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Abstract Controlling the liquid transport within
cellulose-based materials is crucial for numer-
ous applications, including printing, bio-assays,
packaging, and cleaning. To control liquid trans-
port and quality, post-processes such as calender-
ing, a way of compressing and smoothen the paper
using hard pressure rollers, and hydrophobisation,
are commonly employed. To understand how these
processes influence liquid uptake, this study uses
an Ultra-Fast Imaging (UFI) NMR method to ana-
lyse moisture profiles during liquid uptake in vari-
ous cellulose-based paper sheets with diverse levels
of hydrophobisation and calendering. It is demon-
strated that calendering decreases penetration speed
and increases swelling. The reduction in penetra-
tion speed could be linked to a decrease in perme-
ability upon calendering, as measured by the Gur-
ley air permeance. Additionally, it is observed that
hydrophobisation delayed and slowed down liquid
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uptake in the paper samples, and, in extreme cases,
completely altered the liquid uptake phenomena.
With substantial hydrophobisation, liquid penetra-
tion no longer proceeded with a well-defined liquid
front but exhibited huge levels of fingering. Further-
more, is was observed that within highly hydropho-
bised paper, fibres were first prewetted, initiating a
first swelling, before the pores between fibres could
be filled. Subsequently, water could enter the pores
between, allowing fibre bonds to be broken, lead-
ing to a second swelling of the paper sheet. The
improved understanding will contribute to better
control of the flow within cellulose-based materials,
benefiting applications such as printing, packaging
and microfluidics.
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Introduction

Cellulose-based materials such as paper, have experi-
enced growing interest in the last decades in applica-
tion such as packaging, driven by their renewable and
biodegradable nature and the rising environmental
concerns imposed by materials such as plastics (Ilyas
et al. 2018; Derraik 2002). In the pursuit of minimis-
ing environmental impact and develop circular econ-
omies, efforts are made to replace existing materi-
als with paper and other biopolymers (Dziuba et al.
2021; Babaremu et al. 2023). However, paper and
biopolymers-based materials exhibit complex struc-
tures, which greatly influence the end-use properties
such as printability and packaging performance. Con-
sequently, extensive research is focused on the effects
of introducing these materials for packaging systems
(Tang et al. 2012; Thuppahige et al. 2022; Tayeb et al.
2020), barrier layers (Xu et al. 2020) and paper-based
diagnostics (Songok and Toivakka 2016; Gong and
Sinton 2017). Beyond enhancing the biodegradabil-
ity of existing and new applications, research is also
devoted to understanding and refining the printabil-
ity of pulp and paper products (Y. Li and He 2011;
Lundberg et al. 2011). This can drastically reduce the
usage of harmful chemical components such as inks.
To enable fibre-based cellulosic materials, such
as paper, to compete with existing applications or to
enhance printability, the materials in sheet form are
often modified to influence the penetration behaviour
of liquids, their strength or smoothness. While cer-
tain materials, such as tissues, are specially designed
to absorb water, other applications, including tex-
tiles, medical applications or food packaging require,
resistance to water (Samyn 2013). Fully controlling
water transport in cellulosic materials through spe-
cific liquid-surface interaction has advantages in gen-
eral printing, printable electronics (Rida et al. 2009),
microfluidic devices and lab-on-chip devices (Wulz
et al. 2021; Bohm and Biesalski 2017; Songok and
Toivakka 2016; Li et al. 2010). Therefore, multiple
processes are employed to influence the penetration
behaviour in the final applications (Bohm and Biesal-
ski 2017; Li et al. 2010). Two factors that significantly
influence the penetration behaviour are the porous
structure and the surface chemistry of the biopoly-
mer fibres. Calendering and sizing are two commonly
used processes to adjust the porous structure or sur-
face chemistry. In sizing, the surface chemistry of
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the fibres is modified to change the hydrophobicity,
while calendering influences the porous structure by
compressing. In sizing, a hydrophobic sizing agent
is applied to the paper sample (surface sizing) or
attached to the fibres (internal sizing) which hydro-
phobises the paper (Samyn 2013). By increasing the
hydrophobicity, the paper becomes more resistant
to water and moisture. The vulnerability of biopoly-
mers and paper to wetting is a significant concern in
packaging and barrier materials which can be over-
come by sizing. Szlek et al. (2022) provide a detailed
description of various sizing treatments to improve
the hydrophobic nature of cellulose-based and other
polysaccharide barriers for sustainable food packag-
ing. Besides protection against water damage, con-
trolled hydrophobicity can be employed to adjust
the penetration speed for desired properties, and for
example to define the flow path within paper-based
microfluidic devices by selectively hydrophobising
certain areas of the sheet (Li et al. 2010). While siz-
ing is used to modify the hydrophobicity of the paper,
as previously mentioned, calendering is used to adjust
the porous structure. During calendering, paper
is passed through a series of steel rollers that press
the fibres together (Browne and Crotogino 2018). In
some cases, these forces are accompanied by a heat
treatment. Calendering increases the density of the
paper, reduces surface roughness, enhances uniform-
ity and increase paper gloss (Vernhes et al. 2009). A
smoother surface primarily improves print quality,
while uniformity in the paper improves workability or
folding. Both outcomes contribute to improvements
in the quality of the finished products.

