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Abstract: In this work, a novel methodology to determine moisture transport coefficients for MMC
PH101 tablets is presented. Absolute permeability, moisture diffusion, moisture transfer, and water
vapor permeability coefficients were estimated on compressed powder tablets produced with different
compression pressures (20 MPa to 200 MPa with an interval of 20 MPa). The ASTM D6539 standard
test was used to measure the absolute permeability. The moisture transfer coefficient was determined
from measured absolute permeability. The moisture diffusion coefficient was obtained with the tablet
average pore radius, which was determined with the water droplet penetration method. Descriptive
and phenomenological models derived from the measurements were confronted with existing and
adopted models, and a good agreement was found. The obtained models are of the function of the
microstructural properties of the tablet (average pore radius and average porosity). The tablet average
porosity was found to be the principal parameter that governs the behavior of the moisture transport
coefficients. The findings of this study might be applicable to obtain a series of input parameters for
modelling software, such as COMSOL Multiphysics®, to infer delamination, sticking, and failure
propensity from the effect of moisture.

Keywords: pharmaceutical tablets; moisture; water vapor; water vapor permeability (WVP); moisture
diffusion coefficient (MDC); moisture transfer coefficient (MTC); contact angle; microcrystalline
cellulose PH101; Carman–Kozeny

1. Introduction

Pharmaceutical tablets are produced by the direct compression of powder during the
tableting process. The compressed powder is often a blend of pharmaceutical powders
(excipients and active ingredients) with different chemical natures [1]. Some of the powders
in the blend are highly hygroscopic [2–5], which means that they are more likely to adsorb
moisture from the ambient environment. Newman et al. [6] outlined a hygroscopicity
classification scheme based on the rate and amount of water uptake from the atmosphere
with changes in the air humidity. A non-hygroscopic powder shows almost no change in
moisture content with exposure to air below 90% relative humidity, while the moisture
content of a very hygroscopic powder would increase even in air with a relative humidity
as low as 40–50%. The water content of microcrystalline cellulose (MCC), hydroxypropyl
methylcellulose (HPMC), carboxymethyl cellulose (CMC), polyvinylpyrrolidone (PVP),
corn starch, and potato starch, for instance, was found to increase at different rates with the
increase of ambient relative humidity [7]. Newman et al. [6] indicated a possible range in
relative humidity from 25 to 75% at a temperature of 25 ◦C for normal pharmaceutical han-
dling conditions. Zografi et al. [8] reported a moisture content of 5–6% for microcrystalline
cellulose (MCC) during routine handling under ambient conditions of 40–50% relative
humidity. Partheniadis et al., through monitoring the weight and dimensional expansion
under dynamic vapor sorption, reported that the weight and dimension of pyridostigmine
bromide tablets increases with the ambient relative humidity due to the increase of the
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tablet moisture [9]. Shi et al. [10] proposed a typical moisture content of 3–5% for MCC
under ambient conditions and showed that there were major property changes within this
range. Sun et al. [1] also found variations in MCC properties within the small 3–5% moisture
range but concluded that this range was still ideal, as more significant property changes
were observed at higher moisture levels. These previous studies show how the moisture
content of pharmaceutical powder can change during handling and manufacturing.

Water in powders can be in different physical states [6]: (1) adsorbed monolayer or
multilayers on the surfaces of the particle, (2) condensed water on the particle surface,
(3) physically absorbed water within the particle, or (4) chemisorbed water. The state
and distribution of the water depends on the powder and the amount of water taken up
through exposure to humid air and affects many properties of the powder. F. Khan et al. [11]
found that, above a water content of 3 wt.%, water forms as a film on the surfaces of the
particles. It acts as a lubricant, plasticizing asperities and facilitating the rearrangement of
the particles during densification and compaction. Hence, the plastic deformation during
the compression and the elastic recovery after the compression decrease. Below 3 wt.%, the
plastic deformation increases the contact area and the amount of hydrogen bonding between
the hydroxyl groups on the surface of the particles. The tensile strength and Young modulus
of the material both initially increase with the water content. However, above 3wt.%, the
moisture begins to disrupt these bonds, and this could account for the subsequent decrease
in the values of tensile strength and Young modulus. Crouter et al. [7] found that the
flowability of MCC, CMC, PVP, and potato starch decreased after a critical moisture content
by forming stronger interparticle liquid bridges and increasing the flowability of corn
starch. The moisture decreased flowability by forming stronger interparticle liquid bridges
and increased flowability by acting as a lubricant. Furthermore, the dynamic density of
some particles, such as PVP and starch, decreased with increasing moisture as the particles
swelled with water. S. Malamataris et al. [4] observed changes in the tensile strength of
tablets obtained from stored excipients at various environmental relative humidity by
the combined effect of moisture on the intermolecular forces. Sun et al. [2] found that,
under 3.3 wt.% water content, the compaction properties of MCC Avicel PH 102 were
largely insensitive to moisture variation. Above 3.3 wt.% water content, the plasticity
of the particle improved due to the plasticizing effect of water above the critical water
content and a consequently larger interparticle bonding area when compressed. Hence,
increasing moisture content also reduces bonding strength. Gregory E et al. [12] found
that the powder flow of MCC PH101 decreases with increasing moisture content. The
water acts as a plasticizer and influences the mechanical properties of MCC. The moisture
content was also found (1) to affect the consolidation and compaction properties of the
powder [13], and (2) to play a role in tablet delamination [14] and (3) punch sticking [15,16].
In more detail, these studies show that moisture plays an important role during the tablet
compression process, since it affects the flowability and tabletability of the powder particles
and contributes to several problems, such as tablet capping, tablet delamination, and punch
sticking. Regarding the previous observations, it might become paramount to understand
the powder particles’ moisture behavior during compression.

The compaction process can be divided into two main stages. The first stage is the
loading, where the powder is poured into the compression die and then compacted by
applying a compression pressure on the powder particles with two punches (lower and
upper). The second stage is the unloading, where the tablet is ejected from the die. To
investigate the problems that occur during the compression, the loading stage is of high
interest because, during this stage, the powder particles undergo plastic deformation, parti-
cle fragmentation, interparticle friction, and particle-wall friction [17–24], and the excess air
in the interparticle pores escapes the compression die [25]. Hence, phenomena such as air
entrapment [26], particle consolidation [25], and heat generation [19–24] were investigated
during the loading phase of tableting. These phenomena are mainly investigated through
modelling because of the difficulty of accessing the interior of the die during the loading
phase [18–26].
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However, there are no simulation studies on the behavior of the powder bed water con-
tent during compression [18–26]. Therefore, this work aims to present the first step toward
the moisture behavior simulation by showing the methods that can be used to estimate
the input parameters, which are the moisture transport coefficients. During the tableting
process, the powder bed has a high porosity at the beginning of the compaction [2,27] and
tends toward a very low porosity toward the end of the loading phase. Therefore, the
powder bed can be modeled as a porous media with a pressure-dependent porosity to
simulate the compactness evolution during the loading phase. In porous media, moisture
diffuses in the form of water vapor through, mainly, the interparticle pores because of the
combined action of: (1) capillary suction pressure (or partial water vapor pressure) [28–31]
between the saturated powder’s intraparticle pores and unsaturated interparticle air in
the pores’ network, (2) the vapor partial pressure gradient or relative humidity gradient
between the interparticle pores and the ambient or surrounding air [29,30], and (3) the tem-
perature gradient between the porous material and the surrounding air [29,30]. Simulation
models based on Fick’s and Darcy’s [28] diffusion laws, and energy and mass conservation
equations have been developed for saturated [29,31] and unsaturated hygroscopic porous
media [32,33]. Hagentoft et al. [34] presented a benchmark-like model for heat, air, and
moisture (HAM) analysis through porous materials. Their model was composed of a set
of equations considering the temperature as potential for the energy conservation and the
capillary suction pressure (or partial water vapor pressure) as potential of the moisture
transport. Gerson Henrique et al. [30] derived a model which considers not a constant
pressure of air in the porous material, but a transient air pressure.

