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Abstract

Fast disintegrating tablets have commonly been used for fast oral drug deliv-

ery to patients with swallowing difficulties. The different characteristics of the

pore structure of such formulations influence the liquid transport through the

tablet and hence affect the disintegration time and the release of the drug in the

body. In this work, terahertz time-domain spectroscopy and terahertz pulsed

imaging were used as promising analytical techniques to quantitatively analyse

the impact of the structural properties on the liquid uptake and swelling rates

upon contact with the dissolution medium. Both the impact of porosity and for-

mulation were investigated for theophylline and paracetamol based tablets. The

drug substances were either formulated with functionalised calcium carbonate

(FCC) with porosities of 45% and 60% or with microcrystalline cellulose (MCC)
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with porosities of 10% and 25%. The terahertz results reveal that the rate of

liquid uptake is clearly influenced by the porosity of the tablets with a faster

liquid transport observed for tablets with higher porosity, indicating that the

samples exhibit structural similarity in respect to pore connectivity and pore

size distribution characteristics in respect to permeability. 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 with increasing porosity is observed in these tablets, which indicates

that such formulations are performance-limited by their ability to take up liq-

uid. Investigating the effect of the microstructure characteristics on the liquid

transport and swelling kinetics is of great importance for reaching the next level

of understanding of the drug delivery, and, depending on the surface nature of

the pore carrier function, in turn controlling the performance of the drug mainly

in respect to dissolution in the body.

Keywords: Porous media, pharmaceutical tablets, terahertz, microstructure,

liquid transport, swelling, disintegration

1. Introduction1

Pharmaceutical tablets are the most widely used dosage form for orally ad-2

ministering a drug to a patient (Han et al., 2018). These oral solid dosage3

forms can be formulated as immediate release tablets for fast release of their4

drug content (full disintegration within 10 to 60 min of ingestion depending on5

the regulatory requirements that apply) (Corveleyn & Remon, 1997; European6

Medicines Agency, 2008) or modified release tablets for a delayed or controlled7

liberation of the drug over a specified period of time (Gaikwad et al., 2018).8

A special case of an immediate-release delivery system is a fast disintegrating9

tablet (FDT), which is designed to rapidly disintegrate in a small amount of10

saliva (e.g. 1–2ml) (Fu et al., 2004). This method can achieve better patient11
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compliance and enhanced treatment for people with dysphagia (swallowing dif-12

ficulty), such as paediatric, geriatric, psychiatric, paralysed and bedridden pa-13

tients (Bandari et al., 2014; Nishiyama et al., 2016; Gulsun et al., 2018). FDTs,14

orally dispersible/disintegrating tablets as described by the European Pharma-15

copeia, should be designed to disintegrate in less than 3min before swallowing16

(Chandrasekhar et al., 2009).17

The fast disintegration process of FDTs is of great importance as it en-18

sures rapid exposure of the drug to the dissolution medium and hence increases19

the rate of dissolution, particularly for formulations with poorly soluble drugs,20

which in turn can enhance the bioavailability and efficacy of drugs (Dukić-Ott21

et al., 2007; Parkash et al., 2011). Tablet disintegration involves a number22

of mechanisms including liquid penetration/wicking (Markl & Zeitler, 2017),23

swelling (Yassin et al., 2015b) and strain recovery (Quodbach & Kleinebudde,24

2016). The rate of liquid transport through the porous tablet significantly influ-25

ences the disintegration of the tablet and hence the dissolution rate (Quodbach26

& Kleinebudde, 2014). In particular, liquid penetration into rapidly disinte-27

grating porous tablets is the first, and often the rate-determining, step of the28

disintegration process of such materials (Nogami et al., 1967). The liquid imbi-29

bition into the pore space of the tablet does not necessarily cause the breakage30

of the tablet, but activates other disintegration mechanisms, such as the swelling31

of the disintegrant particles (Desai et al., 2016). The key characteristics of the32

pore structure properties of a tablet, such as porosity, connectivity and pore33

shape, size and orientation, thus control the rate of liquid transport through34

the pore space of the tablet (Markl et al., 2018b). Tablet disintegration can35

thus be accelerated by optimising the pore space (e.g. increasing the porosity,36

pore connectivity and permeability) while maintaining high mechanical stabil-37

ity (Chauhan et al., 2018; Pabari & Ramtoola, 2012). This can be achieved38

through modifying the inter-particle pore space by adjusting the compaction39

procedure (e.g. compaction pressure) and through incorporating highly porous40

excipients, fillers in particular, in tablet formulations (Markl et al., 2017a). In41

order to better understand the interactions between formulation, the manufac-42
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turing settings and the disintegration performance, it is essential to quantify43

the disintegration mechanism in more detail.44

A significant number of studies have been conducted by researchers using a45

range of techniques including high-speed video imaging (Desai & Heng, 2012),46

gravimetric techniques (Nogami et al., 1966; Peppas & Colombo, 1989) and47

magnetic resonance imaging (MRI) (Tritt-Goc & Kowalczuk, 2002; Quodbach48

et al., 2014) to investigate the liquid transport into porous pharmaceutical pow-49

