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Abstract

Porous solid materials commonly undergo coating processes during their manufacture,
where liquids are put in contact with solids for different purposes. The study of liquid
penetration in porous substrates is a process of high relevance in activities in several
industries. In particular, powder detergents are subject to coating with surfactants that
will boost their performance, although this may affect the flowability and even cause
caking of the particulate material, which can be detrimental to consumer acceptance.
Here we present a methodology to make compacted preparations of powders relevant to
detergent making and evaluate the internal structure of such porous substrates by means
of X-ray micro-computed tomography.

Liquid penetration into the preparation and total mass uptake of fluid were monitored by
a gravimetric technique based on a modified Wilhelmy plate method consisting of
consecutive cycles. Taking into account the geometry of the system, two models were
proposed to describe the liquid uptake, based on the process being driven by mass
(Model 1) or pressure (Model 2) gradients. Comparison between both from a statistical
and physical point of view led to the conclusion that the latter was more appropriate to
describe the process, retrieving values of the permeability of the solid between 0.03 and
0.95 x 10™"* m” Finally, with the parameters retrieved from Model 2, the force balance

observed throughout the experiment was simulated satisfactorily.

Keywords: powder compaction, porous media, dynamic wetting, liquid uptake, Darcy’s

law.
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Introduction

Penetration and imbibition of liquids into porous media occurs in many events in
nature and industry alike. In the former, the absorption of water by seeds or dry wood
and irrigation are paradigmatic examples, whereas in the latter liquid penetration is a
phenomenon of relevance in applications and processes like multiphasic catalytic
reactions, ink-jet printing, flotation in mining, fabric dying or coating of materials '.

Coating is a process of particular interest to activities like detergent processing
and other powdered products of the fast moving consumer goods industries. Attention
must be paid to fluid penetration into the porous substrate, for the effectiveness of the
process and the subsequent final quality of the product is directly related to the extent of
such penetration. For instance, the appearance of particles and their performance in
phenomena like dissolution are directly linked to fluid penetration.

Tablets made from powders under different conditions have been used in many
studies for the evaluation of phenomena like moisture transport 2, mechanical strength
and dissolution °, disintegration * or drug release °. Preparation of tablets of controlled
porosity by compaction of powders using compaction simulators or similar devices has
been previously reported in literature *”.

Different authors have employed a number of techniques for the analysis of the
porosity and internal structure of porous bodies. The common denominator of these
methods is their non-invasive and non-destructive nature. For instance, the internal
porosity of formulations made of microcrystalline cellulose and croscarmellose sodium
has been analysed using terahertz spectrometry ® 7. X-ray microscopy has been used for
the characterization of the porosity and tortuosity of membranes *. In particular, X-ray
microcomputed tomography (pu-CT) is a very effective method that allows the
visualization of the internal structure of solids. This technique has been put to use in
multiple applications like the analysis of biomaterials, artistic works and food samples *-
1 Of particular interest to the study herein dealt with, p-CT has proven effective in the
evaluation of the solid fraction of pharmaceutical tablets made under different
environmental conditions 2.

Powder wettability has also been studied by a range of approaches '*. These

include sessile drop studies evaluating the penetration of droplets of a liquid into porous

13-16 17-20

powder beds or liquid rise on columns through capillary rise . Another

technique is the Wilhelmy plate, which has been widely used to determine mass uptake,
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swelling, stability and contact angles of materials like wood *'*°, pharmaceutical

2628 or polymeric materials *. For Wilhelmy plate derived experiments,

powders
compaction of powders has been a common method for the preparation of samples '’

A number of authors have investigated how to model different types of
processes related to wetting of porous substrates. Wetting through capillary rise has
been explained traditionally by the Lucas-Washburn equation *°, which has been applied
to the spontaneous wetting of different porous media *'*. Cai et al. ** recently derived a
full analytical expression to describe the spontaneous imbibition of a wetting liquid into

fractal porous media. In addition, Ding et al. *> °

also developed the analytical
modeling of liquid penetration in slot die coating processes, including the development
of a CFD model.

The industry needs experimental methodologies and models to predict the mass
uptake in coating experiments. The purpose of this work is to study the coating of
particles, for which an approach based on tableting such particles was followed to study
the mentioned phenomenon as a function of the properties of both the liquid and the
solid substrate. Given the precedent work on the wetting of porous solids, the major
goals of this study are: (a) to present a methodology to prepare tablets of controlled
porosity from compaction of powdered material and (b) to identify the driving

mechanisms to study and model the dynamic wetting and liquid uptake of the tablet

upon contact and withdrawal from a pool of non-dissolving liquid.

Experimental Section
Materials

The powder materials employed in this work were supplied by the Procter &
Gamble Company. They consist of porous spray-dried granules with a size distribution
of d;p=357.11 pm, dsp=463.33 pm and dgy=580.29um as measured by a QicPic Particle
size analyser (Sympatec GmbH). Their composition is relevant to the manufacture of
powder detergents and features varying amounts of different sodium salts, linear
alkylbenzene sulfonate as surfactant, polymer binder and optical brightener (Tinopal) to
render the tablet visible under a fluorescent microscope. Prior to compaction, any
remaining moisture within their composition was removed by drying using a MA160

Sartorius thermal balance.
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As for the liquid materials, oleic acid (98% purity, Sigma Aldrich) and Neodol
45-7 (Shell Chemicals) were utilized for the dipping experiments. The latter chemical is
a commercial mixture typically used as a non-ionic surfactant in industrial practice that
consists in fatty alcohols of chain lengths C14-C15 and an average molar ratio of 7 to 1
of ethylene oxide to fatty alcohol. These were chosen due to their surfactant nature and

the fact that they did not dissolve the powders.