In this study, we present novel methodologies to estimate the moisture coefficients,
which are necessary to simulate the behavior of powder particles’ moisture during the
loading phase of the compression. The HAM model was adopted in this study. The
modelling of relative humidity and water content distribution in the tablet during the
loading phase of the compression process can be performed with commercial simulation
software in which the HAM model is implemented, such as COMSOL Multiphysics®.
Microcrystalline cellulose PH101 powder was used as the model powder material because
it is widely used as an excipient in pharmaceutical formulation. The HAM model considers:
(1) the deformation of the powder particles through the variation of the average porosity
and heat production, (2) no advection due to buoyant force, even if an axial and high radial
velocity of air was found in the powder bed during the tableting [35], (3) and no chemical
reaction occurs during the loading phase.

1.1. Mathematical Model

At the beginning of the compression, the powder has the same temperature and
relative humidity as it is surrounding environment, assuming an equilibrium state between
the powder and the external environment. At standard temperature and pressure, the
adsorbed layer on the surface and in the pores of the powder particle are in liquid mono,
or multilayer states [36]. However, because the compression process is very fast and the
powder has a low water content, the water is assumed to flow mainly in vapor form
in high-velocity dry air [35,37], but the liquid form may still exist in the capillaries due
to the hygroscopic powder particle. Hence, in the moisture transport equations, the
liquid form of water is considered [30]. We assume that, during the compression, the
moisture in both liquid and vapor forms diffuses through the interparticle pores, and
the intraparticle diffusion is ignored. The heat produced during the compression, due
to particle fragmentation, plastic deformation, interparticle friction, and die wall particle
friction is assumed to interact with the absorbed layer of water. The mathematical model is
described below. The pores and the water content are assumed to be homogeneous and
well-distributed in the powder bed at the beginning of the loading phase. The tablet is
assumed to be an isotropic porous material.
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1.2. Heat Balance

During the compression, heat is generated from friction and particle deformation. The
temperature space-time profile inside the powder bed can be calculated by means of heat
balance equations: (

ρCp
)

e f f
∂(T)

∂t
+∇q = Q (1)

q = −λe f f ∇T − Lvδp∇(ϕw psat(T)) (2)

where ρ is the effective density (kg/m3), Cp is the specific heat at constant pressure
(J/(kg·K)), λ is the thermal conductivity (W/(m·K)), Lv is the heat of evaporation (J/kg),
and Q is the heat produced by friction and deformation (W/m3).

The energy balance is applied to the considered porous media under the assumption of
local thermodynamical equilibrium. In the first term of Equation (1), the effective thermal
capacity is defined as follows: (

ρCp
)

e f f = ρsCp,s + wCp,w (3)

1.3. Moisture Transport

The heat generated during the compression induces moisture gradients in the powder
bed. The variation of the powder wetness during the compression can be obtained from
the water mass conservation equation as [30,38,39]:

∂(ϕw)

∂t
+∇gw = G (4)

with gw = −(ξDw ∇ϕw + δp∇(ϕw psat(T)), and ξ = ∂w(ϕw)
∂ϕw

ξDw ∇ϕw = Dw
∂w
∂ϕ∇ϕw representing the vapor diffusion flux, and

δp∇(ϕw psat(T)) = δp∇pv(T) representing the capillary moisture flux;
ϕw is the relative humidity in the powder bed (%), δp is the vapor permeability (m2/s),

psat is the water vapor saturation pressure (Pa), pv is the water partial vapor pressure (Pa),
w is the moisture capacity (kg/kg), Dw is the moisture diffusivity (m/s2), ξ is the water
retention function (-), G is the generic moisture source representing the initial water content
(kg/m3), and T is the temperature (K).

Convective moisture transfer inside the powder bed and at the interface between
powder bed and the compression tools was assumed and given by:

g0 = −Mvhm(Cv,ext − Cv) (5)

with g0 representing the moisture flow (m2/s), Mv the molecular weight of water vapor
(kg/mol), Cv,ext the external vapor concentration (mol/m3), and Cv the vapor concentration
inside the tablet (mol/m3); hm is the moisture transfer coefficient (m/s).

Equations (4) and (5) are used to simulate the powder moisture profile and variation
during the loading phase.

From the mathematical model, the moisture transport coefficients needed for the
simulation are the vapor permeability (WVP), the moisture diffusion coefficient (MDC),
and the moisture transfer coefficient (MTC). The next section presents the methods for
estimating these coefficients.

2. Materials and Methods
2.1. Materials

MCC PH101 powder (Mallinckrodt Baker Inc., Phillipsburg, NJ, USA) was used in this
study to make the tablets on which the measurements were made. The true density of the
powder used in this study was 1550 kg/m3 [2,27], and the loose bulk density measured
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with a 100-mL graduated cylinder following the ASTM D7481-18 standard test method [40]
was found to be 279.7 ± 2.5 kg/m3.

2.2. Methods
2.2.1. Powder Particles’ Water Content

The water content of the powder particle was measured with a high-precision balance
equipped with an infrared heater, the Mettler PM 100 apparatus (Mettler-Toledo Ltd.,
Leicester, UK). It dries the powder with an infrared source and calculates the water content
by mass difference. The mean of three measurements was calculated; the value obtained for
the powder moisture content was 3.2 wt.% at a relative humidity of 38% and temperature
of 25 ◦C.

2.2.2. Powder Particles’ Size Distribution

The powder particles’ size range was measured by the sieving method with a Gilson
Sieve Shaker SS-8R and SS-12R (Gilson Company, Inc., Lewis Center, OH, USA). The size
of the particles was controlled by mechanical screening via the use of a vibrating sieve
(Gilson Sieve Shaker, SS-8R), employing the screens of 150 µm and 90 µm for a sifting time
of 20 min. The powder size distribution used in this study ranged from 90 µm to 150 µm.