der compacts and the subsequent disintegration process of such materials upon50

contact with the dissolution medium. Terahertz pulsed imaging (TPI) coupled51

with a customised flow cell was previously used successfully to study the fast52

transport of liquid into porous media, such as powder compacts, and to inves-53

tigate the impact of the microstructure characteristics on the liquid transport54

kinetics (Markl & Zeitler, 2017). Initially, Obradovic et al. (2007) developed55

a method to study solvent penetration and swelling kinetics in different poly-56

meric materials. Yassin et al. (2015a,b) and Markl et al. (2017c, 2018c) have57

also used TPI to investigate the liquid ingress and swelling kinetics in a range58

of pharmaceutical powder compacts.59

This work aimed at developing a deeper understanding of the rapid liquid60

transport kinetics of FDTs for two different model drugs using terahertz meth-61

ods. The terahertz methods will be used for the first time to investigate the62

effect of the microstructure characteristics of the tablet on the liquid imbibition63

and swelling of complex formulations containing either theophylline or parac-64

etamol.65

2. Materials and Methods66

2.1. Materials67

The pharmaceutical tablets are composed of either functionalised calcium68

carbonate (FCC) (OmyapharmR©; Omya International AG, Oftringen, Switzer-69

land) or microcrystalline cellulose (MCC) (Avicel PH-101, FMC BioPolymer,70

Philadelphia, USA) as a filler (also as a binder in the case of MCC) and 10% of71
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either theophylline anhydrous (Sigma-Aldrich, Steinheim, Germany) or parac-72

etamol (Hangzhou Dayangchem CO. Ltd, Hangzhou, China) as an API. The73

solubility of theophylline and paracetamol in water at 25 ◦C is 7360mg l−1 and74

14 000mg l−1, respectively (Yalkowsky et al., 2010). All the formulations con-75

tain 2% of croscarmellose sodium (CCS) (Vivasol, JRS Pharma, Rosenberg,76

Germany) as a swelling disintegrant, which facilitates the disintegration process77

of the tablet upon contact with the dissolution medium. The FCC based tablets78

have nominal porosities of 45% and 60% and the MCC based tablets have nom-79

inal porosities of 10% and 25% (Table 1). The higher porosity of the FCC80

based formulation is due to the higher intrinsic porosity of the FCC particles as81

outlined previously (Markl et al., 2018c).82

MCC is one of the most common filler/binder excipients in use, it can be83

used in the preparation of FDTs due to its ability to absorb water into the inter-84

particle voids as well as due to the diffusion of water into the inter-polymer space85

of cellulose (Thoorens et al., 2014; Ridgway et al., 2017). However, the maxi-86

mum porosity that can be achieved for a tablet with sufficient tensile strength is87

limited for MCC tablets (Markl et al., 2017b). This porosity limitation can have88

an impact on the rate of liquid uptake and hence the disintegration of the MCC89

based FDTs. Beside MCC, FCC is another promising excipient for formulating90

highly porous FDTs (Markl et al., 2018c). Ridgway et al. (2004) developed FCC91

with high porosities (up to 60%) and large surface areas to improve the liquid92

uptake capacity and increase the liquid absorption rate (10 times higher than93

the conventional calcium carbonate). FCC can still be considered as a relatively94

new pharmaceutical excipient, it has shown great potential for the production of95

the FDTs due to its high mechanical strength, suitability for direct compaction,96

intra-particle porosity and short tablet disintegration time (Stirnimann et al.,97

2013).98

2.2. Tablet Compaction99

A compaction simulator (PuuMan PCS-1; PuuMan Ltd, Kuopio, Finland)

was used to compact the powder of each formulation into flat-faced round tablets
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with a diameter of 10mm and a thickness of 1.6mm. The different targeted

porosities of the tablets were achieved by changing the weight of the formulation

powder and maintaining fixed tablet diameter and thickness. The true density of

the formulation, ρtrue, was calculated using literature values of the true densities

of the constituents and their ratios in each formulation (Mesnier et al., 2013;

Bawuah et al., 2016; Markl et al., 2017b). The mass, m, diameter, D, and

thickness, H, of the compacted tablet were measured to calculate the tablet

apparent density, ρapparent. The nominal porosity, fnominal, was then calculated

using the relative density of the tablet, ρrelative, which is the ratio of ρapparent

to ρtrue of the tablet as defined in Equation 1 (Markl et al., 2017b).

fnominal(%) = (1− ρrelative)× 100 =

!
1− ρapparent

ρtrue

"
× 100

=

!
1− 4m

D2Hρtrueπ

"
× 100 (1)

Table 1: The different formulations of the tablets used for the terahertz measurements.