Given that both sizing and calendering signifi-
cantly influence processes such as ink or liquid pen-
etration, swelling, and water resistance, it is crucial
to improve our understanding of these processes
in respect to wetting behaviour. This will lead to
improvements in production speed, production cost,
and quality of the paper-based materials in a variety
of applications. Penetration behaviour in cellulosic
material mainly depends on four processes: 1) lig-
uid phase penetration in the capillaries (inter-fibre
space), 2) surface transport along the fibres, 3) dif-
fusion within fibres and 4) vapour phase transport.
The contribution of these processes depend on the
porous structure and chemical nature of the fibres
which are both adjusted by processes such as calen-
dering and sizing. While there is extensive research
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on the penetration of water and aqueous liquids into
materials such as paper (Oliver et al. 1994), cellu-
losic materials (Wu et al. 2009), and random fibres
network (Hodgson and Berg 1988; Vallabh et al.
2011), the research on effects such as calendering and
hydrophobisation on that penetration is significantly
less. However, several studies address the effects of
sizing and calendering on phenomena such as print
dot spreading (Waldner et al. 2023; Kannangara and
Shen 2008), wettability (M. von Bahr et al. 2004;
Modaressi and Garnier 2002), mechanical strength
(Korpela et al. 2021), changes in local roughness (Xie
et al. 2008), ink setting behaviour (Resch et al. 2010)
and printability (Wulz et al. 2021). Although, these
studies offer information about the effect on param-
eters such as printability, gloss, and water resistance,
they provide limited insight into the physics and exact
penetration behaviour. Most of these studies use tech-
niques such as ultrasonic response to liquid penetra-
tion (Waldner et al. 2022), drop adsorption (Waldner
et al.) or automatic scanning absorptometer (Y. Xu
and Enomae 2014; Kuijpers et al. 2018), all of which
can give a good idea about the effects of calender-
ing and sizing on the penetration speed by measuring
the total absorbed liquid as a function of time. High-
speed cameras have also been used to study effects of
sizing and calendering on droplet shape (Kannangara
and Shen 2008), fibre density and porous structures
(Browne and Crotogino 2018). However, all these
techniques are unable to provide information about
the local moisture content within the fibres matrix
through time. Consequently, it becomes challenging
to present a full picture of the penetration process and
the effect and contribution of different transport pro-
cesses such as film flow, swelling, vapour transport
and transport within fibres. Some attempts are made
to incorporate the surface energies within the penetra-
tion process (Waldner and Hirn 2023). However, the
use of models becomes very difficult because the con-
tributions of the varying processes remain unclear.

To enhance our understanding about effects such
as calendering and hydrophobisation on liquid pen-
etration and provide validation for existing models,
an experimental study providing moisture distribu-
tions on relevant time scales is necessary. In a pre-
vious study, we showed that an Ultra Fast Imaging
(UFI) NMR method was able to measure the moisture
distribution within paper samples with a temporal
resolution of 10 ms and spatial resolution of 18 um

(Nicasy et al. 2024). These profiles enabled informa-
tion to be extracted about moisture density, swelling
and structural deformation during and after liquid
penetration. The study showed that within hydro-
philic, lightly calendered paper, the penetration pro-
cess could be divided into three phases, liquid uptake,
swelling and release of trapped air. While this previ-
ous study improved our knowledge about the liquid
uptake in hydrophilic paper, it did not investigate the
effect of calendering and hydrophobisation.

The aim of this current study is to provide spatial
moisture distributions during the penetration of a
water-based solutions within a diverse range of calen-
dered and hydrophobised paper samples. The result-
ing moisture profiles offer valuable insights into the
liquid penetration behaviour, swelling kinetics and
structural changes within the paper samples during
and after penetration. With these findings we can
deepen our understanding of the physics governing
liquid penetration within paper and the contribution
and importance of varying processes such as calen-
dering and hydrophobisation to target specific end
product properties.

Materials and methods
Substrates

Various paper sheets with differing degrees of cal-
endering and hydrophobisation were examined. The
papers were taken from a study performed by Wald-
ner et al. (Waldner and Hirn 2023). Table 1 sum-
marises the most important parameters and charac-
teristics. The sheets are made from an industrially
produced uncoated paper composed of cellulose pulp
(bleached eucalyptus kraft) and calcium carbonate
filler (scalenohedral, precipitated calcium carbon-
ate, filler content 21.25%). The surface energy of the
paper was modified using chemical vapour deposi-
tion. The hydrophobisation agent was hexamethyldis-
ilazene (HMDS, from Carl Roth, 98%). Four hydro-
phobisation levels were obtained by applying either 0
(HO00), 10 (H10), 20 (H20), 40 mL (H40) of HDMS
per 10 A4 sheets. After hydrophobisation, the papers
were calendered using a force of 0 (C00), 15 (C15),
30 (C30) or 60 (C60) kN, which resulted in a line load
of 0, 71, 143, and 286kNm™!. The Gurley method
(ISO 5636-5) is used to obtain a first approximation
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Table 1 Physical

. Paper Thickness [um] Apparent Mean pore ~ Water con-  Gurley air permeance
properties of the paper density [g diameter tact angle [um Pa~! SN
samples, data from Waldner em™] [um] 01°]
et al. (Waldner and Hirn
2023) Reference

COOHOO 132.4+1.9 0.68 2.80 38.0 11.5+0.2
Calendering

C15H00 100.0+1.2 0.90 2.16 39.0 5.0+0.1

C30HO00 949+26 0.94 1.89 41.0 3.0+0.1

C60HO0  92.3+2.1 0.97 1.51 46.9 2.1+0.1
Hydrophobisation

COOH10 134.3+2.5 0.67 2.80 82.8 11.9+0.3

CO0H20 132.4+1.7 0.68 2.80 104.5 11.6+0.5

CO0H40 132.0+2.8 0.68 2.80 114.6 11.7+0.4

about the papers permeability. The Gurley air perme-
ance  [um.Pa'.S7!] gives the volumetric air flow,
averaged over the measurement area and pressure.
For a detailed description of the paper samples, Gur-
ley air permeance measurements and the preparation
process, readers are referred to the original paper by
Waldner et al. (Waldner and Hirn 2023).