2.2.3. Tablet Compression

The powder was compressed on a CARVER 12-ton manual hydraulic press in an
environment of 38% relative humidity and a temperature of 25 ◦C. A 5.6-g MCC PH101
powder sample was compressed in a stainless-steel 304 die (25 mm in diameter), with a
compression pressure from 20 MPa to 200 MPa applied with a 304 stainless-steel flat-face
punch set. The powder was poured into the compression die manually in the compression
just after weighing the powder. The relative density of the obtained tablets at every
compression pressure is calculated with Equation (6) [41]:

RD =
ρapp

ρtrue
=

m
V
×
(

1
ρtrue

)
, were V = πr2L (6)

where ρapp is the apparent density of the compressed tablet (kg/m3), ρtrue is the dry solid
particle true density (kg/m3), m is the compressed powder tablet mass (kg), V is the
compressed powder tablet volume (m3), r is the radius of the compressed powder tablet
(m), and L is the thickness of the compressed powder tablet (m).

The tablet porosity was estimated from the tablet relative density with the
Equation (7) [2,27]:

ε = 1− RD = 1−
ρapp

ρtrue
(7)

where ε is the tablet average porosity (-).

2.2.4. Particle and Compressed Powder Tablet Surface Analysis

The tablet surface features were imaged with scanning electron microscopy (SEM)
(S-4700, Hitachi America, Ltd., Santa Clara, CA, USA) in BSE (backscattering) mode with,
respectively, 20-kV acceleration tension at a working distance of 9.7 mm. Tablets obtained
at 200 MPa were used as samples.

2.2.5. Tablet Internal Pore Size Distribution

The internal pore size distribution in the compressed tablet at different relative densi-
ties is measured. The water droplet penetration time method was used to estimate the pore
size in the compressed powder tablet.
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Water Penetration Time Method

Imbibition of a single drop into a porous substrate depends on the structure of the
substrate: the porosity, the size of the pores, the orientation of the pores, and the surface
chemistry within the compacted bed [42]. When a porous material is easily wetted by a
fluid, that is, when the contact angle between the fluid and the material is less than 90◦,
the penetration of the fluid into the material pores will begin to occur due to the capillary
suction. The rate at which a single drop of fluid with volume Vd, viscosity µ, and surface
tension γlv penetrates a static porous medium, as a compact powder bed, with cylindrical
pores of Rpore and an overall porosity of ε, is given by the drop penetration time tp [43]. By
modeling the pores in the porous material as a bundle of vertical, parallel, cylindrical, and
randomly distributed capillaries, we can estimate the average pore radius in the porous
material with Equation (8) [42]:

tp = 1.35×
V

2
3

d
ε2Rpore

× µ

γlv cos θ
(8)

where tp represents the penetration time of the droplet into the porous material (s), Vd
is the droplet volume (m3), ε is the average porosity of the tablet (-), Rpore represents the
average pore radius of the tablet (m), θ is the static contact angle between the tablet and
the water droplet (◦), γlv is the water surface tension (J/m2), and µ is the dynamic water
viscosity (Pa·s).

The penetration time of a droplet of water of volume 2 µL deposited at the top of the
compressed tablet, at a rate of 2.67 µL/s, was measured by using a drop shape analyzer
(DSA25, KRÜSS, Matthews, NC, USA), equipped with a high-speed camera and a humidity
chamber where the temperature can be controlled (Figure 1). A 500-µL syringe with a
24−gauge needle was used to deliver precisely 2-µL droplets at 5-mm height to avoid
splashing. The penetration process, from the contact between the droplet and the substrate
surface to the total penetration of the droplet, was recorded at a high frame rate of 350 fps.
The video was recorded and analyzed with the ADVANCE software attached to the KRÜSS®

apparatus. The measurements were done on a compressed powder tablet produced with
different compression pressures ranging from 20 MPa to 200 MPa. For each trial, one
droplet was deposited at the surface of the tablet, and three replicates were done for each
compression pressure.
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temperature- and humidity-controlled chamber, (6): light source. Image take from KRÜSS® drop
shape analyzer.
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The same apparatus was used to measure the static contact angle between the water
droplet and compressed tablets obtained at high compression pressure (200 MPa).

2.2.6. Moisture Transport Coefficient Determination Methods
Tablet Moisture Transfer Coefficient (ASTM D6539)

The moisture transfer coefficient (MTC) of a material is usually measured with the
dry cup technique based on the ASTM E96 method [44]. Because the dry cup technique
is not quick enough to limit the swelling effect of the powder particle in the tablet, this
method was not used in this study. Instead, inert gas permeability was measured based on
ASTM D6539 [45] standards to measure the gas permeability of the compressed powder
tablet (Figure 2). The so-obtained permeability value can be used to estimate the hydraulic
conductivity of the compressed powder tablet, which was adopted as the moisture transfer
coefficient.
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Figure 2. (a) Setup for gas permeability measurement in an MCC PH101 tablet. (b) Picture showing
the (b1) tablet in the die and (b2) the yttria beads used to fill the die on top of the tablet.

The setup (Figure 2a) is composed of a helium gas bottle, a regulator (1 in Figure 2a),
an inlet pressure gage (0–100 psi) (2 in Figure 2a), a differential pressure gage (0 to 100 psi)
(3 in Figure 2a), a sealed die that contains the compressed powder tablet (4 in Figure 2a),
and a bubble meter for the outflow measurement (5 in Figure 2a). The compressed powder
tablet was left in the die after compression to ensure no gap existed between the die wall
and the peripheral surface of the tablet (1 in Figure 2b). Small beads of yttria were used to
fill the die on top of the tablet (Figure 2b2). Before the test, the tablet stability inside the die
was tested with the required test pressure (5 psi to 35 psi). The measurements were done
on tablets obtained with 60 MPa, 100 MPa, 140 MPa, and 200 MPa. Four replicates were
recorded for each inlet gas pressure.

Tablet Moisture Diffusion Coefficient

The water vapor diffuses through three different diffusion regimes. The ordinary
diffusion is governed by a collision between diffusing molecules, the free molecular or
Knudsen diffusion, and the transient diffusion regime. The main diffusion mechanism by
which the vapor diffuses through the tablet can be obtained by using the Knudsen number
(Equation (9)), which is the ratio of the mean free path of the water vapor to the tablet pore
radius [29,46]:

Kn =
λ

r0
(9)

where λ is the mean free path (m), r0 is the average pore radius (m), and Kn is the Knudsen
number (-).

1. When Kn < 0.01, the water vapor follows a continuum flow. The mean free path of the
water vapor molecules is much less than the pore’s radius, which means that particle–
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particle collision dominates the diffusion in the compressed powder tablet pore. The
diffusion coefficient is then estimated by the classical molecular diffusion D0.

2. When 0.1 < Kn < 10, the water vapor follows a transitional flow. The diffusion is a
mixture of particle−particle collisions and particle−wall collisions. In that case, the
diffusion coefficient is given by [43]:

1
Dtrans

=
1

Dk
+

1
D0

(10)

where Dtrans is the transitional diffusion coefficient (m2/s), and Dk is the Knudsen
diffusion coefficient (m2/s).

3. When Kn > 10, the water vapor follows the free molecular flow, which is also called
Knudsen diffusion. The mean free path of the water vapor molecules is greater than
the pore radius. Molecule–pore wall collisions dominate the water vapor diffusion in
the compressed powder tablet pore. The diffusion coefficient is given by [43,46]:

Dk =
8r
3

(
RT

2πM

)0.5
(11)

where Dk is the Knudsen diffusion coefficient (m2/s), R is the gas constant (J/(K·mol)),
T is the temperature (K), r is the pore radius (m), and M is the molecular mass of the
diffusing species (kg/mol).

