e. unfired 
d fired, indicating the slower transport process of 1-octanol into the alumina sample. The dynamic viscosities of water and 1-octanol at 20 ◦C are 
002 mPa s (Al-Sharabi et al., 2021) and 9.183 mPa s (Trenzado et al., 2003), respectively. Therefore, the slower transport of 1-octanol can be 
tributed to the fact that 1-octanol has a much larger dynamic viscosity than water, which results in a much slower penetration of the 1-octanol into 
e porous compact. This is consistent with the definition of the Lucas-Washburn equation for a laminar flow in a porous medium when neglecting 
e effect of gravity and inertia forces, as expressed in Equation (4), which shows that the penetration rate decreases with an increase in the dynamic 
scosity of the liquid penetrating the porous sample (Markl et al., 2018; Cai et al., 2021).√

𝑅h,eq𝛾 cos𝜃𝑡
7

𝐿(𝑡) =
2𝜇

, (4)
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g. 5. 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 
tes of 100, 150 and 200 ◦C h−1. The shaded area of each profile corresponds to the standard deviation of each batch. The data of the water transport into the 
umina samples fired at 1200 ◦C with a heating rate of 200 ◦C h−1 have been reproduced from Al-Sharabi et al. (2021).

g. 6. 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 
8

ed 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.
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g. 7. 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 
 7, 23, 40 and 58 kN. The shaded area of each profile corresponds to the standard deviation of each batch.

g. 8. 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. 
e 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 
ta 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 reproduced from Al-Sharabi et al. 
021).

g. 9. 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 
ed samples were fired at 1200 ◦C with a heating rate of 200 ◦C h−1. The initial contact angle data of wetting the alumina samples by water have been reproduced 
9

m Al-Sharabi et al. (2021).
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g. 10. 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 
mples 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.

g. 11. 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 
00 ◦C with a heating rate of 200 ◦C h−1. The shaded area of each profile corresponds to the standard deviation of each batch.

here 𝐿 is the liquid penetration depth, 𝑡 is time, 𝛾 is the surface tension of liquid, 𝜇 is dynamic viscosity of liquid, 𝑅h,eq is the hydraulic radius and 
is the contact angle between the solid and liquid.
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, 
e change in the time delay, Δ𝑡, can be obtained and then used to determine the change in 𝑛eff as a function of time as described in Equation (5).

𝐻 =
Δ𝑡𝑐 cos𝜃r

2𝑛eff
(5)

here 𝐻 is the distance between two interfaces at which reflections of the terahertz radiation occur, 𝑐 is the speed of light in vacuum and 𝜃r is the 
gle of refraction. Since cos𝜃 ≈ 1 for all the unfired and fired samples at the different compaction forces, Equation (5) is simplified as expressed in 
uation (6) to obtain the change in 𝑛eff as a function of time (Zeitler and Shen, 2012).

𝑛eff = Δ𝑡𝑐
2𝐻

(6)

Fig. 10 shows the averaged change in 𝑛eff of the unfired and fired alumina samples at each compaction force upon the transport of 1-octanol into 
e 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 
mpaction forces. This is because the penetration of more 1-octanol into the sample matrix increases the concentration of 1-octanol, which has a 
gher refractive index than air and thus causes an increase in Δ𝑡 with time.
The information of the change in the effective refractive index of the sample as a function of time, Δ𝑛eff(𝑡), upon wetting with 1-octanol is of 
eat 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 
monstrated in Equation (7) (Naftaly et al., 2020).

𝑓open,solvent(𝑡) =
Δ𝑛eff(𝑡)

𝑛solvent − 𝑛air
(7)

Fig. 11 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 
ling increases with a decrease in the compaction force within each heat treatment condition, i.e. unfired and fired, as decreasing the compaction 
rce results in an increase in the porosity of the compact.
Further analysis of the negative reflection peak from the sample front face facing the liquid was conducted to investigate the change in the 
plitude and width of this peak upon the transport of 1-octanol into the unfired and fired alumina samples at the different compaction forces. This 
alysis was performed to see if the TPI method can extract any information on whether concentration gradients are getting established during the 
etting of the porous alumina samples by 1-octanol. Fig. 12 shows that the peak amplitude decreases as a function of time for both the unfired and 
ed 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 
d replaces the air in the pores with time (see Fig. A.19 for the absorption spectrum of 1-octanol), which causes more absorption of the terahertz 
10

gnal 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 
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g. 12. 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 
 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 
ndard deviation of each batch.