Test liquids

For the liquid uptake experiments, a Clariscan™-
water solution was used. The solution consists of
demineralised water type 1 and 0.04 mol L™! Clari-
scan™. The Clariscan™ was added to control the
NMR relaxation time and increase the signal-to-
noise ratio as explained by Nicasy et al. (Nicasy et al.
2023). The Clariscan™ comes from GE healthcare
AS and was provided by the Maxima Medisch Cen-
trum. The Clariscan™ comes in a water like solution
with a concentration of 279.3 mg mL~' (0.5 mol/l),
a viscosity of 3.0 mPa.s, a pH between 6.5 and 8 and
a density of 1.349 ¢ mL~!. The viscosity and surface
tension of the Clariscan™-water solution were meas-
ured using an Anton Paar MCR302 rheometer (20 °C)
and the pendant drop method to be 1.09 mPa s and
67.3 mN m™!, respectively

Nuclear magnetic resonance
Nuclear magnetic resonance (NMR) measurements
were used to follow the liquid distribution dur-

ing uptake. The measurements were performed on
a home-built GARField NMR with a home build
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acquisition system. The main magnetic field strength

was 1.47 T, and the static gradient ( [T
m~!']) was 41.5 T m~!. The signal was recorded with
a radio frequency (RF) coil having a diameter of
4 mm. Subsequent data analysis was carried out using
MATLAB.

Liquid profiles were measured using an Ultra
Fast Imaging Nuclear Magnetic Resonance (UFI-
NMR) method, described in earlier work (Nicasy
et al. 2023). This technique uses an adaptation of
the OW-sequence with two additional elements,
namely, a contrast agent (Clariscan™) to optimise
signal intensity and the summation of multiple ech-
oes to ensure a rapid decrease in signal-to-noise
ratio. The specific pulse sequence is given by:

, where

represents the number of repetitions. In this
study, the echo time ( ) was set to 50 us with
a window width of 40 ps. The time between two
pulsed experiments and therefore moisture profiles
was set to 10 ms. The setup allowed for the storage
of 80 profiles before data transfer was required,
leading to a measurement period of 0.8 s
(80 10 ms) followed by a 6 — 8 s dead-time. Practi-
cally, this implies that in this case profiles can be
measured in the following timestamp: 0 s - 0.8 s,
6s-6.8s, 12 s—12.6 s etcetera. The time between
these periods depends on the dead time and varies
between 6 — 8 s. For more information about this
sequence we refer to earlier work (Nicasy et al.
2024).The pulse length was set to 1 ps and kept
constant for all experiments. This relatively short
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pulse length setting was chosen to achieve the maxi-
mum field-of-view, which was around 400 pum.

With these settings, moisture profiles were
acquired with a spatial resolution of 14.5 ym and
a temporal resolution of 10 ms. A previous study
demonstrated how the UFI-method is able to visu-
alise 'H-atoms of the liquid solution but is unable
to visualise 'H-atoms from other sources, such as
freezing and non-freezing bound water, cellulose
or fillers due to their short NMR-relaxation times
(Nicasy et al. 2024). Figure 1 shows a schematic
representation of the experimental setup, including
a corresponding moisture profile as measured by
the UFI-method: shown are the droplet and paper
together with the droplet-paper interface (yellow
dashed line) and liquid front (black dashed line).
The moisture profile (orange line), droplet-paper
interface and liquid front are also visible on the UFI
moisture profile, shown right in Fig. 1. In the setup,
the sample can be seen, which consists of a paper
glued on top of a glass plate using double sided tape.
The sample was placed within a glass container that
could be closed by a cork to prevent evaporation.
The droplets were jetted from a height of 2 cm using
BRAND® PD-Tips II with a volume of 0.1 ml. The
final droplet had a volume around 8 pl. The RF-coil
seen below the sample was used to measure the
moisture profiles.

Effect of calendering

To study the influence of calendering, liquid pen-
etration experiments were performed using a Clari-
scan-water mixture on a reference paper (COOHOO)
and several non-hydrophobised calendered papers
(C15HO00, C30HOO and C60HO00). The first part of
this section will concentrate on a comparison between
the moisture distributions during penetration of the
reference paper and a heavily calendered paper only,
in order to highlight the major changes, thus provid-
ing insights into swelling, liquid penetration speed
and moisture content during penetration. Later, these
three parameters will be discussed in more detail.
Finally, the correlation between the liquid front and
swelling will be discussed.

Figure 2 shows the liquid profiles measured dur-
ing the penetration of a Clariscan-water solution
within a lightly-calendered paper (COOHOO) and a
high-calendered paper (C60H00). For the purpose of
this section, the profiles for the samples C15HO00 and
C30HO0 are not shown but can be found in appendix
1. The profiles represent the droplet area, paper sam-
ple and double-sided tape. In both measurements, at
t=0s, the droplet is situated at X< 0 pum and has a sig-
nal intensity of 1 representing 100% saturation since
the droplet consists entirely of liquid. At t<0, before
the droplet hits the paper sheet, the paper is dry, and

Cork (if used)

+~————— Glass container

Fig.1 Schematic representation of the experimental setup.
Shown is a droplet on top of a paper sample. The sample is
glued with tape (black) on top of a glass plate (dark grey) and
is surrounded by a glass container, which can be closed by a
cork in case evaporation should be prevented. Below the sam-

Moisture content
o o o o o —
o v & o ® ©o

af 13
=3
2
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ple is the RF-coil, which is used to measure the NMR-signal.
Next to the schematic setup, the corresponding moisture pro-
file as measured by the NMR is given (orange line). In both
images, the liquid front is marked with a black dashed line and
the droplet-paper interface is marked with a yellow dashed line
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Fig. 2 Liquid profiles

Time [s]
20.00

C60H0 Time [s]

measured during the 12
penetration of a Clariscan-
water solution within a)
COOHOO, a reference paper,
and b) C60HO00, a paper. A
green colour map is used to
mark the time at which the
profile is measured

Moisture content (-)

a)

no moisture is observed in the paper sheet. These zero
signal profiles are not shown on these images.