The mean free path of travel (λ) refers to the distance between molecular collisions
and can be estimated using Equation (12) [47]:

λ =
µ

P

√
πRT
2M

(12)

where λ is the mean free path of the water molecules in the pores (m), µ is the dynamic
viscosity of the fluid (Pa·s), R is the gas constant (J/(K·mol)), M is the molecular weight
(kg/mol), P is the diffusion species pressure (Pa), and T is the tablet temperature (K).

Water Vapor Permeability

Woodside [48] deduced a theoretical expression for the water vapor permeability
(WVP) coefficient expression for an unsaturated porous media by using the law of heat
conduction (7). The theoretical expression agrees with the empirical relationships found
by Penman and Edenholm for soils, glass spheres, charcoal, and cellular concrete [49,50].
Water vapor was evaporated and forced to pass through a bed of soil and concrete pellets
to measure the WVP on soils and concrete experimentally [50].

Because of the hygroscopic property of microcrystalline cellulose, water vapor was
not ideal for this study. Microcrystalline cellulose particles swell in contact with moisture,
and the increase of the size of the particles will plug the interparticle pores of the pellet and
skew the result of the permeability measurement [51]. Hence, the Woodside expression
was used in this study to estimate the (WVP) based on the (WVP) in air [48]:

µ

µair
=

2ε

3− ε
(13)

where µ represents WVP in the compressed powder tablet (s), µair is the WVP in air at
room temperature equal to 0.069 kg/m × atm × h (1.91667 × 10−10 s) [48], and ε is the
compressed powder tablet porosity (-).
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Quenard and Sallée (QS) [52] also derived a model to estimate the WVP for porous
material-based capillary network methods, where the flux of the water must be described
by a Fick-like law. Assuming no capillary condensation, the WVP was given by:

Kv =
M
RT

 D
1 + Lm

2Rp

 (14)

where D is the water diffusive coefficient (WDC) (m2/s), Lm is the mean free path of
the water molecule (m), M is the molecular weight of water molecule (kg/mol), T is the
temperature (K), R is the gas constant (J/(K·mol)) and Rp is the pore radius (m).

The QS model is valid for molecular diffusion and Knudsen diffusion.

3. Results
3.1. Tablet Relative Density and Porosity

The compactness (the relative density or the porosity) of the compressed powder tablet
was calculated at each compression pressure, from 20 MPa to 200 MPa. Table 1 shows the
relative density and porosity values obtained from the measured thickness and radius of
the compressed powder tablet.

Table 1. Relative density for compressed powder tablets obtained at each compression pressure.

P (×106 Pa) L (×10−3 m) R (×10−2 m) V (×10−6 m3) ρapp (kg/m3) ρtrue (kg/m3) RD (-) ε (-)

LP - - - 279 (4.15)

1550 (15)

0.18 (0.01) 0.82 (0.01)
20 10.21 (0.25)

1.25 (0.04)

5.16 (0.12) 1074.41 (2.65) 0.69 (0.02) 0.31 (0.0)
40 9.70 (0.20) 4.91 (0.10) 1142.31 (3.45) 0.74 (0.02) 0.26 (0.0)
60 9.31 (0.23) 4.71 (0.05) 1192.15 (2.16) 0.77 (0.02) 0.23 (0.0)
80 8.97 (0.17) 4.54 (0.09) 1230.27 (3.05) 0.79 (0.02) 0.21 (0.0)

100 8.63 (0.10) 4.37 (0.12) 1282.71 (1.97) 0.83 (0.02) 0.17 (0.0)
120 8.44 (0.14) 4.27 (0.08) 1309.82 (1.65) 0.84 (0.02) 0.16 (0.0)
140 8.06 (0.11) 4.08 (0.07) 1373.60 (4.20) 0.89 (0.02) 0.11 (0.0)
160 7.94 (0.07) 4.02 (0.03) 1395.32 (3.71) 0.90 (0.02) 0.10 (0.0)
180 7.93 (0.09) 4.02 (0.06) 1409.12 (4.45) 0.91 (0.02) 0.09 (0.0)
200 7.64 (0.10) 3.87 (0.04) 1447.21 (2.07) 0.93 (0.02) 0.07 (0.0)

LP: Loose Powder, Error at 68.2% of confidence interval in brackets.

The porosity (Figure 3a) and the relative density (Figure 3b) of the compressed powder
tablet increases and decreases, respectively, with the compression pressure, and tends to
stabilize at high compression pressures. During the compression, the plastic deformation
of the MCC particles creates more interacting surfaces. A large part of the air inside
the pore escapes the powder bed, leaving the particles to draw nearer with the increase
of the compression pressure. Consequently, the overall porosity decreases (the relative
density increases) in the powder bed. At higher pressures, the adjacent particles deformed
locally to adapt to each other without impacting the porosity (relative density) of the
obtained tablet [2]. Thus, this can explain the steady state observed at low porosity (high
relative density). By increasing the compression pressure, the rate of deformation increases,
leading to closer particles, a higher density of particles per volume unit, and hence, higher
compactness and less porosity. The same results were observed during the compression of
a microcrystalline cellulose PH102 powder [5].
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3.2. Tablet Average Pore Radius at Each Compression Pressure

Large and small interparticle pores are non-homogeneously distributed at the tablet
surface, which is not ideal for determining an average pore radius value (Figure 4). There-
fore, we used the penetration time method to estimate the average pore radius. This
method of measurement depends on the contact angle between the water droplet and the
compressed powder tablet. The water droplet at the top of the tablet surface must be stable
with a well-defined hemisphere shape. Because the stability of the droplet depends on
the capillary suction of the droplet into the pores, the measurement must be done at very
low porosity. Therefore, a tablet obtained at 200 MPa was used to measure the contact
angle. A value of 41◦ ± 3.5◦ (Figure 5) was obtained from a mean value of three replicates,
which corroborates the hydrophilic nature of the MCC PH101 [31]. The same contact angle
value was used for the tablets obtained at lower compression pressures since it is the
same material.
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Figure 4. Surface pores’ structure of a tablet at 90% of relative density (10% porosity) of the com-
pressed powder tablet. Image obtained via scanning electron microscopy (SEM) (S-4700, Hitachi
America, Ltd., Santa Clara, CA, USA) in BSE (backscattering) mode with, respectively, 20-kV accelera-
tion tension at a working distance of 9.7 mm.
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Figure 5. Contact angle between the compressed powder tablet (200 MP) and the water droplet.
Image obtained with KRÜSS ADVANCE software. A 2-µL water droplet was placed on a MCC tablet
surface compressed with a 200-MPa compression pressure.