Formulation API fnominal (%) Batch code

45 FT45
Theophylline

60 FT60

45 FP45
FCC

Paracetamol
60 FP60

10 MT10
Theophylline

25 MT25

10 MP10
MCC

Paracetamol
25 MP25

2.3. Terahertz Time-Domain Spectroscopy and Imaging100

A commercial terahertz system (TeraPulse 4000, Teraview Ltd., Cambridge,101

UK) was used to conduct all the terahertz measurements in either transmission102

or reflection mode. Terahertz time-domain spectroscopy (THz-TDS) measure-103

ments in transmission mode refer to the terahertz-based porosity measurements104
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while TPI measurements in reflection mode refer to the liquid transport and105

swelling measurements.106

2.3.1. Terahertz-based Porosity Measurements107

As outlined above in section 2.3, the terahertz waveforms of the sample and108

the reference, i.e. no sample is present in the transmission measurement cham-109

ber, were acquired in the time-domain (TD) using the terahertz spectrometer in110

transmission mode (Figure 1). The THz-TDS measurements were conducted for111

20 tablets of each batch. 20 waveforms were co-averaged for each single measure-112

ment of the sample and the reference to improve the signal-to-noise ratio. The113

duration of each measurement was 40 s. The transmission system was purged114

with dry nitrogen gas throughout the measurements to minimise the impact of115

the water vapour on the transmission measurements (Bawuah et al., 2018). Any116

sample such as the porous medium of the tablet causes a delay of the terahertz117

pulse in the time-domain, ∆t, (see Figure 1). The delay is defined from the118

temporal difference between a reference of the pulse propagating through the119

empty spectrometer, and the sample pulse. Based on ∆t the effective refractive120

index, neff, is determined (Chakraborty et al., 2017).121

Δt

THz pulse 

THz 
reference 

pulse 
THz 

sample 
pulse 

THz detector THz emitter 

Porous medium

Time delay

Figure 1: The terahertz transmission measurement configuration for studying the tablet pore

structure.

The time-domain waveforms of the sample and reference pulses can be con-122

verted to the frequency-domain (FD) by applying a fast Fourier transform (FFT)123

to calculate the frequency-dependent effective refractive index, neff(ν) (Markl124
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et al., 2017b). Effective medium approximation (EMA) models, such as the125

Bruggeman model, can then be used to predict the porosity of the tablet us-126

ing the measured values of neff(ν) (Bawuah et al., 2014b). It has been shown127

that the anistropic Bruggeman model (AB-EMA) is suitable for predicting the128

porosity of porous media with non-spherical pore shapes due to the utilisation129

of a depolarisation factor, L (Markl et al., 2017b). Note that an L value of 1/3130

yields the traditional Bruggeman model (TB-EMA), which assumes spherical131

shapes of pores (Bawuah et al., 2014a). A structural parameter, the so-called132

Sa parameter, can also be obtained from the THz-TDS measurements. This pa-133

rameter reflects the anisotropy in the microstructure of pharmaceutical tablets134

in terms of the arrangement of the pores relative to the direction of the propaga-135

tion of the terahertz radiation (Markl et al., 2018a). In this study, the terahertz136

pulse always propagated through the tablet in axial direction (same direction137

as the compaction direction).138

2.3.2. Terahertz Pulsed Imaging139

The TPI measurements were performed to investigate the one-dimensional140

(1D) liquid transport and swelling kinetics in fast disintegrating tablets to bet-141

ter understand their disintegration process upon exposure to the dissolution142

medium. A customised flow cell with the commercial THz-TDS system was143

used to acquire the liquid transport measurements in reflection configuration.144

The flow cell was first designed and utilised by Yassin et al. (2015a) to study145

the water imbibition and swelling of various MCC based tablets to evaluate the146

disintegration performance of such tablets. Markl et al. (2018c) modified the147

flow cell to improve the data acquisition and the accuracy of the measurements148

of the rapid water absorption into highly porous FCC tablet compacts. For all149

measurements 6 tablets of each batch, except for the batches of FP45 (4 tablets),150

FT60 (5 tablets) and MT10 (5 tablets), were used for the TPI measurements.151

Measurement principle. The TPI method exploits the difference between the152

refractive indices of the dry material and liquid, which results in a reflection153

of the terahertz pulse from the interface between the two media. By tracking154
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this reflection as a function of time it is possible to quantify the wicking process155

within the porous tablet (Yassin et al., 2015b). Differences in the refractive156

index can be due to i) a density difference within the same medium, or ii) a157

change in the type of the medium through which the pulse of terahertz radiation158

propagates (Zeitler, 2016). Therefore, it is possible to study the liquid transport159

into pharmaceutical tablets due to the difference in the refractive indices of the160

dry tablet and material wetted with the dissolution medium. The tracking of161

the peaks from the water penetration front and swelling was performed using162

customised MATLAB (MathWorks, Massachusetts, USA) code. The rate of163

liquid penetration through the tablet was determined by tracking the movement164

of the reflection peak of the water front. The rate of swelling was captured by165

tracking the shift in the positive peak of the reflection from the tablet back face166

relative to its original position. This shift is due to an increase in the tablet167

thickness upon swelling. The reflections from the different interfaces at the front168

and back faces of the tablet as well as the swelling and liquid penetration front169

are illustrated in Figure 2.170
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Figure 2: The measurement principle of TPI in a reflection setup. The waterfall plot shows the

terahertz electric field of the deconvolved terahertz waveforms as a function of the time delay

for a tablet from batch FT45. Every third waveform was plotted with an offset of 0.02 a.u.

between each waveform. The first waveform from the bottom of the waterfall plot corresponds

to the first TPI measurement whereas the last measurement at the top is the last measurement

upon the full hydration of the tablet. 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 the waterfall plot. n0, ns and nl are the refractive indices of air, sample and

liquid, respectively. θ1 and θ2 are the angles of incidence and refraction, respectively.