In Fig. 2a, the paper has a thickness of approx-
imately 115 um and is located between O and
115 um. In the case of the highly calendered paper,
shown in Fig. 2b, the paper thickness reduces to 80
um which is a direct consequence of the calender-
ing process. The decrease in paper thickness upon
calendering was also shown in Table 1.

For both measurements, swelling was observed as
a movement of the droplet-paper interface, indicated
by a red arrow. Consistent with prior research (Nicasy
et al. 2024), during swelling a moisture increase was
observed within the paper samples, as indicated by a
blue arrow. The initial moisture content at the start
of swelling (marked with dashed line) was taken
from the moisture profile just after the liquid front
reached the end of the paper, t=80 ms (COOHO0)
and t=130 ms (C60HO00). In that study, this moisture
increase was attributed to two phenomena: swelling,
which increased the internal porosity, and the removal
of air which was entrapped by the liquid front.

Fig. 3 Liquid front posi-
tions as a function of a)

t and b) , for the
penetration of a Clariscan-
water solution within a
COOHOO reference paper
(black) and higher C15HO0
(green), C30HOO (blue) and
C60HOO (orange) paper.
The liquid front positions
are taken from the profiles
shown in Fig. 2 at a mois-
ture content of 0.2 (-)

13

T
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1
0
0!

Position (um)

b)

Liquid penetration

The profiles provide information about the influence
of calendering on penetration behaviour. It was evi-
dent from the profiles that calendering affected the
penetration speed of the water-Clariscan mixture,
as observed by the slower movement of the profiles
inside the C60HOO0 paper. Liquid front positions were
extracted over time at a moisture content of 0.2 (-),
where a saturation of 1 corresponds with a fully satu-
rated region. It is important to note that ideally, lig-
uid front positions are extracted at half the maximum
moisture content. This becomes more challenging in
papers with higher levels of calendering as the mois-
ture content varies significantly through time, making
the front positions of highly calendered papers less
accurate.

Figure 3a shows the liquid front position as a
function of the square root of time for papers with
varying degrees of calendering. The penetration
data were analysed until the water reached the bot-
tom of the paper which varied between 0.2—0.4 s
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depending on the level of calendering. Thereafter,
the position slowly increased due to an artefact com-
ing from the further increase in moisture content.
In all cases, data reveal a square root of time behav-
iour for the first part of the penetration as predicted
by Darcy, see dotted lines in \* MERGEFORMAT
Fig. 3a (Huinink 2016; Darcy 1856). The data illus-
trate how calendering decreased penetration speed.
Since both papers were chemically similar (unsized),
changes within the porous structure, such as tortuos-
ity, should be responsible for the decrease in penetra-
tion speed. This is explained by models such as Darcy
and Washburn, were the fluid front position scales
with pore radius. In these models, capillary pressure
is taken as the driving force and the permeability is
a value which represent the porous media properties.
While the capillary pressure scales with  , the per-
meability scales with  (Huinink 2016). Therefore,
the fluid front scales linearly with the pore radius. A
better approximation on the influence of the porous
structure can be achieved using the Gurley air per-
meance , in Table 1. Although  represents the
air flow through a specific paper sheet rather than a
real permeability, both can be related to each other
using paper properties (Shallhorn and Gurnagul
2009). Because the paper properties of all sample are
similar, a rescaling with the Gurley air permeance is
justified and can be used as a first approximation to
account for the permeability. When rescaling the data
using Darcy’s Law and the Gurley Air permeance
() Table 1) with [um Pa~! s712], the data con-
verge relatively well onto one master curve Fig. 3b),
suggesting that the Gurley Air permeance is a suitable
measure for determining changes in the pore structure
of the paper such as permeability or tortuosity for lig-
uid penetration.

Swelling

The profiles also provide insight into the swelling
behaviour of the papers. By examining the droplet
membrane interface, the paper thickness can be fol-
lowed over time. At t=0 s, the droplet-membrane
interface was located at Xx=0 pum. However, paper
swelling resulted in a movement of the droplet-mem-
brane interface (indicated by a red arrow in Fig. 2).
By tracking the interface at a moisture content of
0.75, the paper thickness  at time t was determined.
Swelling S(%) was calculated using the formula,

, where represents the
initial paper thickness at t=0 s. Figure 4 illustrates
the swelling in percent as a function of time for the
COOHOO reference paper (black) and the C60HO0
calendered paper (orange). For clarity, only the refer-
ence paper and highly calendered paper are shown,
while data for other calendered papers can be found
in appendix 1. It was observed that the C60HOO paper
swelled more than the reference COOHOO paper.