After the penetration of the droplet, the particles at the tablet surface swelled
(Figures 6 and 7). This observation is more obvious on the tablet produced with a compres-
sion pressure of 200 MPa (Figure 7e) because the droplet residence time at the top surface
of the tablet is longer. However, for the tablet compressed at a compression pressure of
20 MPa, the particles swell a few seconds after the penetration (Figure 6h). The swelling
effect can be considered to take place after the interparticle pores are filled with water;
hence, the water diffuses through the intraparticle pores. Because the interparticle pores in
the less compacted tablet can be considered to be wider, the penetration time can be fully
attributed to the water diffusion through the interparticle pores. Thus, in the case of the
highly compacted tablet, the penetration time depends upon a combination of the water
diffusing through the interparticle and intraparticle pores. Because of the swelling effect,
the stability of the measured pores’ average radius with the water droplet penetration
method must be further investigated.
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Figure 6. Series of images showing (a) the water droplet at the tip of the needle and the tablet surface,
(b) the contact between the surface and the droplet, (c) the beginning of the penetration, (d–f) the
intermediate stage of the penetration, (g) the end of the penetration, and (h) the swelling of the
particle after the penetration. The tablet was compressed at 20 MPa.
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Figure 7. Series of images showing (a) the water droplet at the tip of the needle and the tablet surface,
(b) the contact between the tablet surface and the droplet, (c–d) the penetration, and (e) the end of
the penetration and the swelling of the particle after the penetration. The tablet was compressed at
200 MPa.

Table 2 lists the mean penetration time measured for the compressed powder tablet
produced with compression pressures ranging from 20 MPa to 200 MPa. The calculated
average (Equation (8)) pore radius for each compression pressure is also shown.

Table 2. Measured water droplet penetration time and calculated pore radius values.

P (×106 Pa) tp (s) Θ (◦) γ (×10−2 j/m2) Vd (×10−9 m3) RD (-) ε (-) µ (×10−3 Pa·s) r (×10−6 m)

20 0.15 (0.00)

41 (3.5) 7.20 2.0 (0.6)

0.69 (0.02) 0.31 (0.0) 1 2.83 (0.05)
40 0.45 (0.03) 0.74 (0.02) 0.26 (0.0) 1 1.25 (0.05)
60 0.72 (0.07) 0.77 (0.02) 0.23 (0.0) 1 1.03 (0.06)
80 1.29 (0.03) 0.79 (0.02) 0.21 (0.0) 1 0.76 (0.01)
100 1.70 (0.07) 0.83 (0.02) 0.17 (0.0) 1 0.75 (0.02)
120 2.78 (0.26) 0.84 (0.02) 0.16 (0.0) 1 0.68 (0.05)
140 3.88 (0.19) 0.89 (0.02) 0.11 (0.0) 1 0.76 (0.02)
160 4.58 (0.40) 0.90 (0.02) 0.10 (0.0) 1 0.69 (0.04)
180 6.34 (0.51) 0.91 (0.02) 0.09 (0.0) 1 0.72 (0.03)
200 8.48 (0.59) 0.93 (0.02) 0.07 (0.0) 1 0.74 (0.04)

Error at 68.2% of confidence interval (in brackets).

The average pore radii of MCC compressed powder tablets obtained from the water
droplet penetration time method range between 0.57 µm and 2.8 µm. The pore size
distribution measured with the mercury porosimetry method [53] on an MCC Avicel PH101
compressed powder tablet with the same compactness as in this study was found to range
between 0.5 µm and 2 µm, which is in agreement with our results. Additionally, a numerical
method [46] used to estimate the interparticle average pore radius of MCC PH102 tablet
with a relative density of 90% gave a result of 6.3 µm, which is not far away from our
result. The observed discrepancy between our result and the later method can be due to
the difference in the true density of the powder used and the initial moisture content of the
powder before the compression. Therefore, the values of the pores’ radii obtained in this
study were used to calculate the moisture transport coefficient.

Figure 8a,b show, respectively, the variation of the average tablet pore size and the
penetration time with the relative density. The water droplet penetration time increases with
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the compactness due to the decrease of the pore radius and the porosity. The penetration
of the water droplet in the tablet is due to the capillary suction inside the interparticle
pores of the tablet. At higher porosities and for larger pores, the acting capillary pressure
gradient on the droplet is strong and tends to increase the capillary suction and decrease
the water droplet penetration time. The decrease of the interparticle pore radius and the
tablet average porosity weakens the capillary pressure gradient, hence the increase of the
penetration [42,54,55].

Processes 2022, 10, x FOR PEER REVIEW 13 of 26 
 

 

with the compactness due to the decrease of the pore radius and the porosity. The 
penetration of the water droplet in the tablet is due to the capillary suction inside the 
interparticle pores of the tablet. At higher porosities and for larger pores, the acting 
capillary pressure gradient on the droplet is strong and tends to increase the capillary 
suction and decrease the water droplet penetration time. The decrease of the interparticle 
pore radius and the tablet average porosity weakens the capillary pressure gradient, hence 
the increase of the penetration [42,54,55]. 

  
(a) (b) 

Figure 8. Variation of (a) the average pore radius and (b) the water droplet penetration time with 
the compressed MCC PH101 powder tablet average porosity. 

The pore radius decreases abruptly between a porosity of 30% and 15% in the low 
compression pressure region and stabilizes at the lowest porosity, where it reaches a 
minimum value. Because increasing the compaction pressure induces a higher plastic 
deformation rate for the particle, the interparticle space becomes smaller [27]. Below 15%, 
the steady state observed can be explained by the local deformation, without expansion, 
of the adjacent particles to adapt to each other [2]. 

3.3. Tablet Moisture Transfer Coefficient (ASTM D6539) 
A mean value for the outflow was calculated from four replicates of values measured 

with the bubble meter for each compressed powder tablet at every gas pressure, ranging 
from 5 psi to 35 psi, with a pressure increase of 5 psi. Each trial was made on a compressed 
powder tablet produced with compression pressure of 60 MPa, 100 MPa, 140 MPa, and 
200 MPa, respectively. The average value of the outflow was used to calculate the average 
outflow (Equation (15)) at the center of the tablet by considering a linear distribution of 
the flow in the tablet. The results of the measured outflows and the average outflows for 
the compressed powder tablet at each compression pressure are reported in table S1 of 
the supplementary data. A t-test between the measured outflow of each tablet at the same 
inlet pressure gives a value of p >> 0.05, which means that the measured outflows are not 
statistically different. The measurements for tablets obtained at 60 MPa are stopped at a 
gas inlet pressure of 15 psi, because that is the critical pressure that the tablet can handle.          = ∗ +  − ∆2         (15) 

Qav is the average outflow at the center of the tablet (m3/s), Q is the measured outflow 
(m3/s), PI is the entry gas gage pressure (Pa), PB is the barometric pressure (Pa), and ΔP is 
the differential pressure across the tablet (Pa). 

Figure 8. Variation of (a) the average pore radius and (b) the water droplet penetration time with the
compressed MCC PH101 powder tablet average porosity.

The pore radius decreases abruptly between a porosity of 30% and 15% in the low
compression pressure region and stabilizes at the lowest porosity, where it reaches a
minimum value. Because increasing the compaction pressure induces a higher plastic
deformation rate for the particle, the interparticle space becomes smaller [27]. Below 15%,
the steady state observed can be explained by the local deformation, without expansion, of
the adjacent particles to adapt to each other [2].