Preparation of porous substrate samples

Porous preparations of approximately 0.25 g were assembled by compaction of
powders into circular tablets using a punch and die of 13 mm of diameter within an
Instron Microtester model 5848 (Norwood, MA, USA) was used. The Microtester is
equipped with a load cell that could apply forming forces of up to 2000 N so that
varying porosities of the preparations could be achieved. After preparation, samples
were kept in a desiccator to prevent any undesired moisture uptake from the
atmosphere. Final tablet size was of 13 + 0.03 mm with thicknesses varying between

1.25 and 2.30 mm depending on the force applied to form the tablet.

Analysis of the internal structure of the substrates

The internal structure of the compacted preparations was analysed by means of
X-ray microcomputed tomography (u-CT) using a Skyscan 1172 device (Bruker,
Brussels, Belgium). Scans were acquired with a camera with a resolution of 6.76 um per
pixel using a round scanning trajectory (0.400 degrees per step) and no filter. To
achieve an appropriate resolution, the X-ray source was set at a voltage of 50 kV and a
current of 90 mA and an exposure time of the camera of 350 ms. Images were
reconstructed using the SkyScan NRecon package applying ring artefacts reduction and
beam hardening correction to reduce noise in the images.

Using the reconstructed set of images, characterisation of the internal structure
of the substrates was conducted with the CTAn (v.1.15.4.0) software. The procedure
consisted in defining a volume of interest to which a series of image analysis operations
would be applied: global thresholding for binarisation, removal of speckles constituting
noise pixels, shrink-wrap of the volume of interest to fit to the physical borders of the

sample and finally 3D analysis to determine the structural parameters of the solid.

Measurement of liquid uptake
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After analysis of the internal structure, the porous substrates were analysed for
liquid uptake. Tablets were glued to a small plastic toothpick and then mounted on a
Kriiss tensiometer model K-100 (Hamburg, Germany) in lieu of a conventional
Wilhelmy plate. The solid was dipped into the pool of liquid to a depth of 10 mm to
ensure that no liquid would be in contact with the top part of the tablet.

Figure 1(a) depicts the rest of the experimental setup, which has a glass vessel
placed in a jacketed holder connected to a temperature-controlled bath (Tecam TE-7
Tempette, Italy). To perform the dynamic wetting experiments the liquid level was
raised and lowered in alternate cycles using a Pumpl1 Elite syringe pump (Harvard
Apparatus, United States) controlling the infusion and withdrawal rate to adjust to the
desired immersion or emersion speed in a similar way to the experiments devised by
Moghaddam et al. for the measurement of water uptake of wood *'**. Figure 1(b) shows
a sketch of the immersion/emersion of the tablet into the liquid medium. The total mass
uptake after each cycle can be determined from the force measurement after removal of
the tablet from the pool of liquid. Thickness of the tablets was measured for swelling
with an electronic micrometer dismounting the sample from the tensiometer at the end

of each cycle.

Preparation of samples and visualization under fluorescent microscope

As stated in Section 2.1, the formulation of the powders contained an optical
brightener so that the tablet would become visible under fluorescent light. After the
dipping experiments, the tablets were mounted on a 25:3 v/v mixture of Epofix ® Resin
and Epofix ® Hardener and allowed to dry for 24 hours. This protocol ensured proper
fixing and made it easy to obtain a clean cross section in the direction of the flow of the
liquid by scraping the resin with graining paper.

The samples were then visualized under a Z16 APOA microscope (Leica
Microsystems, Germany) equipped with a pE-100 fluorescent excitation light source
(CoolLED, UK) at 400 nm. The images were acquired using a digital camera mounted
with a DD63NLC adapter (Diagnostic Instruments, USA). Observation of the emission
profiles was done using the open source software Image] 1.49v (National Institute of

Health, USA).

Measurement of the properties of the liquids
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In addition to the multicycle dynamic wetting of the porous solids, the
tensiometer was used to determine the surface tension and the density (measurements
based on the Archimedes principle) of the liquids used for testing. Viscosities were
measured using an AR-G?2 rotational rheometer (TA Instruments, Ltd., Delaware, USA)
fitted with cone and plate geometry with a cone angle of 2° and a diameter of 60 mm.

Further details may be found in previous work *’.

Results

Internal characterization of tablets

The powder granules loaded for compaction in the particle microtester were
subject to normal force loads ranging from 100 to 2000 N. When applied to the circular
geometry of the punch and die, such loads correspond to 0.75 MPa and 15 MPa in
accordance with the surface area of the tablet (¢= 13 mm). Below a load of 0.75 MPa,
preparations were too brittle to be further manipulated and analysed by p-CT.

Figures 2(a) and 2(b) show three-dimensional reconstruction of scanned tablets
of high and low porosities pressed at 0.75 MPa and 15 MPa, respectively. First, it can
be seen that the thickness of the tablets varies taking into account that each mark of the
box wrapping the reconstructed table represents a length of 1 mm. This obviously
affects the degree of packing of the granules within the tablet structure, which will hold
an effect on the overall porosity. A quarter of the tablet was cut from the reconstruction
to show further how the internal packing differs in both cases.

Figure 3 shows the overall porosity of the tablets as a function of the pressure
applied to make them, where the error bars represent the variance of the observed
porosities in quintuplicate experiments. In general, decreasing porosity results from the
application of an increasing pressure. It can be seen that at low forming pressures the
variation of porosity is quite evident, whilst at 11.3 MPa and above such variation is
less significant.