The process of swelling arises from internal
stresses and water diffusion within the fibres. While
models exist for this stress-diffusion coupling in fibre-
like porous media, they often require numerical solu-
tions due to their complexity (Seidlhofer et al. 2022;
Blanco et al. 2013). In this study, a simpler model is
used, which links paper swelling to a rate con-
stant via . Here, S, rep-
resents the equilibrium swelling degree (maximum
possible swelling), and a rate constant which can
be associated with diffusion in the fibres, relaxation
of the fibres, or a combination of both (Benmes-
saoud et al. 2020; Yavari and Azizian 2022; Zhang
et al. 2020). can also be related to a time ,
where is the time required for the paper to reach
0.63 of its maximum swelling. The fit for both papers
is given in Fig. 4, yielding values of
and for COOHOO and values of

and % for C60HOO.
The similarity in rate constants suggest a compara-
ble swelling mechanism. Because the fibres of both

Fig. 4 Swelling as a function of time for COOHOO (black) and
C60HOO (orange). The lines corresponding to a fit based on a
swelling model given by:

13
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papers are identical, diffusion in the fibres should be
comparable. On the other hand, the more compressed
calendered paper should have an increased relaxation
behaviour due to the higher fibre density. This lets to
the conclusion that at this time period, diffusion in
the fibres drives swelling. The higher swelling of the
highly calendered paper compared to lightly calen-
dered paper can be attributed to differences in fibre
density between the two papers..

Considering that is related to the diffusion in the
fibre walls, a first estimation of the diffusion constant
can be made. Using Fickian diffusion, the diffusion
constant (D) can be calculated by Taking

, as the typical thickness of the fibre wall (2-5 um),
a diffusion constant D=4.2 107" m?%s is obtained,
which aligns reasonable well with values for radial
diffusion in in wood fibres as found in literature
(Arends et al. 2018; Saft and Kaliske 2013).

This aligns with the observation that initially
pores are saturated with water before swelling occurs,
meaning that water penetrates from the radial direc-
tion into the fibres. This water penetration initiates
paper swelling. The maximum swelling is determined
by the fibre density of the paper sheets, which is influ-
ence by the degree of calendaring.

Moisture content

Finally, the profiles also provide information about
the moisture content, indirectly offering insight into
the paper structure. In a previous study, we demon-
strated that, for the reference paper (COOH00), dur-
ing swelling, the paper’s porosity increased, lead-
ing to a rise in the moisture content (Nicasy et al.
2024). A similar moisture content increase was also
observed within the highly calendered paper as indi-
cated by blue arrows in Fig. 2. Figure 5 shows the
moisture content as a function of time for the refer-
ence paper as taken from Nicasy et al. (Nicasy et al.
2024), represented by the black data points and as
measured for the highly calendered paper C60HO00,
orange data points. The moisture content was inte-
grated between 38 — 50 um in the reference paper and
between 40 — 52 pm for the C60HOO paper. For the
reference paper, the moisture content increased from
0.4 to 0.55. However, for the highly calendered paper,
the moisture content increased from 0.3 to 0.55. This
observation led to two main findings. First, the cal-
endered paper has a lower initial porosity, resulting
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Fig. 5 Moisture content as a function of time in a COOHOO
(black) and C60HOO (orange) paper during the penetration of a
Clariscan-water solution. The moisture content was determined
between 38 and 50 pm in the COOHOO paper and between 40 —
52 pm for the C60HOO paper

in a lower moisture content at the start. Second, after
swelling, both papers had similar moisture contents,
indicating that the effect of calendering disappeared
after swelling, and this again supports the topologi-
cal nature of compression and its effect on tortuosity
only.

Liquid front vs swelling

In the final part of this section, the relationship
between liquid front and swelling will be discussed.
Figure 6 shows the liquid front position as a function
of swelling for the COOHOO reference paper (filled
circles) and the C60HOO calendered paper (open
squares). A colour code is used to mark the time of
the data points. In a previous study it was shown that
for a lightly calendered hydrophilic paper such as the
reference paper, liquid first penetrated the entire paper
before swelling occurred, see purple arrow in Fig. 6
(Nicasy et al. 2024). Differently, for a calendered
paper, where penetration was significantly slowed
down (Fig. 3) swelling already occurred during pen-
etration, as seen in Fig. 6 (black arrow).

The relationship between the liquid front and
swelling provides valuable information for theoreti-
cal models and simulations. The data show that for
our reference paper, (hydrophilic, pore radius>2.8
um, and initial porosity >0.4), theoretical models and
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Fig. 6 Liquid front as a function of paper swelling for the
COOHOO reference paper (filled circles) and for the C60HOO
calendered paper (open squares). A colour code is used to
mark the time of the measurement

simulation for liquid penetration can be simplified by
neglecting swelling. However, for higher calendering,
which results in papers with lower pore radii and lower
porosities, swelling can significantly influence the pen-
etration process and cannot be neglected. In these par-
ticular case, incorporating swelling into the model is
essential, which has been the focus of several studies
(Masoodi and Pillai 2010; Chang and Kim 2020).

Effect of hydrophobisation

To study the effect of hydrophobisation on liquid
transport, penetration experiments were conducted
on four papers with varying levels of hydrophobisa-
tion (COOHOO, COOH10, COOH20 and COOH40), as
listed in Table 1. Figure 7 displays the liquid profiles
obtained during penetration of a Clariscan-water mix-
ture within COOH10 and COOH40. Due to the simi-
larity between the profiles of COOH20 and COOH10,

Fig. 7 Liquid profiles
measured during the
penetration of a Clariscan-
water solution within a)
COOH10 and b) COOH40
paper. A green scale is used
to identify the time at which
the profile is measured

only the profiles for the COOH10 paper are shown,
while those of COOH20 can be found in appendix 2.
The liquid profiles for the COOHOO reference paper
are shown in Fig. 2a. In these figures, a green scale is
used to indicate the time of measurement.