Sample preparation and flow cell setup. Each tablet was placed in a cylindrical171

polyether ether ketone (PEEK) sample holder, which was then placed in the172

flow cell (Figure 3). A round piece of Blu TackR© was then placed on the top173

of the sample with two O-rings placed on the Blu TackR© to keep the sample174

stationary and provide the required sealing during the measurement. Another175

piece of Blu TackR© was used to seal between the sample holder and the flow176

cell. A window made of polyethylene (PE) was used to close and seal the177

flow cell as PE is transparent to terahertz radiation and therefore the signal178

loss is minimised. The flow cell was placed on a mounting stage to accurately179

position the flow with respect to the terahertz reflection probe. The flow cell180

was connected to a peristaltic pump (530SN, Watson-Marlow Ltd, Falmouth,181

UK), which has a low-pulse pump head for a smooth water flow to the cell with182

minimised pressure fluctuations (Markl et al., 2018c). The flow cell is equipped183
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with mini ball valves to adjust the flow into and out of the flow cell.184

THz Reflection 
probe (emitter 
and detector) 

Flow cell

Peristaltic 
pump

Inlet valve A
Outlet valve B

Outlet valve C

Inlet 
container

Outlet 
container 1

Mounting stage

Mounting 
stage

THz beam Outlet 
container 2

Figure 3: The flow cell setup used for monitoring the liquid ingress through the tablet using

TPI.

Experimental procedure and data acquisition. The terahertz signals were ac-185

quired at a waveform rate of 15Hz using a reflection probe with a focal length186

of 18mm. First, baseline waveforms, i.e. measurement of air, and a reference187

measurement of a mirror were acquired. 500 waveforms were co-averaged for de-188

termining the baseline and reference measurements. This was carried out prior189

to every measurement of a tablet.190

The experiment started by opening valves A and B and closing valve C to fill191

the cell with water. Water was pumped to the flow cell at rate of 10 revolutions192

per minute (rpm), i.e. 13mlmin−1. Then, valve B was closed and valve C was193

opened to remove air bubbles trapped in the cell and start the hydration of the194

tablet. The sample measurements were acquired just before opening valve C.195

The pump was turned off and the sample measurements were stopped once the196

tablet has fully disintegrated, which is indicated by the disappearance of the197

positive peak corresponding to the reflection of the terahertz signal at the back198

face of the tablet.199

Data processing. The raw terahertz waveforms acquired from the TPI measure-200

ments of each tablet were first deconvolved using MATLAB. This processing201

included removal of noise, and contrast enhancement to facilitate the analysis202
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of the raw TPI data. Deconvolving the measured reflection waveforms is an203

essential step in the processing of the raw TPI data for highlighting the reflec-204

tion peaks from the different interfaces, particularly the water front peak. The205

deconvolution is a simple division of the raw sample signal, FFT[s(n)], by the206

reference signal, FFT[r(n)], in the FD and using a double Gaussian band-pass207

filter, FFT[fDG], to reduce the amplification of noise as given in Equations 2208

(Zeitler & Shen, 2012) and 3 (Markl et al., 2018c). The FFT[·] operator in-209

dicates a fast Fourier transform. The deconvolved signal in the FD was then210

converted into the TD using an inverse Fourier transform.211

Deconvolved signal = FFT−1

#
FFT[s(n)]

FFT[r(n)]
× FFT(fDG)

$
(2)

fDG(t) =
1

HF
exp

!
− t2

HF2

"
− 1

LF
exp

!
− t2

LF2

"
(3)

where t is the optical time delay, and HF and LF are the high and low212

frequency bounds of the double Gaussian band-pass filter, respectively, which213

define the pulse width214

2.4. X-ray Microcomputed Tomography215

X-ray microcomputed tomography (XµCT) measurements were conducted216

using a Skyscan 1172 scanner (Bruker, Antwerp, Belgium) to investigate the217

presence of cracks and/or agglomerates in the tablet. A tablet was fixed on218

the sample holder using a double-sided sticky tape and then placed in the219

XµCT instrument. Shadow projection images were collected with a resolu-220

tion of 3.98 µm at an angular step, i.e. rotation increment, of 0.25◦ over 180◦221

using an aluminium filter (Al 0.5mm). 10 frames were averaged per position222

with an exposure time of 4.5 s. The projected images were then reconstructed223

using NRecon software (Bruker, Version: 1.7.4.2) to obtain cross-sections of the224

sample. DataViewer software (Bruker, Version: 1.5.3.4) was then utilised to225

visualise the cross-sectional images of the sample.226

12



2.5. Mercury Porosimetry227

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 414MPa, equivalent to a Laplace throat diameter of

4 nm. The equilibration time at each of the increasing applied pressures of mer-

cury is 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:

Vint =Vobs − δVblank +

%
0.175(V 1

bulk) log10

!
1 +

P

1820

"&

− V 1
bulk(1− Φ1)

'
1− exp

%
(P 1 − P )