This behaviour can be well described using the derivation of the Kawakita
equation *® as described in literature, which leads to equation 1’

lnlzlnL+ln(1+b(l—¢0))P [eq.1]
0
where ¢ is the observed porosity of the tablet, ¢¢ is the initial porosity of the powder

(0.5664) and b is the fitting parameter of the Kawakita equation. From the fitting, the
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intercept was 0.5906 and the parameter b acquired a value of 0.1862, with a R? value of
0.91609.

Whilst the compressibility of powders and the resulting porosity from
compression depends on their chemical composition, the results obtained in this work
are qualitatively in line with those observed in literature. For example, the overall
porosity of tablets made of sodium dihydrate dichloroisocyanurate, a component
relevant in the formulation of industrial disinfectant tablets, ranged from approximately
30% when compaction took place at 30 MPa to 10% at 300 MPa *. For coal samples
subjected to different pressures, a decrease in porosity was observed as pressure
increased. In this case, the overall porosity dropped approximately 1 to 2 % for different
samples of circa 10% porosity for pressures ranging from 3 to 15 MPa following a
linear decay™'.

3D analysis obtained from pu-CT scans also allows the open and closed porosity
to be obtained. These can be defined as the relative amount of pores present in the
structure that are connected or not connected to the outer surface of the sample 38 In
addition, this tool allows calculating the pore size distribution of the tablet *'***, which

will help to calculate an effective pore size following equation 2 **:
d = -d,
p=2wd [eq.2]

where w; is the relative amount of pores of a size d;. Table 1 presents the data obtained
for the tablets of each experiment and the conditions at which experiments were
performed.

Description of the experiment

The events taking place in the experiments are shown in Figure 4, which depicts
the evolution of one cycle of the dynamic wetting test using the tensiometer:
(i) Before any contact with the liquid, the force recorded by the instrument
remains at zero after taring the balance (A).
(i1)) Then, upon contact of the sample with the liquid, an increase in force is
observed caused by the surface tension (B); this point marks the starting
point of the experiment (t=0 s).
(iii) Thereafter, as the tablet is immersed into the fluid the net force observed

declines due to buoyancy effects until it reaches a minimum after 60 s (C),
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which corresponds to the maximum depth of the body within the liquid
attained (10 mm) and hence the maximum buoyancy.

(iv) Beyond this point, the liquid level decreases leaving less and less of the
tablet immersed, thus recording a higher net force acquiring positive values
again, until a point (D), where a maximum is reached at time 120 s.

(v) Then, a slight decline is noted while a liquid meniscus is still present
followed by an abrupt drop, which corresponds to its breakage (E). The
force recorded after the complete withdrawal of the porous substrate from
the liquid can be related to the weight gained by liquid uptake.

Figure 5 shows images taken under a fluorescent microscope for cross sections of the
tablets cut halfway through their thickness. The pictures correspond to two extreme
cases: (a) a tablet of high porosity (43.55%) after six dipping cycles and (b) a tablet of
low porosity (18.99%) after only one cycle. On their right-hand side are the intensity
profiles of the lines crossing the diameter of the tablets both horizontally (black curve)
and vertically (red curve). Such profiles show the light intensity of the image as a grey
scale ranging from 0 (black) to 255 (white), where the brightest values correspond to the
fluorescence emitted by the optical brightener within the tablet. As the tablet contacts
the liquid, the signal attenuates and the parts with a higher exposure to the liquid
acquire darker values on the scale.

For both tablets the trends of the horizontal profiles show almost symmetrical
profiles reaching higher values towards the central part of the tablet. This is clear
evidence that the liquid flows into the tablet from the outer surface to the interior of the
tablet. There the fluorescence intensity reaches its highest value, as it remains more
inaccessible to the liquid than the edges. In the case of Figure 5(a), the profile line is
smoother than in Figure 5(b), which accounts for the fact that after 6 cycles, the liquid
has flowed more homogeneously into the internal structure of the tablet. For the less
porous tablet with less contact with the liquid, a more pronounced profile can be seen,
as observed for Figure 5(b), where at approximately 2.5 mm from the edges maximum
values of the intensity are attained.

As for the trends of the vertical profile lines, a decrease can be observed from
the top to the bottom. First, down to about 2.5 to 3 mm, the intensity practically remains
at maximum values, as the top 3 mm of the tablet were not in contact with the liquid at
all. Then, from 3 mm to the bottom there is a general declining trend, which is caused

by the bottom part of the substrate remaining dipped in the liquid reservoir for a longer
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period of time. Again, for the case (a), the profile follows a smoother pattern than in (b)
due to more liquid being present inside the tablet.

Modelling the liquid uptake process
Tablet swelling

During the experiments the tablets were observed to undergo some swelling. For
modelling purposes, it will be assumed that this swelling only occurs in the direction
perpendicular to the radial plane; i.e., there is an increase in the tablet thickness, but no
change in the diameter of the tablet. Also, it will be considered that the change in
thickness is uniform over the whole tablet. An empirical power law model is proposed
to describe observed swelling as a function of the fractional mass increase observed, as
depicted in Figure 6. The fitting obtained is shown in equation 3, which has a R’ value
0f 0.93:

_ Ay 047
A6=5.17-Am [eq.3]

where 4m is defined as the mass increment due to uptake with respect to the initial mass

__m-myp

(Am =

- ). The thickness of the tablets was manually measured using a micrometer,
0

contrary to the perimeter model used in other works that uses a non-swelling liquid like
octane "%, The latter method could not be implemented here given the composition of
the samples, which were both soluble in octane due to the presence of the polymer and
in water owing to the sodium salts, hence disrupting the structure of the compacted
powder preparation.