The liquid profiles revealed that papers with less
hydrophobisation, such as COOH10 (Fig. 7a) and
COOH20 (appendix 2 Fig. 15), exhibit similar pen-
etration behaviour to the hydrophilic paper (Fig. 2a),
showing comparable moisture profiles. Within these
papers, the liquid still penetrated with a well-defined
liquid front. The main influence of hydrophobising
within these papers was a decrease in penetration
speed. However, for higher levels of hydrophobising,
as found in the COOH40 paper, the penetration behav-
iour completely changed, as illustrated in Fig. 7b. In
this paper, the liquid did not penetrate with a well-
defined liquid front but shows two distinct phases.

During the first phase, the liquid barely penetrates
the paper. This is evident in the liquid profiles of
Fig. 7b, where until 114 s, the liquid profiles remain
relatively stationary. Only a small amount of liquid
was able to penetrate within the pores of the paper
sample, as indicated by a yellow arrow. After a cer-
tain moment, a second phase starts around 160 s,
where the moisture content within the pore space
rapidly increases (red arrow). The highly hydropho-
bised paper, having a completely different penetration
behaviour, will be discussed in more detail in Sec-
tion 4.3. But first, in Section 4.1, we will take a closer
look at the moisture content within the paper and the
relationship between moisture content and swelling
for all different papers.

Moisture content

To investigate the effect of hydrophobising on mois-
ture uptake, the moisture content within the papers
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was monitored over time. Figure 8a shows the mois-
ture content as a function of time for the penetration
of a Clariscan-water solution within papers with four
levels of hydrophobisation: COOHOO (black), COOH10
(orange), COOH20 (blue) and COOH40 (green). The
moisture content was extracted from the moisture pro-
files between 38 pm and 60 pm for the COOHOO paper
and between 28 um and 62 um for the other papers.
In this figure, time is plotted logarithmically. Based
on these data, the liquid uptake could be divided into
three main regions: 1) a delay time, in which mois-
ture penetration is remarkably slow, only observed in
hydrophobised papers, 2) a rapid moisture increase
and 3) a slower moisture increase at the end.

The data indicates that hydrophobisation signifi-
cantly decreased and delayed moisture uptake within
a paper sheet. To acquire a first approximation of the
moisture uptake rate, a linear fit is used around the
point of highest moisture uptake rate. The slope of
these fits are used for the moisture uptake rate. The fits
were determined between 0.01 — 0.05 s (COOHO00),
0.03 — 0.14 s (COOH10), 1.6 — 2.6 s (CO0OH20), and
290 — 330 s (CO0OH40). from the point when the
wetting delay was over until the paper moisture level
stabilised. Figure 8b shows the observed delay times
for all papers in orange columns and the determined
moisture uptake rates by grey columns.

The delay time scaled almost logarithmically with
hydrophobisation, doubling the hydrophobising agent
concentration delayed penetration by one or more
orders of magnitude, as shown in Fig. 8b by orange
columns. During this delay time, moisture slowly
penetrated within the paper sample, most markedly
for the highly hydrophobised COOH40 paper.

After this delay time, the moisture content rapidly
increased, and the pore space was filled with water. In

Fig. 8 a) Moisture content
as a function of time for
penetration experiment
performed with a Clariscan-
water solution on varying
sized papers: COOHOO
(black), COOH10 (orange),
CO0H20 (blue) and COOH40
(green) b) observed delay
times for all papers (orange
columns) and the deter-
mined moisture uptake rates
(grey columns)

13

the data of the COOHO0, COOH10 and COOH20 papers,
the sudden increase in moisture content corresponded
with the movement of the liquid front through the
paper sample. However, within the COOH40 paper,
liquid penetration occurred differently, without a lig-
uid front. Therefore, the sudden increase did not cor-
respond to a liquid front but to a rapid filling of the
pore space, as observed within the profiles in Fig. 7b.
Therefore, it can be concluded that from a certain
level of hydrophobisation, liquid penetration transi-
tions from a liquid front towards a non-liquid front
like behaviour. The particular behaviour of these sys-
tems and the sudden increase in explained in more
detail in Section 4.3.

Another observation, made from Fig. 8a, was that
after filling of the pore space, the moisture content
became larger with increased levels of hydrophobis-
ing agent, as indicated by dotted lines. In a previ-
ous study, it was shown that for a COOHOO reference
paper, the moisture content after filling first increased
to 0.4 due to the movement of a liquid front (Nicasy
et al. 2024). Thereafter, other effects, such as swell-
ing and air removal further increased the moisture
content towards 0.75. The phenomena of air removal
was proven in earlier research, where NMR relaxation
measurements showed that air was trapped during lig-
uid front movement (Nicasy et al. 2024). Thereafter,
the air slowly diffused out of the system through the
top of the paper sample. Because the saturation after
filling of the pore space increased with higher levels
of hydrophobisation, it was believed that by decreas-
ing the penetration speed, the paper was already
able to increase its porosity due to swelling, or less
air was entrapped during penetration. Since, for the
lightly hydrophobised papers (COOH00, COOH10 and
CO0H20), the moisture increase on later timescales
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was quite similar as shown by the red arrow, the
release of trapped air can be assumed to be quite
similar in all cases. Therefore, the reason for a higher
moisture content after front penetration was linked to
paper swelling during penetration.

For the highly hydrophobised paper, the need for
release of trapped air disappeared, and the moisture
content directly is seen to increase directly towards
the highest level of 0.75, green data points in Fig. 8b.
Therefore, in highly hydrophobised papers, the paper
already swelled before penetration and the distinct
penetration behaviour entrapped less air.