3.3. Tablet Moisture Transfer Coefficient (ASTM D6539)

A mean value for the outflow was calculated from four replicates of values measured
with the bubble meter for each compressed powder tablet at every gas pressure, ranging
from 5 psi to 35 psi, with a pressure increase of 5 psi. Each trial was made on a compressed
powder tablet produced with compression pressure of 60 MPa, 100 MPa, 140 MPa, and
200 MPa, respectively. The average value of the outflow was used to calculate the average
outflow (Equation (15)) at the center of the tablet by considering a linear distribution of
the flow in the tablet. The results of the measured outflows and the average outflows for
the compressed powder tablet at each compression pressure are reported in Table S1 of
the supplementary data. A t-test between the measured outflow of each tablet at the same
inlet pressure gives a value of p >> 0.05, which means that the measured outflows are not
statistically different. The measurements for tablets obtained at 60 MPa are stopped at a
gas inlet pressure of 15 psi, because that is the critical pressure that the tablet can handle.

Qav = Q× PB

PI + PB − ∆P
2

(15)

Qav is the average outflow at the center of the tablet (m3/s), Q is the measured outflow
(m3/s), PI is the entry gas gage pressure (Pa), PB is the barometric pressure (Pa), and ∆P is
the differential pressure across the tablet (Pa).

ASTM D6539 states that all the obtained values of average flow must lie in the laminar
domain (domain between the upper (+25% Qav) and lower limit (−25% Qav)) before using
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them for the permeability determination. All values outside the laminar domain must be
rejected. Figure 9a–h show the obtained average outflow values.
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Figure 9. The average outflow versus the pressure drops across MCC PH101 tablets obtained at
(a) 60 MPa, (b) 80 MPa, (c) 100 MPa, (d) 120 MPa, (e) 140 MPa, (f) 160 MPa, (g) 180 MPa, and (h)
200 MPa. The laminar domain is between the upper (+25%) and lower limit (−25%).

The measured average outflows, which were in the laminar domain for all compressed
powder tablets (obtained at 60 MPa, 80 MPa, 100 MPa, 120 MPa, 140 MPa, 160 MPa,
180 MPa, and 200 MPa), were used to estimate the permeability.

The Darcy permeability Kp is given by Equation (16) [45]:

Kp =
QAV
∆P
× L

A
× µ× 1.1013× 1012 (16)

where Kp is the permeability (Darcy), QAV is the average outflow (m3/s), L is the thickness
of the tablet (m), A is the tablet cross-section (m2), ∆P is the pressure drop across the
specimen (Pa), and µ is the viscosity of the gas at the test temperature (Pa·s).

Because all the values of the average outflow measured at each inlet gas pressure are
in the laminar domain and are not statistically different (pvalue > 0.05), their average values
were used to calculate the tablet permeability (See Table S2 in Supplementary Data for the
obtained values of the permeability at each compression pressure).

The permeability values obtained from the measurements on tablets compressed at
the same pressure are in the same range for each tablet, regardless of the inlet gas pressure.
Hence, the variation of the permeability with the tablet porosity (compactness) can be
determined by using the mean value of the permeability for each compression pressure.
Table 3 reports the measured mean permeability values.

Table 3. Mean permeability values for each compressed powder tablet porosity.

P (×106 Pa) RD (-) ε (-) Kp (×10−16 m2)

60 0.77 (0.02) 0.23 (0.0) 97.6 (0.6)
80 0.79 (0.02) 0.21 (0.0) 12.3 (0.1)

100 0.83 (0.02) 0.17 (0.0) 12 (0.1)
120 0.85 (0.02) 0.15 (0.0) 3.47 (0.01)
140 0.89 (0.02) 0.11 (0.0) 2.36 (0.01)
160 0.90 (0.02) 0.10 (0.0) 1.54 (0.02)
180 0.91 (0.02) 0.09 (0.0) 1.50 (0.01)
200 0.93 (0.02) 0.07 (0.0) 1.39 (0.01)

Error at 68.2% of confidence interval (in brackets).

Very low permeability values are obtained at each compressed tablet compactness.
This is attributed to the very low porosity and the micrometric pore radius of the tablets [56].
The permeability in porous media can be predicted using the Kozeny–Carmen (KC) equa-
tion [28,56,57], Kp = ε3

c(1−ε)2S2 , where ε is the porous material porosity, S, the function of the
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tortuosity, is the specific surface area based on the volume, and c is the KC constant. Many
semi-empirical models based on the KC equation have been developed in past years where
a constant, B, and the tortuosity of pores’ channels is used to fit the measured values of
permeability, Kp = B ε3

τ2S2 [57]; other models were developed based on: (1) the material par-

ticle average size, d, Kp = ε3

k(1−ε)2 d2 [29,58], and (2) pore radius Kp = g×ε
800 r2 [59]. The pores

network inside the porous material was described with the fractal pore space geometry as-
sumption [60–62], which leads to a fractal-based model function of (1) only the porosity and
the empirical constants, n, C, and Kp = C εn+1

(1−ε)n [63], and (2) the pore radius, λ, the porosity,

and a fractal constant, Df, for straight capillary pores Kp =
(2−D f )

32(4−D f )

(
ε

1−ε

)
× λ 2

max [57],

where, 1 < Df < 2 and 2 < Df < 3 respectively for two- and three-dimensional fractal pore
spaces, respectively. Because the size of the particle during the compaction can change due
to deformation and fragmentation [64], the models using pore radius and porosity are used
in this study to predict our measurement. We assumed in our study that the permeability
is proportional to the square of the pore radius, as below:

Kp = β(ε)× r2 (17)

where β(ε) is a parameter function of the porosity in the tablet at each compression stage.
Table 3 shows the values of permeability measured in this study. The measured radius
with the time penetration method was used to predict the permeability measured. The
porosity-dependent parameter was obtained by fitting the measured values with Equation
(17). Figure 8 shows the variation of the permeability with the tablet average porosity.
Traxel and Baum’s [59] and Xu and Yu’s [57] models predicted an overall permeability
value in the same range as the measured values. However, above a porosity of 18%, the
values were underestimated. Nevertheless, these results show that the permeability of the
tablets can be predicted with the well-known values of the tablet average porosity and pore
radius. Our model, shown in Equation (18), predicts the measured permeability well, with
a R2 = 0.983:

Kp = 0.707(ε)3 × r2 with β(φ) = 0.707(ε)3 (18)

where Kp is the permeability (m2), ε is the average porosity (-), and r represents the average
pore radius (m). The constant value 0.707 in the parameter β(ε), according to Carman [28],
corresponds to the inverse of the tortuosity, 1

τ = L
Le

= 1√
2
. L is the apparent flow path

length of the diffusing molecules, which represents the porous material thickness, assuming
a bundle of vertical cylindric capillaries, and Le is the effective path length of the diffusion
molecules. Consequently, our model can be written as below:

Kp =
1
τ
(ε)3 × r2with τ =

Le

L
=
√

2 (19)

This model links the microstructural characteristics of the tablet (tortuosity, the inter-
particle average pore, and the average porosity) to the measured permeability, and follows
the well-known Carman–Kozeny model. At the same time, our model is very simple and
can be useful to estimate the permeability from the average value of the compressed tablets’
interparticle pores and vice versa.