Geometry of the system

One feature of the experimental set up is the varying contact area throughout
time between the liquid and different points on the tablet. This is displayed in Figure 7,

where we can define a variable /(?), which is the height of liquid relative to the bottom
of the tablet at a given time, ¢. The tablet can be broken up into % bands, which are at a

distance x above the base of the tablet.

The dipping speed is constant throughout each test and once the maximum
height of liquid on the tablet is reached (/,4), the direction of the liquid flow is
reversed and, subsequently, the liquid is removed at the same speed without any pause

at the maximum point.
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As such, the variation of the height with time over the domain t € [0, t,;,4,] can

be described with a triangular wave function:
h .4l .| 27 h
h(t)=—"2%sin"" | sin| —(¢#—0.25¢ 4 —ax
( ) T ( [lmax ( maX)jj 2 [eq4]

The maximum time can be defined from the dipping speed:

t — 2hmax [eqs]
u

in which u is the immersion speed of the tablet into the liquid.

From the description of the liquid height and the definition of the area of a

circular segment, equation 6 is obtained:

2

A =7(a—sina) [eq.6]

seg

where o is the angle that the circular sector forms from the center with respect to the

height of the liquid front as depicted in Figure 7, which corresponds to:
a=2cosl[l—£j eq.7
R [eq.7]

Thus, we can produce equations to define how the contact area (4) and
submerged volume (¥) vary with time both for the total area and volume (equations 8(a)

and 9(a)) and the corresponding differential elements (equations 8(b) and 9(b)):

h(t) ) .
A(t) j 25+2R(1 cos(Zcos (I_E)))dx

1 (1__)2 [eq.8a]
28+2R 1- cos(ZCOS 1(1‘_))) dx
(1__)2 [eq.8b]
h(t)
V(t) B 1- cos(ZcoS (21_%)) dx
1 = [eq.9a]

1- cos 2cos (1—%))
d
J 1- (1—%)2 g [eq.9b]
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where R is the tablet radius, and ¢ is the tablet thickness, which is a function of the mass

at time ¢ as described by equation 3.
Saturation concentration

After a certain mass of liquid is adsorbed, the tablet will become saturated and
there will be no further increase in the tablet weight, as can be seen in the plots of mass
uptake against cycle (Figure 8). It can be observed that the majority of the liquid uptake
occurs after the first contact cycle and then a plateau is reached, usually after the third

cycle.

We can therefore define a saturation concentration (Cs,), which will depend on
the liquid and solid properties, and the parameter will be calculated from the
experimental mass absorbed after the final cycle (m,), divided by the available volume-

the tablet volume multiplied by the open porosity @,pen:

C,p=—

sat ¢0pen -V [eq 10]

As previously stated, the thickness of the tablet will increase as liquid uptake
occurs, which results in an increase in volume. Such increase will have an influence
upon the porosity of the tablet. It is assumed that the density of the solid phase of the
tablet is constant, and no mass is lost due to dissolution, leading to the volume of the
solid phase remaining constant throughout. It can therefore be stated that the increase in
volume will result in an increase in the porosity of the tablet. The volume of the solid

phase is:

m; _(1_
Z_(l ¢0)I/tot,0 [eqll]

where m;, is the initial mass of tablet (mass of solid phase), p, is the density of the solid
phase, and ¢ and Vo are the porosity and volume of the tablet, respectively, prior to
any liquid uptake. We can redefine this equation at any point in the experiment as a
function of the tablet thickness bearing in mind its variation as the liquid uptake

increases, as shown in Figure 6:

m, _
;S_(l ¢(§))V;Uf(§) [eqlz]

Therefore it can be stated that:
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sz,o
¢(5)=1—(1—¢o)m [eq.13]

The total porosity will be the sum of the closed and open porosity of the tablet. It
is assumed that the closed porosity remains constant throughout the experiment
considering that the liquids selected cause no dissolution of the components; as such,

the change in porosity will be solely due to change in open porosity:

I/;ot,O

Vi (9)

¢open (5) = ¢t0t - ¢closed =1- (1 - ¢0) - (¢0 - ¢open,0)

[eq.14]
Modeling the liquid uptake into the tablets

L3 the liquid uptake from

As described in Figure 4 and in previous works
cycle to cycle can be measured by the difference in the force recorded by the
tensiometer before dipping the solid in the pool of liquid and upon complete removal.
The liquid uptake into the tablets for the experiments performed is represented in the
map plotted in Figure 9, for which the properties of the liquids at experimental
conditions are given in Table 2. This Figure presents a modified capillary number (Ca)
that increases against the open porosity of the tablets. The Ca is defined as follows:

Ca=H.u* [eq.15]
4
where p is the viscosity of the fluid, y is the surface tension and u* is a modified
“velocity” of the liquid in the tablet corresponding to:
:Am*

p-A

u*

[eq.16]

in which Am* is the rate of liquid uptake expressed as the ratio of the mass uptake that a
tablet can hold (summarized in Table 1) at saturation to the time that such cycles lasts,
which depends on the immersion rate of the solid into the liquid. In addition, p is the
density of the liquid phase and 4 is the total surface area exposed to the liquid. This Ca
plotted in the map takes into account the dipping speed of the experiment as well as the
properties of the fluid (p, u# and p), defined by the chemistry and the temperature at
which the tests were performed, showing that the greater the porosity the higher the
liquid penetration rate. The chemistry and the temperature at which tests were
performed define the properties of the liquid, which are compiled in Table 2. One has to

take into account the plot depicted in Figure 9 considers the values of the contact angle
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of the liquid do not differ, which is a good approximation in this case considering the
contact angles range from 80.57 © to 85.87 °, which is an approximate difference of 6%.
Mathematical modelling can be utilized to test possible mechanisms involved in
the liquid uptake during the experiments. Two models were produced taking into
account the experimental information and the model for the contact area and volume
throughout the process: the first will assume the liquid uptake is driven by a

concentration gradient, the second that the uptake is driven by a pressure gradient.
Model 1: model based on uptake by mass gradient