Mss

&( (4)

where Vint is the volume of intrusion into the sample, Vobs the intruded mercury228

volume reading, δVblank the change in the blank run volume reading, V 1
bulk the229

sample bulk volume at atmospheric pressure, P the applied pressure, Φ1 the230

porosity at atmospheric pressure, P 1 the atmospheric pressure and Mss the231

bulk modulus of the solid sample (Gane et al., 1996).232

3. Results and Discussion233

The pore structure properties, such as porosity as well as Sa parameter, will234

be presented first. Then, the liquid penetration and swelling profiles will be235

discussed to understand the impact of porosity as well as drug solubility on the236

liquid transport kinetics. Finally, a link between the structural properties and237

the parameters of the liquid transport kinetics will be demonstrated.238
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3.1. Analysis of Pore Structure239

The frequency dependent neff values obtained from the THz-TDS measure-240

ments were used for the calculation of the THz-TDS porosity of the tablets241

using the AB-EMA model as well as the calculation of the Sa parameter. For242

subsequent analysis the neff was selected at a frequency of 1.2THz (Figure 1)243

for all formulations. This frequency was chosen given that no significant disper-244

sion in neff was observed, i.e. neff is constant for each set of tablets, and there245

are no characteristic absorption peaks visible. The predicted terahertz porosity246

using AB-EMA was plotted against the nominal porosity for the different for-247

mulations to compare the suitability of the AB-EMA model in predicting the248

porosity (Figure 4). The depolarisation factor L in the AB-EMA model was de-249

termined to be 0.239 for FCC-theophylline tablets, 0.235 for FCC-paracetamol250

tablets, 0.364 for MCC-theophylline tablets and 0.405 for MCC-paracetamol251

tablets. AB-EMA performs well and yields an accurate and reliable prediction252

of porosity due to the accurate selection of the depolarisation factor, particu-253

larly for the FCC based tablets where the pores in such tablets are predicted254

have a non-spherical shape with a perpendicular alignment to the direction of255

compaction (Markl et al., 2017b). The porosity predicted by AB-EMA will be256

used as the terahertz porosity for the investigation of the effect of porosity on257

the liquid transport kinetics.258

Figure 4: 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.

The values of the Sa parameter (Figure 5) suggest that the pores as well as259

14



the lumped solid constituents are randomly aligned in the majority of cases. A260

larger variation in the Sa parameter is observed within each batch of the MCC261

based tablets in comparison to the FCC based tablets. This variation in the Sa262

parameter might indicate that tablets of the same formulation and porosity can263

exhibit different arrangements and shapes of pores, and can be attributed to264

inhomogeneity in the formulation during the mixing process. Further research265

is required to fully explore the complex interplay between the mixing process,266

the particle properties, the resulting porosity of the powder compact as well as267

the physical interpretation of the Sa parameter.268

Figure 5: The Sa parameter as a function of the nominal porosity, fnominal, for the formula-

tions containing (a) theophylline and (b) paracetamol.

3.2. In-situ Monitoring of Liquid Imbibition and Swelling269

The terahertz electric field of the deconvolved terahertz waveforms for the270

total liquid ingress process of each tablet is displayed as a function of the time271

delay, i.e. waterfall plot, to visualise the movement of the water penetration272

front as well as the extent of swelling in the tablet. The waterfall plots of a273

tablet from each batch are shown in Figures 6 and 7 for the theophylline and274

paracetamol containing tablets, respectively. The waterfall plots indicate that275

the total duration for the full hydration and disintegration is less for the higher276

porosity tablets of the same formulation.277
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Figure 6: 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.
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Figure 7: The 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 amplitude of each reflection peak is directly proportional to the re-

flection coefficient, r12, according to the Verdet convention, which is expressed

as (Markl et al., 2018c)

r12 =
n2 − n1

n1 + n2
(5)

In Equation 5 we assume that the terahertz pulse propagates from medium 1278

to medium 2 with different refractive indices of n1 and n2, respectively. We can279

use this relationship to qualitatively analyse the reflections from the various280

interfaces occurring in the terahertz waveforms. In terms of the first peak, the281

terahertz pulse propagates from a medium with a lower refractive index (i.e. air282

with n1 = 1) to a medium with a higher refractive index (n2 = neff > 1 of the283

dry tablet), which results in a positive reflection peak according to Equation 5.284

Initially, the peak of the reflection from the tablet front face is negative as the285
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terahertz beam travels from the dry tablet (n1 = neff > 1) to air (n2 = 1).286

The wetting of the tablet causes a change of the refractive index resulting in287

a positive peak of the water front due to the higher refractive index of water288

(n2 = nwet with neff < nwet < nwater ≈ 2.1 at 1.2 THz) (Pickwell & Wallace,289

2006) compared to that of the dry tablets used in this study. In general, the290

absolute difference between the refractive indices of the dry and wetted tablet291

is directly proportional to the magnitude of the reflection peak from the water292

front. Two cases could cause a reduction in the magnitude of the reflection293

peak from the water front: i) a small absolute difference between the refractive294

indices of the dry tablet and the dissolution medium, and ii) the formation of a295

water gradient in the tablet during liquid transport through the porous medium.296