The tablet permeability decreases with the porosity (Figure 10) and reaches a steady
state at a porosity around 11%. From the first partial derivative of our model (Equation (20)),
the porosity variation was found to be the main microstructural feature that impacts the
variation of the permeability (3ε2r2dε > 2ε3rdr). Thus, the decrease of the permeability
can be due to the plastic deformation of MCC soft particles, which close the pores in the
tablet, leading to a decrease in the overall porosity of the tablet [2,5]. When the compression
pressure increases, the tablet becomes more compact and, at certain pressures, the adjacent
particles deform locally to conform to each other without affecting the porosity [5]; this
can explain the steady state reached at very low porosity (<0.11) [57,64]. With the range of
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permeability values measured, the compressed MCC PH101 powder tablet can be classified
as a semi-pervious material [28]:

dKp =
1
τ

(
3(ε)2 × r2dε + 2(ε)2rdr

)
, with τ = cste (20)
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For simulation purposes, the measured data was fitted with a normalized exponential
equation (Figure 11). The fitted equation (Equation (21)) can be implemented in a COMSOL
Multiphysics® HAM model to define the permeability of the MCC PH101 tablet function
of the porosity or the relative density. The same exponential fit was found between a
normalized permeability of compacted spheres and a normalized compaction pressure [64]:

Kp

Kp0
= 2.53× 10−4 exp

(
8.28× ε

ε0

)
(21)
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From the measured permeability, the hydraulic conductivity, which represents the
MTC of the compressed tablet obtained at each compression pressure, was estimated with
Equation (22) [43]:

K =
Kpρg

µ
(22)

where K represents the hydraulic conductivity (m/s), Kp is the Darcy permeability (m2), g
is the standard gravitational acceleration (m/s2), and µ is the gas viscosity (Pa·s).

Table 4 shows the hydraulic conductivity calculated for each compressed powder
tablet at different relative densities.

Table 4. Hydraulic conductivity calculated with helium properties.

P (×106 Pa) RD (-) ε (-) Kp
(×10−16 m2)

µ (×10−5 Pa·s)
[65] g (m/s2) ρ (kg/m3)

[66]
K (×10−11 m/s)

60 0.77 (0.02) 0.23 (0.0) 97.6 (0.6)

1.99 9.8 0.17

80 (0.5)
80 0.79 (0.02) 0.21 (0.0) 12.3 (0.1) 10.10 (0.10)

100 0.83 (0.02) 0.17 (0.0) 12 (0.1) 9.87 (0.10)
120 0.85 (0.02) 0.15 (0.0) 3.47 (0.01) 2.84 (0.10)
140 0.89 (0.02) 0.11 (0.0) 2.37 (0.01) 1.94 (0.51)
160 0.90 (0.02) 0.10 (0.0) 1.54 (0.02) 1.26 (0.10)
180 0.91 (0.02) 0.09 (0.0) 1.50 (0.01) 1.23 (0.10)
200 0.93 (0.02) 0.07 (0.0) 1.39 (0.01) 1.14 (0.10)

Error at 68.2% of confidence interval (in brackets).

Figure 12 shows the variation of the hydraulic conductivity (moisture transfer coef-
ficient) with the porosity of the tablet. The MTC decreases with the relative density in
the same manner as the permeability. Because the water vapor was assumed to diffuse
mostly through the interparticle pores of the tablet [29,46], the transfer of moisture from
the tablet to the external environment depends on the tablet porosity. Hence, increasing the
compression pressure led to the decrease of the overall porosity through which the water
vapor diffuses. Therefore, water vapor migration might be slowed down because the path
length of water vapor molecules becomes longer, due to the obstruction of the pores by
the deformed powder particles. The abrupt decrease of the MTC in the low compactness
region is due to the fast decrease of average porosity of the tablet and becomes steadier at a
high compactness, where the average porosity is stabilized.
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The model obtained for the permeability is used to predict the MTC values with a
R2 = 0.977. A similar model was found for hydraulic conductivity in porous media [29].
An exponential relation (Equation (23)), which can be implemented in the HAM model for
simulation, is obtained between the normalized porosity and the normalized MTC with
R2 = 1 (Figure 13):

K
K0

= 2.55× 10−4 exp
(

8.27× ε

ε0

)
(23)
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3.4. Tablet Moisture Diffusion Coefficient

In this section, the moisture diffusion coefficient (MDC) in the compressed tablet was
estimated. The MDC of the water vapor in the tablet during the compression depends on
the flow regime [46]. The Knudsen number (Equation (9)) was estimated with the measured
average pore radius to determine the diffusion regime followed by the water vapor in
the tablet.

Table 5 lists the estimated value of the Knudsen number at each relative density using
Equation (3).

Table 5. Calculated Knudsen number from the measured average tablet pores.

RD (-) ε (-) r (×10−6 m) PB (×105 Pa) R (J/(K·mol)) T (K) M (kg/mol) λ (×10−7 m) Kn (-)

0.69 (0.02) 0.31 (0.0) 2.83 (0.05) 1.01 8.314 293.15 0.018 5.92 0.21
0.74 (0.02) 0.26 (0.0) 1.25 (0.05) 1.02 8.314 293.15 0.018 5.92 0.47
0.77 (0.02) 0.23 (0.0) 1.03 (0.06) 1.03 8.314 293.15 0.018 5.92 0.58
0.79 (0.02) 0.21 (0.0) 0.76 (0.01) 1.04 8.314 293.15 0.018 5.92 0.84
0.83 (0.02) 0.17 (0.0) 0.75 (0.02) 1.05 8.314 293.15 0.018 5.92 0.78
0.84 (0.02) 0.16 (0.0) 0.68 (0.05) 1.06 8.314 293.15 0.018 5.92 1.02
0.89 (0.02) 0.11 (0.0) 0.76 (0.02) 1.07 8.314 293.15 0.018 5.92 0.78
0.90 (0.02) 0.10 (0.0) 0.69 (0.04) 1.08 8.314 293.15 0.018 5.92 0.70
0.91 (0.02) 0.09 (0.0) 0.72 (0.03) 1.09 8.314 293.15 0.018 5.92 0.82
0.93 (0.02) 0.07 (0.0) 0.74 (0.04) 1.10 8.314 293.15 0.018 5.92 0.63

Error at 68.2% of confidence interval (in brackets).

For each porosity value, the calculated Knudsen values range between 0.1 < Kn < 10,
which indicates that water vapor diffuses in the transitional flow regime, and the diffusion
coefficient is the transitional one, Dtrans (Equation (10)). Table 6 lists the calculated values
of the transitional coefficient at different porosities.
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Table 6. Calculated transitional diffusion at each relative density.