The first model will assume that the uptake of liquid into the tablet is driven by
the concentration difference between the concentration of liquid at any given time in the

tablet and the saturation concentration, such that:

m,

WJ [eq.17]

om,

:KA| AC:KA| .£Cs'at_
ot |, * }

The total mass of liquid in the tablet at any time will be the sum of all the masses

at each discrete element in the tablet.

m,(t)= %x m, (t)|x [eq.18]

K is the rate constant of the liquid flow into the porous tablet. This constant can
be defined similarly to how Washburn’s equation was constructed *° for the penetration

of liquids in pores, giving values of K of:

K:dp-y-cosﬁ
4-/1-Lp [eq.19]

where d, is the weighted average pore diameter (as defined in equation 2), y the surface
tension, @ the contact angle between liquid and solid, x the viscosity of the liquid. Note
that this constant features the ratio of surface tension to viscosity, which can be
envisaged as representative of speed of penetration of the liquid. Finally, L, is a
parameter that will be a function of the total pore length in the band taking into account
factors related to the internal structure of the tablet, such as tortuosity, and will be

estimated from the experimental data.

Model 2: model based on uptake by pressure gradient
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This model assumes the transfer of liquid into the tablet will be pressure driven;
thus, a model based on Darcy’s law can be derived:

_K-A(t)-AP

0(1)= uL [eq.20]

It was assumed that the length over which the pressure gradient acts is equal to
half the tablet thickness. The difference in pressure AP at any point will be due to that
of the hydrostatic pressure caused by the liquid above it and the capillary pressure, such
that:

AP =p, -g-(h(t)—x)+ﬁcosé’
r [eq.21]

P

Where yis the surface tension of the liquid, 7, is the radius of the pores, assumed

to be that of the capillaries and @is the contact angle of the liquid with solid surface.
The flow rate, O, can be defined as a change in mass:

1 0om,

o, ot [eq.22]

Introducing these terms into Darcy’s law gives:

om,| p-x-4 2y
—t=——x| p,-g(h(t)—x)+—cosl
ol uL (pf g(h(1) =) ) [eq.23]
For each element the change in mass becomes
om,| _p-x-4 2y
= Ll p,-g-(h(t)—x)+—cosd eq.24
o iy CRAUORS) ; [eq.24]

Again, the total mass at any time is equal to the sum of the masses at each band,

as described in equation 16 above.

The only unknown parameter in this model for this system is the permeability x
of the liquid into the tablet, which is dependent on the properties of the liquid and,
therefore, temperature as well. In this model we must set the following constraint upon
the mass, such that when the saturation concentration is reached there is no further

liquid uptake, therefore:

ACS Paragon Plus Environment

Page 14 of 46



Page 15 of 46

©CoO~NOUTA,WNPE

Langmuir

om,

25
a . [eq.25]

=0, for m, |x 2C,, - ¢0pen (5) 4

X

Both for models 1 and 2, there is a requirement to define initial conditions. It

will be assumed that the tablet has no liquid inside prior to the first cycle (c), therefore:

=0 Vx e[0,h

b

Hx e max]’czl’t:() [eq26]

The tablets will undergo a number of dipping cycles, and the initial conditions will be
reset at the beginning of each cycle, where the new initial condition will be the mass of

liquid in the tablet at the end of the previous cycle, such that:

Vx €[0,h,,]. Vet € (l,c,,] [eq.27]

! x,t=0,c = ml x,t:t/,c—l >
where, c;,; 1s the total number of cycles in each experiment.

Table 3 shows the optimized values for the parameters L, and « after fitting the
two models described above to the experimental data. In addition, the mean squared
errors (MSE) retrieved from the fittings and simulations are also included for the two
models for each of the different experimental conditions. Additionally, Figure 10 shows
the parity plot of the experimental results with respect to those predicted by the two
models. Part (a) shows that Model 1 estimates the mass uptake values very well for all
experiments after the first cycle, whilst Model 2 seems to underestimate slightly the
uptake for the highest values, which corresponds to the tablets of highest porosities. On
the other hand, both models seem to predict correct values of the liquid uptake at
saturation of the tablets regardless of the mass increase value.

As the number of parameters being fitted in each model and the number of
experimental data point used in the fitting were the same, the models can be compared
directly from the mean squared error (MSE). For this reason, in statistical terms, the
model based on mass gradient (Model 1) gives somewhat better results than that dealing
with a pressure gradient (Model 2). Nevertheless, deeper discussion and understanding
of the parameters obtained from these two must be made from a physical standpoint, for
not only statistical considerations determine the validity or goodness of description of
phenomena s

For Model 1, the values of the estimated parameter L, were found to vary from a
minimum value of 0.09 to a maximum of 5.12 m; they were mostly below 1 m. The

values appear to be very large compared with what would be expected of the average
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pore length within a tablet of such dimensions. However, an interpretation of this
parameter is that it may combine pore length and tortuosity, with the value of the length
being more in line with the expected total length of pores in the band.