The waterfall plots show that the magnitude of the amplitude of the water297

penetration front increases with an increase in the porosity, f , due to an increase298

in the relative difference in the refractive indices of the wetted and dry tablet, i.e.299

|nwet − neff| ∝ f . The batches of the different formulations, excluding the MCC300

based tablets with 10% porosity, have a clear and identifiable water penetration301

front.302

According to Equation 5, the MCC based tablets should have a higher reflec-303

tion amplitude due to the higher relative difference between the neff of the MCC304

based tablets and water when compared to the FCC based tablets. However,305

this is not the case and the small amplitude of the liquid front reflection in the306

MCC based tablets with 10% porosity cannot be attributed to the similarity in307

the refractive indices of the liquid (nwater ≈ 2.1 at 1.2THz) and sample (MCC308

based formulation, neff ≈ 1.76) as it was possible to resolve it for a smaller309

relative difference of refractive indices for the FCC tablets with 45% porosity310

(neff ≈ 2). A previous study (Markl et al., 2017b) concluded that the intra-311

particle pore structure of FCC does not change during compaction for the very312

fine pores below 0.014 µm. These tablets therefore have a very large consistent313

intra-particle pore space, which is not affected by the compaction. This pore314

space might be the predominant driver in the liquid imbibition process rather315

than the inter-particle pore space (Ridgway et al., 2004). If this is the case,316
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then a bulk water gradient in FCC based tablets should not be observed. On317

the contrary, the liquid imbibition process in MCC based formulations is driven318

by the inter-particle pore space. The inter-particle pore space is not uniform319

within a tablet as there is a density gradient across the tablet (Markl & Zeitler,320

2017; Djemai & Sinka, 2006). We therefore speculate that the weak reflection321

amplitude of the water front can be attributed to the existence of microchannels322

which promote capillary action that results in the wetting of the dry material323

before the bulk of the liquid has reached it. As a result a water gradient forms324

ahead of the imbibition front in the sample and hence the water front is not a325

clear interface leading to a very weak contrast. In summary, the formation of326

a water gradient decreases the amplitude of the reflected terahertz pulse in the327

MCC based tablets with 10% porosity.328

3.3. Quantification of Liquid Penetration and Swelling Rates329

Figure 8 illustrates the average of the liquid penetration rate for each for-330

mulation. The sudden jumps in the liquid penetration profiles of some of the331

batches are attributed to difficulties in reliably tracking the water front peak332

during subsequent signal processing. These jumps cause variation in the aver-333

age liquid penetration profiles of tablets of the same batch, which is represented334

by the relatively large standard deviation of the liquid penetration profile (e.g.335

FP45). The porosity of the tablet has a strong impact on the liquid penetra-336

tion rate. Here we observe that the rate of liquid penetration is higher for the337

tablets of higher porosities as the larger pore space accelerates the water ingress338

and the swelling of the MCC particles is not sufficiently fast to constrict the339

pore mass transport. The API has a significant effect on the liquid penetration340

kinetics for the MCC based tablets of 10% porosity. A slower rate of liquid pen-341

etration is observed for the MCC tablets that contain theophylline, which may342

be explained by the poor solubility of theophylline compared to paracetamol.343

It is interesting to observe that this effect only becomes evident on the liquid344

transport in the tablets with low porosity.345
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Figure 8: 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.

A large variation in the liquid penetration profiles is observed for the FP45346

tablets as indicated by the large standard deviation compared to that of the347

other batches. The TPI measurements revealed an additional reflection peak348

that originates from the core of the tablet matrix in a number of tablets from349

this particular batch. Therefore, XµCT measurements were conducted on two350

tablets with and without a defect, i.e. internal cracks and/or agglomerates,351

to further investigate their microstructure and to determine the source of the352

additional reflection peak. The XµCT images (Figure 9) reveal that some of353

the FP45 tablets contain internal cracks that propagate along agglomerates of354
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paracetamol particles. However, the formulations containing theophylline with355

the same filler and porosity (FCC 45%) appear homogenous and do not contain356

internal cracks or agglomerates. We can therefore attribute the additional peaks357

in the terahertz waveform to the air gaps due to the crack. The tableting358

behaviour that was observed in our experiments matches previous reports of359

the crack formation in paracetamol based formulations compared to theophylline360

formulations (Paul & Sun, 2017; Chang & Sun, 2017).361

a) b) Agglomerate of API particles

Internal crack

Figure 9: The reconstructed XµCT images of cross sections of (a) FT45 and (b) FP45. The

image in (a) shows a homogenous distribution of API particles, represented by the dark

regions, in FT45.

Mercury porosimetry measurements were performed on the MCC and FCC362

based tablets to further investigate their pore structure. Figure 10 shows the363

pore size distribution curves based on the data acquired from the mercury364

porosimetry measurements for the FCC and MCC containing tablets. The peaks365

of the interparticle pore volume are located at 0.05 and 0.06 µm for FT45 and366

FP45, respectively. For the sets of FT60 and FP60 the peaks of the inter-367

particle pore volume are located at 0.16 and 0.18 µm, respectively. The peaks368

of the intraparticle pore volume of the FCC based tablets are very similar for369

the tablets containing either theophylline or paracetamol with the same poros-370

ity. These intraparticle pore volume peaks of the FCC containing tablets lie371

at 0.02 and 0.03 µm for the 45% and 60% porosity, respectively. The very fine372

pores are similar for the two samples of FCC with the 45% and 60% poros-373

ity below 0.014 µm and remain constant under compression, as previously seen374

(Markl et al., 2017b). However, the pore size region above this diameter displays375

changes on compaction due to a combination of the effect of particles becoming376

21



packed tighter together, thus reducing interparticle pore size, and deformation377

of the surface of FCC at particle-particle contact under pressure, such that these378

finer contact pores contribute to the intrusion volume across a similar pore size379

range to that of the larger intraparticle pores.380

Figure 10: The pore size distributions of both the FCC and MCC based tablets.