ε (-) r (×10−6 m) R (J/(K·mol)) T (K) M (kg/mol) D0 (×10−5 m2/s)
[67]

Dk
(×10−4 m2/s)

Dtrans
(×10−5 m2/s)

0.31 (0.0) 2.83 (0.05)

8.31 293.15 0.02 2.42

11.10 2.37 (0.0)
0.26 (0.0) 1.25 (0.05) 4.89 2.31 (0.0)
0.23 (0.0) 1.03 (0.06) 4.02 2.28 (0.01)
0.21 (0.0) 0.76 (0.01) 2.76 2.23 (0.0)
0.17 (0.0) 0.75 (0.02) 2.95 2.24 (0.0)
0.16 (0.0) 0.68 (0.05) 2.27 2.19 (0.0)
0.11 (0.0) 0.76 (0.02) 2.98 2.24 (0.0)
0.10 (0.0) 0.69 (0.04) 3.31 2.26 (0.01)
0.09 (0.0) 0.72 (0.03) 2.82 2.23 (0.01)
0.07 (0.0) 0.74 (0.04) 3.67 2.27 (0.0)

Error at 68.2% of confidence interval (in brackets).

The MDC of the water vapor decreases with the decrease of the porosity (Figure 14)
due to the increase of the average bulk density of the tablet, until it stabilizes at the
lower porosity.
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For simulation purposes, a power regression was used to fit the normalized MDC with
the normalized average tablet porosity (Equation (24)). This equation can be implemented
in the HAM model to simulate water vapor diffusion during the loading phase of the
compression process and in the produced compressed powder tablet. The MDC was
obtained from a tablet pore’s radius-dependent formula (Equation (10)).

D
D0

= (6.28× 10−2)× (
ε

ε0
)

4.47
+ 9.39× 10−1 (24)

3.5. Water Vapor Permeability

Different semi-empirical and phenomenological models can be used to estimate the
water vapor permeability (WVP), with the assumption that the vapor flow is laminar
inside the porous material without any condensation: (1) the Woodside model [48] and
the (2) Quenard and Sallée model (QS model) [52]. The full description of these models is
presented in the Materials and Methods section. Because we considered the MCC tablet as
a porous material with a certain range of porosity, these models can be used to estimate
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the WVP. These models are valid and useful for unsaturated porous material with porosity
ranging from 0 to 1; hence, they are applicable for MCC tablets. Moreover, we developed
a semi-empirical model for the estimation of the WVP from the measured permeability
and the estimation of the diffusion coefficient from the measured radius, as shown in
Equation (25) (the values, predicted by the semi-empirical model developed in this study,
were compared to those obtained with the Woodside and QS models in order to verify the
usefulness of our method):

Kv =
Kp

D
(25)

where Kp and D, respectively, are the permeability (m2) and the water vapor diffusivity
(m2/s) in the tablet.

The WVP was estimated with the Woodside model, the QS model, and the model
developed in this study (Table 7). The measured MDC and average pore radius was used for
the QS model. Table 7 reports the estimated values of WVP with all models and Figure 15
depicts the results obtained with all models.

Table 7. Values of the water vapor permeability.

ε (-) r
(×10−6 m)

Kp
(×10−16 m2)

Kair
(×10−10 s)

D
(×10−5 m2/s)

KvW (×10−10 s)
(Woodside)

KvO (×10−10 s)
(This Study)

KvQS (×10−7 s)
QS Model

0.23 (0.0) 1.03 (0.06) 97.6 (0.6)

1.92

2.28 (0.01) 0.32 (0.0) 4.3 (1.50) 1.30 (0.05)
0.21 (0.0) 0.76 (0.01) 12.3 (0.1) 2.23 (0.0) 0.29 (0.0) 0.55 (1.80) 1.17 (0.04)
0.17 (0.0) 0.75 (0.02) 12 (0.1) 2.24 (0.0) 0.24 (0.0) 0.54 (0.01) 1.18 (0.03)
0.11 (0.0) 0.76 (0.02) 2.37 (0.01) 2.24 (0.0) 0.15 (0.0) 0.11 (0.0) 1. 18 (0.03)
0.10 (0.0) 0.69 (0.04) 1.54 (0.02) 2.22 (0.01) 1.32 (0.0) 0.07 (0.03) 1.13 (0.03)
0.09 (0.0) 0.72 (0.03) 1.50 (0.01) 2.23 (0.01) 1.19 (0.0) 0.07 (0.02) 1.15 (0.01)
0.07 (0.0) 0.74 (0.04) 1.39 (0.01) 2.27 (0.00) 0.09 (0.0) 0.06 (0.0) 1.17 (0.01)

Error at 68.2% of confidence interval (in brackets).
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Figure 15. Water vapor permeability obtained with Woodside, QS, and our model.

The QS model gives values higher than free water vapor permeability in air
(1.92 × 10−10 s) [48]. Because the diffusion flow regime of the water vapor in the com-
pressed MCC tablet is found to be in the transitional regime, the WVP value can be assumed
lower or in the same range with that of free water vapor in air. Hence, the QS model is
considered to overestimate the WVP value. On the other hand, the Woodside model and
our estimation fit well with that postulation. Due to the lack of experimental values in the
literature, these later models are adopted in this study. Our calculus overestimated the
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vapor permeability value at high porosity (ε > 0.22), which can be due to the pore network
in the tablet.

An exponential regression (Equation (26)), for simulation purposes, was found be-
tween the normalized WVP and the normalized tablet porosity, with a regression coefficient
R2 = 0.98 (Figure 16):

Kv

Kv0
= 2.10× 10−10 exp

(
22.28× ε

ε0

)
(26)
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4. Conclusions

Several methods were presented in this study to determine moisture transport co-
efficients in MCC PH101 tablets. The ASTM D6539 standard test was used to measure
the absolute permeability (AP), and a Carman-like model was proposed to predict the
permeability in the tablet. This model is based on the tablets’ microstructural parameters,
which are porosity and pore radius. The average pores’ radii was estimated with the water
droplet penetration method, and the porosity was estimated with the tablet dimensions of
the MCC tablets. However, the stability of the pores’ average size, due to particle swelling
with time, has to be further investigated. The moisture transfer coefficient (MTC) in the
tablet was determined from the AP, with the passing gas characteristics and its value range
classifying the MCC tablet as a semi-impervious material. Moisture was found to diffuse in
the transitional regime, and the moisture diffusion coefficient (MDC) was estimated with
the measured average pore radius. The water vapor permeability (WVP) obtained from the
estimated MDC and the AP agreed with the Woodside model. The average porosity was
found to control the behavior of the obtained moisture coefficients; therefore, a series of
mathematical fits, using the porosity as a parameter, was proposed for simulation purposes.

These methods presented in this study can be used to estimate input parameters
to simulate:

(1) the powder’s moisture behavior during the loading phase of the compression to
investigate problems such as delamination, caking, or sticking;

(2) the adsorption of moisture by the tablet after the ejection, which is known to weaken
the tablet. However, since the pores’ size can change with time due to particle swelling,
a time-dependent factor must be eventually considered in the mathematical model.

In our next study, the input parameters obtained in this paper will be used to infer the
sticking phenomenon through the powder moisture variation during the loading phase of
the compression.
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