Model 2 shows values of the permeability x also with an order of magnitude of
difference, with most values ranging between 0.03 and 0.51 D (1 D= 10 "' m?). These
values agree with common values estimated in previous studies for porous media of
different nature. For instance, permeability values of up to 0.1 D for coal in sorptive
reservoirs *°, 0.009 D for andesite rock ¥, different glass beads bundles between 0.67
and 291.3 D * have been reported.

Furthermore, there appears to be a relationship whereby permeability increases
as the open porosity and pore diameter increase. This can be observed in Figure 11 and
has been described previously in literature **.

For these reasons, despite the MSE being somewhat higher for Model 2, a more
plausible physical explanation of the parameters suggests that a pressure driven model

is a more credible representation of the involved phenomena in this study.

Simulation of the force balance

Taking into account the physical phenomena described in Figure 4, a model to
describe the net force recorded by the tensiometer can be proposed, which slightly
modifies that presented in previous works #:29 This model will take into account the
following forces:

- Weight of the liquid which is absorbed into the tablet (F;,)
E,=g-m [eq.28]
- Buoyancy of the tablet submerged in the liquid (Fg). The displaced volume will
depend on the depth of the tablet, and the change in thickness of the tablet.

' R- 5-(1+cos[2 cos™ (l —;DJ
Fy=p-g >
X
0 \/1_(1_RJ

- Surface tension (F,), which acts on the wetted perimeter.

K =2}/(4R-sin(2-cos‘1 (1—%}}25} [eq.30]

- Normal force due to flow of liquid (Fy).

dx [eq.29]
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1

2

2 F,=p-5-R-u’ [eq.31]
5 - Drag force due to liquid flow around the tablet (Fp).

6

7 4 X

8 (1) 2R -(l—cos[Z - COS (1_Rm

9 F,=2-p,-u’*-C, dx [eq.32]
10 x V)

11 ‘ ==

12

ﬁ - Capillary force due to the flow of liquid into the pores of the tablet (Fp,)

15 16-m, -

16 Fpo=—"1 7 6050 [eq.33]
17 pl. P

1 . . "

18 The mass uptake (F,,) and surface tension forces (F,) will be positive and act
32 towards the earth. On the other hand, buoyancy (F,,) and normal forces (Fy) will act in
22 the opposite direction, hence taking a negative sign. Finally, the drag force (F)p) will
23

24 depend upon the direction of flow: for the first half of the dipping it will be negative,
Sg yet when the liquid is being drained, the drag will be positive. The capillary force (Fp,)
357; will have both positive and negative components depending on whether the depth of the
29 liquid is greater or lower than the radius of the tablet. Figure 12 shows a schematic of
32 the direction of the forces. The main contributors to the force balance are the mass,
gé buoyancy and surface tension, with the normal and drag forces having no significant
34 influence upon the balance due to low liquid velocities. Therefore, allocating the
gg corresponding signs, the net force acting on the tablet will result in:

g; F=F +F-F,-F tF,tF, [eq.34]
Zg In this case, no fitting was performed, but simulation of the balance following
41 the two models described above was made. Comparing the force balances predicted by
42

43 the two models, Model 1 shows a lower MSE value when compared to Model 2 (10.7
jg and 12.2, respectively, as seen in Table 3), although the difference between them is not
46 as significant as with the mass balance.

47

48 Figure 12 depicts the evolution of the force measured throughout the first
gg dipping cycle for four selected experiments, which are compared with the model as
51 derived with the parameters obtained from Model 2, with more physical significance as
52

53 discussed above. Considering that these experiments could well be performed using a
gg precision balance, a model presenting the net force balance around the tablet can give an
56 idea of the necessary precision to quantify such forces for a porous substrate of 0.25 g
57

58 of mass. In addition, this experimental setup could have an application for measuring
59

60
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the dissolution rate of porous bodies by monitoring the force balance around the solid
substrate. It can be seen that for three of the plots in Figure 13, as occur for the majority
of the experiments performed, the Model represents with good agreement the dynamic
evolution of the force balance, although for the fourth plot presented for a tablet of
26.31%, the model appears to overestimate the net force. This is caused by an
underestimation of the upward forces, predominantly buoyancy, in particular when the
liquid is at the maximum depth (%,,,y). Also, there is a slight failure in the prediction of
the time at which the breakage of the liquid bridge occurs (stage D in Figure 4), which

according to the model takes place a few seconds earlier than observed.
Summary and Conclusions

This work deals with the preparation of porous substrates in the form of tablets
and a subsequent coating process modeling both the process and the liquid uptake.

Particles of a relevant composition to the manufacture of powder detergent were
compressed to generate porous substrates of variable porosities. As per X-ray
microcomputed tomography measurements, the value of the overall porosity ranged
from 54 % to 17 % when pressures from 0.75 to 15 MPa were tested and such porosity
was found to follow a power law fit.

As a way to approach the coating of such substrates, dynamic wetting was
proposed via a Wilhelmy plate technique consisting of dipping and withdrawal
experiments in several cycles. The liquid uptake proved to be dependent mainly on the
open porosity of the solid substrate and, to a lesser degree, the physicochemical
properties of the liquids.

Two models were suggested to describe the mass uptake observed after
subsequent cycles. Such models were based on the penetration driven by a mass
gradient (Model 1) and a pressure gradient based on Darcy’s law (Model 2) between the
internal structure of the tablet and the bulk liquid. Despite the former showing a slightly
better goodness of fit in statistical terms, the latter also fit well to the observed data and
had more significance in physical terms. With this pressure driven model, the
permeability of the solid medium was estimated to lie between 0.03 and 0.95 D and
showed dependence on the open porosity and pore size.