g. 13. 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 
fferent 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 
viation of each batch.

g. 14. Schematic of the wetting of a non-swelling alumina sample by 1-octanol. The front face of the sample is exposed to the bulk liquid, whereas the back face 
 the sample refers to the direction adjacent to the THz optics.

mples is lower compared to the fired samples at the same compaction force. This can be explained by comparing the relative difference between 
e refractive indices of the two media the terahertz pulse propagates through. The unfired samples have lower refractive index values, as shown 
 Fig. 2, resulting in a smaller relative difference between the refractive indices and hence a lower peak amplitude is observed for such samples 
mpared to that of the fired samples at the same compaction force.
Fig. 13 shows that the width of the peak from the front face of the unfired samples increases and then becomes constant. This was observed for 

l the compaction forces of 7, 23, 40 and 58 kN. In contrast, the peak width from the front face of fired samples is constant as a function of time. 
is might be due to the polymeric additives in the unfired samples, which are removed during the firing process.
The rate of the penetration of 1-octanol into the alumina samples was also quantified using the information obtained from the analysis of the 
gative reflection peak from the sample front face. For a non-swelling system (Fig. 14), e.g. the alumina sample, the liquid penetration rate was 
termined by first tracking the amplitude of the reflection peak from the sample front face to determine the change in the time delay, Δ𝑡, upon the 
ansport 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 
llowing equation:

𝐿 = 𝑐
Δ𝑡−Δ𝑡0
𝑛wet − 𝑛dry

(8)

The average liquid penetration profiles determined based on the analysis of the reflection peak from the sample front face are shown in Fig. 15. 
ese profiles show that the compaction force and, hence, the alumina sample’s porosity impact the penetration of 1-octanol into the alumina 
11

mples. The penetration rate of 1-octanol increases with a decrease in the compaction force. The same behaviour is observed for both heat 
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g. 15. 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 
rces 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 
viation 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 
netration data determined based on the peak from the sample front face is shown in (c) for the unfired and (d) for the fired samples.

eatment conditions, i.e. fired and fired samples when comparing the 1-octanol transport rates at the different compaction forces within each heat 
eatment condition. The liquid penetration profiles determined through the analysis of the negative reflection peak from the sample front face are 
 good agreement with the liquid penetration profiles that were determined by tracking the positive reflection peak from the liquid front (Fig. 7), as 
dicated by the low residual difference between the penetration rates determined by the two methods for each manufacturing condition (Fig. 15). 
nalysing the reflection peak from the sample front face sheds light on additional helpful information that can be extracted using the TPI method.

4. Liquid transport kinetics

A simple power law, defined in Equation (9) (Yassin et al., 2015a; Markl and Zeitler, 2017; Markl et al., 2018; Al-Sharabi et al., 2021), was fitted 
 the time-resolved data of the liquid penetration rates to extract the values of parameters 𝑘 and 𝑚.

𝑦(𝑡) = 𝑘𝑡𝑚 (9)