Swelling vs moisture content

Figure 9 illustrates the moisture content as a function
of swelling to investigate the penetration behaviour in
more detail. In earlier research, it was found that for
a reference paper (COOHOO, filled squares) swelling
occurred after liquid front penetration (Nicasy et al.
2024). Slightly hydrophobised papers, COOH10 (open
circles) and COOH20 (filled triangles), exhibited
similar behaviour as seen in Fig. 9. However, for the
highly hydrophobised paper, COOH40 (open triangles)
swelling took place before moisture appeared within
the pores of the paper sample. Since swelling of paper
sheets can only occur in the presence of moisture,
this indicates that water must be present within the

Fig. 9 Moisture content as a function of swelling for the
penetration of a Clariscan-water solution within four papers
with varying levels of hydrophobisation: COOH10 (filled
squares), COOH10 (open circles), COOH20 (filled triangles) and
COO0H40 (open triangles). A colour code is used to mark the
time of the measurement

fibres before water can fill the pore space between the
fibres, indicating a different wetting mechanism then
for hydrophilic paper. Where for hydrophilic paper,
liquid can directly penetrate due to capillary forces,
in hydrophobised paper, fibres first need to be wetted
before liquid uptake can take place.

This also suggests a change in the surface of the
pore space which also cause swelling. Therefore, water
must for sure be present along the fibres. If water were
only present within the fibres, the pore spaces would
remain unchanged, preventing water from entering the
paper samples. The next section is devoted to under-
standing the different mechanism of wetting, such as
wetting delay, moisture vapour diffusion, swelling, and
fingering observed in highly hydrophobised papers.

Highly hydrophobised papers

Given the distinctive penetration mechanism of the
highly hydrophobised COOH40 paper, a dedicated
section is devoted to supporting the understanding of
the penetration within highly hydrophobised papers.
Figure 10 presents a graph depicting swelling and
moisture content as a function of time for hydropho-
bised COOH40 paper. Based on the moisture uptake,
penetration could be divided into two regimes: a slow
almost linear moisture uptake and a second, faster
uptake. This slow and fast uptake was also observed
within the profiles in Fig. 7b. Another observa-
tion was that immediately after the paper came into
contact with the droplet, the paper started to swell

Fig. 10 Swelling (black) and moisture content (orange) as a
function of time for the penetration of a Clariscan-water solu-
tion within a highly sized COOH40 paper
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even when there was almost no moisture within the
paper pores. This swelling continued until the paper
swelled by 12.5% in thickness after which the swell-
ing rate decreased. Furthermore, it was observed that
the onset of fast moisture uptake triggered another
swelling stage. Therefore, water within the pores is
required to swell the paper sheets completely. This
indicates that there are two swelling mechanisms: first
a swelling caused by moisture uptake of the fibres and
swelling caused by moisture between the fibres, prob-
ably loosening the bonding between fibres.

The peculiar behaviour of the moisture profiles
in Fig. 7b and the two-phase moisture uptake can be
explained by fingering. To illustrate this behaviour,
pictures from the top of the COOH40 paper during
penetration were captured and are shown in Fig. 11.
At the start of the penetration, the droplet was clearly
visible, and the paper appeared completely white.
Over time, darker spots began to emerge, correspond-
ing to saturated areas within the paper sample. The
darkening is due to a change in refractive index when
the paper becomes wet, making it transparent and less
white as explained in other research (Murali et al.
2021). The onset of the darker spots could be related
to the onset of the fast moisture uptake around 270 s
after initial liquid contact, as seen in Fig. 10. Further-
more, these spots were observed to expand gradually
over time. A typical spot is marked by a red arrow in
Fig. 11. This illustrates that wet zones act as nuclea-
tion zones, attracting more water until the paper was
fully wet and completely transparent. This mecha-
nism of pore space filling clarifies why no liquid
fronts were observed in highly sized paper in Fig. 7b.

For a better understanding of the filling mechanism
in highly hydrophobised paper, a schematic represen-
tation is given in Fig. 12. The mechanism can be split
into three phases.

In phase 1, a delay with very slow increasing
moisture content was observed. This was attributed
to the paper’s hydrophobic nature, making it chal-
lenging for water to enter the pore spaces. During
this slow uptake, water attempts to find a path on
the fibres which is probably a combination of film
flow along the fibres, gas vapour transport and flow
within the fibres. During and after this transport,
within a 2nd phase, water is present within the fibres
which was observed by a first swelling of the paper
in Fig. 10 even though no moisture was observed
within the pore spaces. This swelling is attributed
to an increase in fibre volume when they absorb
water, see Section 3.2. After swelling, water was
observed to enter the pore space (Fig. 9), therefore,
fibres first need to be wetted before water can enter
the pore space. A similar observation was made by
Akinli-Kogak (Akinli-Kogak 1997), which showed
that sorption along the interfibre pores is delayed
by a wetting delay and that water first absorbed into
the fibre walls before interfibre sorption occurs.
This fibre wetting reduces the hydrophobicity of the
surface, enabling water to enter a fully wetted pore
space. The reduction in hydrophobicity (contact
angle) can be linked to various phenomena such as
swelling, and water vapour transport. These pro-
cesses are time dependent and will therefore con-
tribute to the dynamic character of the imbibition
process.