Finally, the force balance was simulated with the results obtained from

modelling the liquid uptake and compared against experimental observations. Whilst in
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1

2

3 some cases the model represented with good agreement the observed evolution, in other
4 .

5 cases the model overestimated the net force observed.
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20 Abbreviations

21

22 Latin characters

23

24 2

o5 A area (m”)

26

27 c cycle

28 . 3

29 C concentration (kg m™)

30

31 Ca modified capillary number (non-dimensional)

32

33 Cob drag coefficient (non-dimensional)

34

35 d diameter (m)

36

37 D darcy (1 D=10" m?)

38

Zg g gravity (m s7)

41 . - .

42 h height of liquid relative to the bottom of the tablet (m)

43

44 K rate constant of the liquid flow in to the porous tablet (kg s™)

45

46 L length (m)

47

48 m mass (kg)

49

50 MSE mean squared error

51

gg P pressure (MPa or N m?)

54 .

55 R radius (m)

56

58

59

60
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dipping speed (m s™)

modified velocity of fluid penetrating into the substrate (m s'l)
volume (m”*)

weighting factor (-)

distance above the tablet (m)

Greek characters

o} angle formed between the center of the tablet and the liquid front (°)
) thickness (m)

A increment

() porosity (-)

Y surface tension (N m'l)

K permeability (m?)

1) viscosity (Pa s)

p-CT  X-ray microcomputed tomography
0 contact angle (°)

p density (kg m™)

Subscripts

0 refers to initial state

B relative to buoyancy

D relative to drag

1 refers to the liquid

m relative to mass

n relative to the cycle number

N normal

p refers to pore

Pc relative to capillary pressure
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] refers to the solid

sat refers to saturated state

seg  relative to circular segment
t refers to the tablet
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Figure captions

Figure 1. (a) Schematic representation of the experimental setup. (b) Detail of the tablet

dipping into the liquid reservoir

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Langmuir

Figure 2. 3D reconstruction of p-CT scans of tablets compressed at (a) 0.75 MPa and
(b) 15 MPa at a rate of 0.5 mm s™.

Figure 3. Porosity of the substrates applying different forming pressures. Data points
and error bars correspond to the average and standard deviations of replicate

experiments. Solid line represents the power law fit to the data as defined by equation 1.

Figure 4. Description of the dynamics of an experiment: dipping a cylindrical porous
substrate into a liquid pool (inspired by *°). Conditions: tablet of 25.76 % porosity,

liquid at 40 C and immersion rate of 10 mm min™.

Figure 5. Images of tablets taken under a fluorescent microscope after performing
different wetting experiments in Neodol 45-7 at 40 C: (a) tablet of porosity 43.55% after
6 consecutive immersion cycles and (b) tablet of porosity 18.99% after 1 immersion

cycle.

Figure 6. Variation of the thickness of the tablet with respect to the change of mass

observed

Figure 7. Schematic representation of the integration of the bands of the immersed

tablet into the liquid

Figure 8. Observed and modelled mass uptake as a function of the contact cycles in the

dipping experiments for selected experiments.

Figure 9. Plot of the modified capillary number obtained for each experiment against

the open porosity available for liquid uptake.

Figure 10. Relationship between the estimated permeability and the open porosity and

pore size as measured by p-CT.

Figure 11. Scheme of the direction of the forces taking place in the dipping experiment.
Solid and dashed lines represent major and minor contributors to the net force,

respectively.

Figure 12. Dynamics of the net force observed the experiment and model prediction in

selected experiments performed in tablets of different porosities.

Table captions

Table 1. Weighted average of the pore size based on the pore size distribution on the
powder preparations as measured by X-ray microcomputed tomography
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Table 2. Density, viscosity and surface tension of the liquids tested at different
temperatures.

Table 3. Estimated values of the parameters for and mean squared errors obtained

from the simulation of the experiments
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Figure 1. (a) Schematic representation of the experimental setup. (b) Detail of the tablet
dipping into the liquid reservoir. List of elements: 1. Computer for data acquisition; 2.
Temperature controlled water bath; 3. Syringe pump; 4. Tensiometer balance; 5. Porous

solid sample; 6. Liquid reservoir within a vessel; 7. Jacket for temperature conditioning.
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Figure 2. 3D reconstruction of u-CT scans of tablets compressed at (a) 0.75 MPa and

(b) 15 MPa showing the difference in thickness and porosity.
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Figure 3. Porosity of the substrates applying different pressures. Data correspond to the
average of three replicate experiments. The solid line represents the fit of the Kawakita

equation to the data as defined by equation (1).
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Figure 4. Description of an experiment: dipping a tablet into a liquid pool. Conditions:

tablet of 25.76 % porosity, liquid at 40 C and immersion rate of 10 mm min”.
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Figure 5. Images of tablets taken under a fluorescent microscope after different wetting

experiments in Neodol 45-7 at 40 C: (a) tablet of porosity 43.55% after 6 consecutive

Langmuir

immersion cycles and (b) tablet of porosity 18.99% after 1 immersion cycle.
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Figure 6. Variation of the thickness of the tablet with respect to the change of mass

observed
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Figure 7. Schematic representation of the integration of the bands and angle of the

immersed tablet into the liquid

Liquid front
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Figure 8. Observed and modelled mass uptake as a function of the contact cycles in the

dipping experiments for selected experiments.
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Figure 9. Plot of the modified capillary number obtained for each experiment against

the open porosity available for liquid uptake.
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Figure 10. Parity plot of the observed values for the mass uptake in tablets for all the
experiments performed (a) after the first immersion cycle and (b) at saturation of the

tablet
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Figure 11. Relationship between the estimated permeability and the open porosity and

pore size as measured by p-CT. (a) Surface plot and (b) surface projection.
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Figure 12. Scheme of the direction of the forces taking place in the dipping experiment.
Solid and dashed lines represent major and minor contributors to the net force,

respectively.
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Figure 13. Dynamics of the net force observed the experiment and model prediction in

selected experiments performed in tablets of different porosities.
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Table 1. Experimental conditions and porosity of the tablets used and final mass uptake.