The peaks of the interparticle pore volume for the MCC based tablets with381

25% porosity are at 2.27 µm for both APIs. For the MCC based tablets with382

10% porosity the interparticle pore volume peaks are observed at 0.84 µm for383

both APIs. The paracetamol containing tablet exhibits the peak towards the384

finer pore diameters when compared with that of the theophylline containing385

tablet. The intraparticle pore volume of MP25 is larger than that of MT25386

with both peaks located at 0.84 µm. The paracetamol tablet has thus more fine387

pores in comparison to the theophylline tablet. There is not a clearly identifiable388

intraparticle pore volume peak for the MCC based tablets with 10% porosity.389

The optical microscope images of the FCC based tablets post mercury porosime-390

try measurements (Figure 11) show the presence of an agglomerate of parac-391

etamol particles in the tablet. The inhomogeneity and internal cracks of the392

FCC based tablets with paracetamol as API can be attributed to the poor flow393

and compaction properties of paracetamol (Kaerger et al., 2004). The internal394

cracks were observed for the FCC + paracetamol tablets, and that is why these395
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were investigated microscopically. The optical microscope images of the FCC396

tablets post mercury porosimetry measurements (Figure 11) confirm the pres-397

ence of agglomerates of paracetamol particles in the tablet. This observation398

for FCC + paracetamol does not preclude agglomerates of paracetamol when399

formulated with MCC excipient (Paul & Sun, 2017), but the example here of400

using microscopy after porosimetry is used to illustrate more clearly the grain401

boundaries between excipient and API, which in the case of cracking, as for the402

FCC tablet formulation, can lead to macroscale crack-releated inhomogeneities.403

The presence of such internal defects, agglomerates and/or cracks, influences404

the liquid penetration and swelling kinetics, which might be the cause of large405

variations in the liquid penetration profiles of the FP45 tablets as observed in406

Figure 8.407

a) b)

Agglomerate of 
API particles 

Mercury droplets

FCC material

Figure 11: Optical microscope images of FCC based tablets after mercury porosimetry mea-

surements: (a) showing a large agglomerate of API, and (b) the general distribution of smaller

agglomerates of API.

Figure 12 shows the average swelling profile for each formulation. Since FCC408

does not swell (Markl et al., 2018c), the swelling in the FCC based tablets is409

only due to the presence of the disintegrant, i.e. CCS. A small quantity of410

CCS (2% by weight in this study) is used in the tablet formulation to promote411

the rapid breakage of the tablet matrix into smaller particles (Yassin et al.,412

2015a; Ekmekciyan et al., 2018). All FCC based tablets therefore follow similar413

swelling kinetics as the concentration of the disintegrant was kept constant.414

Minor variations in the swelling profiles are due to differences in porosity. The415
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extent of swelling of the MCC based tablets is larger than that of the FCC416

based tablets as the MCC also swells, albeit at different rate compared to CCS,417

and therefore contributes to the overall swelling of these tablets (Yassin et al.,418

2015a). The API does not seem to have a significant impact on the extent of419

swelling upon hydration, which can be attributed to the low concentration of420

the API in the formulation (10%). However, there is a variation in the swelling421

profiles of the FT45 and FP45 tablets. The porosity of a tablet has a significant422

effect on the swelling behaviour where tablets with a lower porosity tend to423

swell to a larger extent due to the slow hydration process in such tablets. The424

smaller rate of water uptake of the tablet with the lower porosity, compared to425

that of the tablet with a higher porosity, results in a smaller rate of swelling.426

Therefore, the tablet swells to a greater extent before the disintegration process427

occurs.428

24



Figure 12: 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.

3.4. Linking Porosity to Transport Kinetics429

A power law model, which has been previously implemented for the investi-430

gation of drug release kinetics (Ritger & Peppas, 1987; Siepmann & Siepmann,431

2013), can be used to compare liquid transport kinetics of different tablets. This432

simple mathematical model is a correlation of the front movement of a liquid433

and its transport kinetics in a porous medium, which can be defined as follows434

(Yassin et al., 2015a):435

y(t) = ktm (6)

where y is the displacement of liquid penetration front or liquid penetration436
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depth as a function of time t, k is a fitting parameter related to the tablet’s437

geometry and structure and the exponent m characterises the mechanism of438

mass transport process (Markl & Zeitler, 2017). The value of m of the liquid439

penetration, mLP, can be used to differentiate between different types of mass440

transport: pure Darcy flow (m = 0.5), case II transport (m = 1) or anomalous441

transport (an intermediate value of m between 0.5 and 1) (Yassin et al., 2015a).442