Fig. 11 Top images of the COOH40 highly sized paper during the penetration of a Clariscan-water solution. The darker spots corre-
spond to areas which are fully saturated which make the paper more transparent
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Fig. 12 Schematic representation of the liquid penetration within highly hydrophobised paper

Swelling increases the surface area of the fibres
and also increases the amount of water in the fibre
wall. The increased water content is raising the polar
surface energy of the fibre surface and thus increases
the wetting of the water drop (Waldner and Hirn
2023). There are also some suggestions that water
diffusion into the fibres lowers the glass transition
temperature of the amorphous cellulose in the sur-
face, thereby allowing polar hydroxyl groups to rotate
outwards, leading to a reduction of the contact angle
ahead of the liquid front (Akinli-Kogak 1997).

The change in contact angle is also influenced by
sorption of water molecules from the vapour phase on
to the fibre wall ahead of the liquid front. The high
water concentration in the vapour phase close to the
liquid surface result in a diffusion of water in the
vapour phase into the paper sample. The water can
then condense back onto the fibres, thereby lower-
ing the contact angle and inducing water penetration.
The transport of vapor is discussed in multiple studies
(Salminen 1988; Songok et al. 2014; Ma et al. 2022).
Furthermore the pulp fibre wall has a large amount
of nanoscale pores (Maloney and Paulapuro 1999).
Those nanopores are enhancing the water take-up
from the gas phase due to capillary condensation,
which has e.g. been shown in paper drying studies

(Park et al. 2005). Because in sized paper, the contact
angle is above 90°, which inhibits capillary flow, gas
vapour flow is probably the most important contribu-
tion to water transport in sized papers.

These processes are inhomogeneous which leads
to fibre areas with varying contact angle and therefore
capillary forces. This will result in a finger like behav-
iour and explains the absence of a clear liquid front.
Furthermore, liquid can start making bridges between
regions separated by hydrophobised surfaces, a phe-
nomenon called Haines jump (Berg et al. 2013; Sun
and Santamarina 2019; O’Brien et al. 2020). These
sudden jumps are accompanied by a quick fluid redis-
tribution within the medium. At a certain point, the
water reaches the bottom of the paper samples, mak-
ing this area transparent as seen in Fig. 11.

In a final 3rd phase, water will fill the porous
medium through areas that were prewetted. Dur-
ing this wetting period, water finds it easier to enter
through regions that are already wet, initiating a rapid
increase in moisture along these existing paths, as
shown in Fig. 12. This was also verified by the grow-
ing transparent spots in Fig. 11. When the pore space
is completely filled, the water will break the hydrogen
bonds and allows the paper to start a second swelling
process and reach its final thickness.
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Conclusions

In this paper, liquid penetration experiments were
conducted on papers with varying levels of calender-
ing and hydrophobisation.

The first part of this study demonstrated that cal-
endering decreased liquid front penetration speed,
and the Gurley air permeance proved to be a good
measure for the reduction in permeability. It could
be concluded according to this convergence that cal-
endering effects a topological compression of the
matrix structure retaining the original nodal con-
tact between fibres, such that the porosity decreases
and the tortuosity in the depth direction increases.
Furthermore, a guideline was presented for model-
ling liquid penetration in hydrophilic paper which
indicated that for hydrophilic low-calendered paper,
swelling could be neglected in penetration models.
However, for highly calendered papers, swelling sig-
nificantly influenced the penetration behaviour and
cannot be neglected.

The second part of this study focused on the effect
of hydrophobisation, which revealed that hydropho-
bisation delayed and slowed down liquid uptake in
paper samples, and in extreme cases even completely
changed the uptake behaviour. In highly hydropho-
bised papers, liquid penetration was governed prewet-
ting of the fibres, most likely by liquid vapour trans-
port. During this period a first swelling stage of the
paper took place which was linked to an increase in
fibre thickness. Both vapour transport and swelling
decreased the hydrophobisation of the fibres, allow-
ing water to fill the paper pore space. This, further
increasing the paper thickness due to the breaking of
hydrogen bonds between fibres.

By performing through-thickness moisture pro-
files during penetration, this paper could contribute
to enhance our understanding of the complex pen-
etration in paper and the effects of post processes
such as calendering and hydrophobisation. A better
understanding of these processes on the penetra-
tion characteristics will result in an improved con-
trol of the flow mechanisms, benefiting applications
such as printing, microfluidics, cleaning papers and
much more.
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Appendix 1 Calendered papers

In this appendix, extra information about the calen-
dered papers is provided. Figure 13 provides the mois-
ture profiles of the C1SHOO and C30HOO papers. The
profiles show similar behaviour to the C60HOO paper
shown in Fig. 2. The calendered papers show more
swelling and more deformation after liquid penetra-
tion compared to lightly calendered COOHOO paper.
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Fig. 13 Liquid profiles measured during the penetration of a Clariscan-water solution within a) C15H00 and b) C30HOO paper. A
green scale is used to identify the time at which the profile is measured

Also for C15HO00 and C30HOO, the swelling curves
are provided in Fig. 14. It can be seen that for larger
differences in calendering forces (C00 and C60) a
clear difference can be observed but that for C15H00
and C30HOO the swelling behaviour becomes quite
comparable. The fitting parameters found for C15HO0
and C30HOO are and

) , respectively.

Fig. 14 Swelling as a function of time for COOHOO (black),
C15HO00 (green), C30HOO (blue) and C60HOO (orange). The
lines corresponding to a fit based on a swelling model given
by:

Appendix 2 Hydrophobised papers

In this appendix, the moisture profiles for the COOH20
papers are provided for completeness, as shown
in Fig. 15. The profiles show similar behaviour to the
COOH10 paper shown in Fig. 7a.

Fig. 15 Liquid profiles measured during the penetration of a
Clariscan-water solution within COOH20 paper. A green scale
is used to identify the time at which the profile is measured
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