Applied
.. ppiie Overall Open
Liquid Temperature | normal . . d, Mass uptake at
Run porosity porosity X
used ©) stress (%) (%) (pm) saturation (%)
(MPa) ? ?
1 Neodol 40 2000 19.89 14.47 68.11 459
45-7
2 N:;’C;OI 40 100 53.88 52.1 108.75 24.76
3 Neodol 40 400 37.83 35.7 86.37 8.30
45-7
4 N:;’C;OI 30 2000 2631 23.01 70.53 7.40
5 Neodol 30 2000 21.41 17.3 74.93 3.30
45-7
6 N:;’C;OI 30 2000 22.66 18.54 70.12 422
7 N:;’C;OI 50 400 47.23 45.84 114.53 36.14
8 N:;’C;OI 60 2000 46.55 43.55 112.94 31.41
9 Neodol 50 400 3321 31.91 85.98 25.17
45-7
10 N:;";OI 60 200 33.69 30.95 88.87 23.44
Neodol
45-7 +
11 | oleic acid 30 200 37.43 34.87 91.99 34.78
(50:50
W/W)
Neodol
45-7 +
12 | oleic acid 30 400 20.44 18.01 69.39 7.17
(50:50
W/W)
Neodol
45-7 +
13 | oleic acid 30 400 40.02 36.93 80.85 29.90
(50:50
W/W)
14 | Oleic acid 25 200 41.88 39.95 112.03 59.90
15 | Oleic acid 40 200 39.11 38.85 108.75 40.73
16 | Oleic acid 50 200 38.74 37.66 104.85 52.41
17 | Oleic acid 25 600 27.88 25.26 775 13.62
18 | Oleic acid 40 600 25.23 22.88 7438 16.22
19 | Oleic acid 50 600 2471 21.94 79.72 12.29
20 | Oleic acid 25 2000 16.27 13.22 62.12 442
21 | Oleic acid 40 2000 17.04 13.44 62.32 414
22 | Oleic acid 50 2000 19.04 15.32 66.65 431
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Table 2. Physical properties of the liquids employed for the coating experiments.

Contact angle” | Temperature Viscosity Density Surface tension
Liquid
©) © (mPas) (kg m”) (mN m™)
Neodol 45-7 30 46.77 9775 32.49
Neodol 45-7 40 36.75 31.97
80.57+2.73 969.0
Neodol 45-7 50 24.31 962.6 31.48
Neodol 45-7 60 17.24 955.2 30.94
Neodol 45-7 + oleic
85.02+1.29 30 35.04 933.3 32.10
acid (50:50 w/w)
Oleic acid 25 30.47 890.4 32.56
Oleic acid 30 25.34 887.7 32.20
85.87+5.87
Oleic acid 40 18.46 880.1 31.75
Oleic acid 50 13.89 873.3 30.43

* Measured using a DSA 30S Drop Size Analyser (Kriiss, Hamburg, Germany). Measurements at room

temperature.
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1

2

3 Table 3. Estimated values of the parameters for the two models and mean squared

g errors obtained from the simulation of the experiments

6

7 Model 1 Model 2

8

9 Experiment MSE MSE 12, 2 MSE MSE

10 D?umber L”(m) liquid Net force Kce10™ (m) liquid Net force
uptake uptake

11 1 0.54 0.005 0254 0.03 0.004 0.288

12 2 0.09 0.023 0.245 0.51 0.494 0.266

13 3 0.29 0.016 0.243 0.07 0.017 0.260

14 4 0.70 0.003 0.347 0.04 0.070 0.366

15 5 0.60 0.003 0.292 0.04 0.016 0314

16 6 0.23 0.000 0.184 0.05 0.000 0.219

17 7 0.08 0.020 0.810 0.37 7.479 0.819

18 8 0.17 0.035 0.726 0.38 0.419 0.791

19 9 0.21 0.080 0.536 0.27 0.155 0.609

20 10 0.35 0.076 0.549 0.14 0.205 0.603

21 11 0.44 0.233 0.513 0.95 1.060 0.668

22 12 0.91 0.115 0.184 0.15 0.108 0.191

23 13 2.14 0.413 0.165 0.22 0.316 0.244

24 14 2.51 3.981 1.164 0.47 4258 1359

25 15 2.10 0.399 1.063 0.41 0.348 1.298

26 16 5.12 2.819 0.919 0.21 3.394 1.150

27 17 1.22 0.008 0.573 0.20 0.011 0.658

28 18 2.00 0.028 0.682 0.15 0.053 0.737

29 19 0.83 0.038 0.381 0.14 0.155 0.464

30 20 2.44 0.009 0.173 0.04 0.008 0.179

31 21 1.24 0.016 0.380 0.08 0.017 0.404

32 22 2.66 0.003 0.328 0.04 0.003 0.352

33 Total MSE 8.323 10.711 Total MSE 18.590 12.239

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55
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58

59

60
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