here 𝑘 is a fitting parameter that describes the transport rate of the liquid into the sample and the exponent 𝑚 describes the type of the mass 
ansport mechanism (Al-Sharabi et al., 2021). An 𝑚 value of 0.5 indicates that the transport process obeys Darcy flow, which is driven by a capillary 
essure gradient, whereas a value of 𝑚 between 0.5 and 1 suggests anomalous transport (Markl and Zeitler, 2017; Al-Sharabi et al., 2020).
It can be seen from Fig. 16 that the parameter 𝑘 acquired from fitting the water transport data with the power law increases with an increase in the 
rosity of the sample within each heating treatment condition, indicating that the water transports faster at higher porosity, i.e. lower compaction 
rce. This is consistent with the findings of the TPI water transport measurements on other ceramic powder compacts, such as functionalised 
lcium carbonate (FCC) (Markl et al., 2018) and di-calcium phosphate (DCP) (Skelbæk-Pedersen et al., 2020) where a linear relationship between 
e parameter 𝑘 and porosity was observed. In addition, the parameter 𝑘 for the alumina samples fired at a heating rate of 200 ◦C h−1 has the 
ghest values compared to the other heating rates of 100 and 150 ◦C h−1 at the same compaction force. However, Fig. 16 shows that the parameter 
obtained from fitting the 1-octanol transport data with the power law increases as the porosity increases within each heat treatment condition, 
. unfired and fired. The parameter 𝑘 measured for the 1-octanol transport has smaller values than the values of the water transport data at the 
me manufacturing conditions, indicating the slower transport of 1-octanol into the alumina sample. The 𝑘 values of the water penetration into the 
umina samples fired at 1200 ◦C with a heating rate of 200 ◦C h−1 are 9 - 10 times higher than the values of 1-octanol at the same compaction force, 
. same porosity. The dynamic viscosity of water is 9 times smaller than that of 1-octanol, which shows the correlation between the 𝑘 parameter 
d dynamic viscosity, i.e. a change in the dynamic viscosity causes a change in the 𝑘 parameter at a similar magnitude for the alumina samples 
at were prepared at the same compaction and firing conditions. The values of the parameter 𝑚 suggest that the transport of water and 1-octanol 
n be considered Darcy flow dominated by a gradient in the capillary pressure across the alumina compact.
The terahertz liquid transport results revealed the effect of the polarity of the solvent on the transport kinetics in the unfired samples containing 
lymeric additives and the fired samples without the additives at the different compaction forces. Such results show the potential of the TPI method 
 provide a better understanding of the interaction between the different solvents and the porous ceramic catalysts during the manufacturing 
ocesses and the heterogeneous catalysis. The terahertz transport measurements complement the information that can be captured with other 
chniques, such as PFG NMR and neutron diffraction (Mantle et al., 2010; D’Agostino et al., 2012; McGregor et al., 2015), to provide a further 
derstanding of the liquid transport characteristics of porous ceramic powder compacts. It is important to note that the terahertz transport 
12

easurements also complement the terahertz-time-domain spectroscopy measurements of the relaxation dynamics of molecular dipoles in solution, 
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g. 16. Characteristic parameters extracted from the liquid penetration profiles using the power law (Equation (9)). (a and b) The parameters 𝑘 and 𝑚 obtained 
m 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 
tes 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 
mples: 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 data of 
e water transport into the unfired samples and the samples fired at 1200 ◦C with a heating rate of 200 ◦C h−1 have been reproduced from Al-Sharabi et al. (2021).

 reported by McGregor et al. (2015). Gaining a better understanding of the transport of different solvents in a range of catalyst compacts will help 
ientists in the catalyst field design catalysts with the desired quality and properties.

 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 
to a range of alumina powder compacts. The samples fired at a heating rate of 200 ◦C h−1 has the fastest rate of water ingress in comparison 
ith the samples fired at the other heating rates of 100 and 150 ◦C h−1 at the same compaction force. A better understanding of the effect of the 
fferent sintering parameters involved in the sintering process on the liquid transport kinetics is crucial for optimising the synthesis of catalytic 
aterials, saving energy and hence reducing the operational costs of catalyst manufacturing as well as achieving the desired liquid transport kinetics. 
e TPI technique was also established for quantifying the transport kinetics of less polar solvents, 1-octanol, in this study and showed how the 
pe of solvent significantly impacts the liquid transport kinetics in the alumina powder compacts. The transparency of the less polar solvents to 
rahertz radiation shows that valuable information can be obtained using the TPI method, such as the change in the 𝑛eff of the ceramic powder 
mpact 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 
fferent solvents is vital to better understand the interaction of the different solvents during both the manufacturing and the liquid-phase reactions 
er heterogeneous solid catalysts. The TPI results demonstrated in this work shed light on developing ceramic catalysts and catalyst supports by 
oviding quantitative analysis of the impact of the heating rate and the type of solvent on the liquid transport kinetics in such materials.
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ppendix A. Supporting information

g. A.17. The deconvolved terahertz waveforms presented in stacked plots (waterfall plots) to show the water penetration into a set of alumina samples that were 
mpacted 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 
as 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 
ration (in seconds) of the full penetration of water into the sample is represented by the arrow on the right each plot.

g. A.18. The deconvolved terahertz waveforms presented in stacked plots to show the 1-octanol penetration into a set of alumina samples that were compacted 
 (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 
ith 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 
14

conds) of the full penetration of 1-octanol into the sample is represented by the arrow on the right each plot.
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Fig. A.19. The absorption coefficient of 1-octanol as a function of frequency.
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