Fitting the power law to the experimental data of all the tablets yields an m443

value ranging between 0.5 and 1 (Figure 13) indicating an anomalous transport444

in all the tablets, which is a combination of Darcy flow, driven by a capillary445

pressure gradient, and case II transport, driven by an activity gradient (Markl446

& Zeitler, 2017). The activity gradient is the impact of swelling on the liquid447

transport into the tablet matrix due to hindered transport as a result of some448

effects including hydrogel formation, increased tortuosity, decreased porosity or449

enhanced swelling behaviour (Yassin et al., 2015a).450
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Figure 13: (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, is451

linearly related to the tablet porosity (Figure 13), where the difference of the452

kLP between the low and high porosity samples is more significant for the MCC453

based tablets. The kLP parameter was also investigated as a function of the454

pore diameter at the interparticle pore volume peaks. Figure 14 shows that the455

kLP parameter increases with an increase in the pore diameter within each set456

of tablets with the same filler (i.e. FCC or MCC).457
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Figure 14: 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 swelling458

in order to determine the rate of swelling, kSW. The swelling rate directly cor-459

relates with the porosity for the MCC based tablets (Figure 15). This data also460

indicates that the kSW is almost constant for the FCC based tablets despite the461

difference in API and porosity. These results are in line with the fact that the462

only material with swelling capacity is the CCS in the FCC based formulations.463

The swelling is thus fully controlled by the amount of CCS, whereas the liquid464

uptake is driven by the FCC material and the interparticle pores created during465

compaction. The MCC based formulations are more complex as both CCS and466

MCC swell. The increase in the rate of swelling with increasing porosity indi-467

cates that the MCC based formulations are performance-limited by its ability468

to take up liquid.469
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Figure 15: The kSW parameter of swelling as a function of the THz porosity.

4. Conclusions470

The terahertz techniques have been used to study the effect of the mi-471

crostructure characteristics on the liquid transport and swelling kinetics in472

complex pharmaceutical powder compacts. THz-TDS in a transmission setting473

provided fast, non-destructive and contactless measurements of the structural474

properties of porous media, i.e. the porosity, pore shape and the alignment475

of pores within compacted tablets. TPI was able to capture fast liquid trans-476

port process and provided a quantitative analysis of the liquid penetration and477

swelling kinetics. This proves useful in monitoring the rapid liquid imbibition478

and swelling behaviour of FDTs. Combining the porosity measurements with479

the liquid transport and swelling data revealed that the disintegration perfor-480

mance of MCC-based tablets is liquid uptake limited, whereas the FCC based481

tablets are limited by its ability to swell. The swelling ability can be decoupled482

from the liquid uptake rate for the FCC based tablets enabling the control of483

each of the mechanisms independently.484

This work can help formulation scientists in the pharmaceutical industry en-485

hance the design of reproducible formulations and dosage forms. It is important486
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to consider the effects of the liquid transport in the design of pharmaceutical487

dosage forms. This helps in a better selection of the materials incorporated in488

the dosage forms to achieve the desired disintegration process and hence opti-489

mise the performance of the drug in the body. For instance, the disintegration490

can be controlled through disintegrant concentration regardless of compaction491

when using a non-swelling porous filler. On the other hand, using the more492

widely established MCC, the liquid transport, and hence disintegration, be-493

come limited at high compaction pressure, i.e. low porosity, as swelling MCC494

particles will restrict further supply of dissolution medium into the tablet due495

to the potential blockage of the small pore space with the swelling of the MCC496

particles.497
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Appendix A. Supporting Information686

Figure A.16: The mSW parameter of swelling as a function of the THz porosity.
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Appendix A.1. Kinetics Parameters of Individual Tablets as a Function of THz687

Porosity688

Figure A.17: The mLP parameter of liquid penetration as a function of the THz porosity for

the FCC based tablets (a and b) and the MCC based tablets (c and d).
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Figure A.18: The mSW parameter of swelling as a function of the THz porosity for the FCC

based tablets (a and b) and the MCC based tablets (c and d).
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Figure A.19: The kLP parameter of liquid penetration as a function of the THz-TDS porosity

for the FCC based tablets (a and b) and the MCC based tablets (c and d).
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Figure A.20: The kSW parameter of swelling as a function of the THz porosity for the FCC

based tablets (a and b) and the MCC based tablets (c and d).
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Appendix A.2. Kinetics Parameters as a Function of Sa Parameter689

Figure A.21: The mLP parameter of liquid penetration as a function of Sa parameter.

Figure A.22: The mSW parameter of swelling as a function of Sa parameter.
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Figure A.23: The kLP parameter of liquid penetration as a function of Sa parameter.

Figure A.24: The kSW parameter of swelling as a function of Sa parameter.

Appendix A.3. Kinetics Parameters as a Function of Pore Diameter690

The kinetics parameters were plotted against the pore size at the interparticle691

pore volume peaks for the FCC and MCC based tablets.692
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Figure A.25: The mLP parameter of liquid penetration as a function of the pore diameter.

Figure A.26: The mSW parameter of swelling as a function of the pore diameter.
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Figure A.27: The kSW parameter of swelling as a function of the pore diameter.
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