View Article Online

View Journal

M) Cneck tor updates

Soft Matter

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: S. Karimnejad and
A. A. Darhuber, Soft Matter, 2026, DOI: 10.1039/D5SM00847F.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors

™ ROVAL SOCIETY

o OF CHEMISTRY or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

#® ROYAL SOCIETY rsc.li/soft-matter-journal
PN OF CHEMISTRY


http://rsc.li/soft-matter-journal
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5sm00847f
https://pubs.rsc.org/en/journals/journal/SM
http://crossmark.crossref.org/dialog/?doi=10.1039/D5SM00847F&domain=pdf&date_stamp=2025-12-23

Page 1 0of 13

Open Access Article. Published on 23 December 2025. Downloaded on 1/18/2026 8:15:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

Cite this: DOI: 00.0000/XXXXXXXXXX

Soft Matter

View Article Online
DOI: 10.1039/D5SM00847F

Moisture sorption of cellulose-based porous media con-

taining co-solvents and its impact on pore-fiber transport

rates of co-solvent solutions

Sajjad Karimnejad? and Anton A. Darhuber*¢

Received Date
Accepted Date

Water-based inkjet inks typically contain non-volatile, polar compounds — referred to as co-solvents —

DOI: 00.0000/XXXXXXXXXX

such as glycerol and ethylene glycol oligomers, which constitute approximately 5-50 wt% of the total

ink. The hygroscopic nature of both paper and co-solvents makes their interplay with atmospheric

moisture a critical factor in controlling the ink penetration and drying dynamics of ink, as well

as the long-term mechanical and morphological stability of the printed paper.

In this study, we

systematically investigate how co-solvent deposition influences equilibrium moisture uptake and how

the ambient humidity influences the ink absorption dynamics into cellulose fibers. We find that

co-solvent addition substantially increases moisture uptake and eliminates the sorption hysteresis

present in paper. The moisture sorption of co-solvent-infused paper is well-predicted by a mass-

weighted average of the individual, single-material sorption isotherms of paper and co-solvent. The

rate of pore-fiber transport of co-solvents was observed to depend sensitively on ambient humidity,

the presence of predeposited liquids as well as the addition of surfactants and divalent salts.

1 Introduction

Inkjet printing is a non-contact digital deposition technique
widely used in both graphic applications and functional device
manufacturing due to its high resolution, scalability, and flexi-
bility regarding ink composition.1"3' To ensure optimum perfor-
mance, critical factors such as ink properties, ink-substrate in-
teractions, and environmental conditions must be carefully con-
trolled. Specifically fluctuations in ambient relative humidity
(RH) and temperature can significantly impact print quality. 48

Cellulose-based paper, offering biocompatibility and mechani-
cal flexibility, constitutes the default substrate for a range of print-
ing applications. Paper is a hygroscopic material. Its moisture
content (defined as the ratio of the moisture mass absorbed by a
paper sheet to its dry mass) responds dynamically to variations
in ambient relative humidity and temperature.2"13 Moisture up-
take strongly affects the mechanical properties of paper such as its
stiffness. 1416719 paper is an anisotropic material, which exhibits
non-uniform hygroexpansion.2%°22 Spatial gradients in moisture
content can induce morphological instabilities such as curl, cock-
ling, and multi-directional sheet distortions. 2322

Water-based inks are widely used in inkjet printing.2% The main
ingredients are water (30 —90 wt%) and a co-solvent such as glyc-
erol or ethylene glycol oligomers (EGOs, 5 — 50 wt%), along with

“ Fluids & Flows Group, Department of Applied Physics, Eindhoven University of Tech-
nology, Postbus 513, 5600MB Eindhoven, The Netherlands; corresponding author e-
mail: a.a.darhuber@tue.nl

several other components such as surfactants and colorants.1
Co-solvents are polar, hygroscopic liquids with low vapor pressure
that are added to prevent nozzle clogging in inkjet systems.22

After ink deposition and drying, the presence of residual co-
solvent within the paper matrix can significantly alter its mois-
ture sorption behavior. The affinity of co-solvents for the cellu-
lose fibers potentially modifies their capacity to absorb and retain
moisture. As a result, the sorption isotherm, which represents
the equilibrium relation between moisture content and relative
humidity, will change. The impact of EGOs on the hygroscopic re-
sponse of wood — a closely related material system — was found to
depend on the molecular weight of the EGO molecules and their
specific location within the wood matrix.®2 Shomali et al. ob-
served that addition of EGOs reduces the overall moisture sorp-
tion capacity.*# In contrast, Saberi et al. found that starch films
containing glycerol absorbed more moisture at all RH levels.>>

While the moisture sorption properties of paper and co-solvents
have been studied independently, 1212136137 the behavior of co-
solvent-infused paper regarding moisture uptake remains largely
unexplored. Given the strong dependence of paper properties on
moisture content and the hygroscopic nature of co-solvents, it is
critical to understand the response of the two-component system
to varying humidity conditions relevant to inkjet printing. In this
study, we address this gap by investigating two key aspects: (1)
the effect of the presence of co-solvents in the paper matrix on
the overall moisture sorption capacity, and (2) the influence of
relative humidity on the transport rates of co-solvents from the
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interfiber into the intrafiber pores (‘pore-fiber transport’).’28:38740

These factors are central to understanding the drying dynamics
and to controlling print quality and its long-term stability in inkjet
printing applications.

We built two experimental setups to study these aspects un-
der controlled environmental conditions. To ensure the generality
of our results, two different commercial printing papers and one
laboratory-grade filter paper were used. We propose a model that
reproduces the measured moisture sorption behavior of the two-
component system of paper/co-solvents well over a broad range
of water activities, for different co-solvents and different paper
types. Furthermore, we systematically investigated the influence
of the initial moisture- and the initial co-solvent content on the
pore-fiber transport dynamics of model inks.

In addition to inkjet printing, our results are relevant to chro-
matography applications using paper substrates,#! paper-based
sensors, 42 paper microfluidics,43 absorbent technology,44 and
the conservation of wood using co-solvents.24

2 Materials and methods

2.1 Materials and material properties
As co-solvents we used ethylene glycol (EG), tetra(ethylene gly-
col) (TEG), poly(ethylene glycol) with an average molecular
weight (MW) of 300 (PEG300), and glycerol. PEG300 and glyc-
erol were specifically selected for sorption isotherm experiment
due to their low vapor pressures of < 14uPa (PEG300)#2 and
(13+5) mPa (glycerol) at 20°C 4% which render them essentially
non-volatile at room temperature. All chemicals were purchased
from Sigma-Aldrich and used as received. Relevant material prop-
erties of the pure co-solvents are listed in Tab. S1 in the Sup-
porting Information. Deionized water (Millipore, Direct-Q3 R) is
used for rehydration and the preparation of aqueous co-solvent
solutions.28138

As substrate we used the following uncoated, uncalendered
and unsized paper types:

* Paper A: DNS High-Speed Inkjet Natural Feel paper (Mondi,
grammage g4 = 80g/m?2, thickness dg,, = 104um),

* Paper ‘B: Z-Plot 650 paper (Ziegler, gp = 90g/m?, dyy, =
116um),

* Paper ‘C’: Whatman filter paper, grade 44, diameter= 70
mm, gc = 80 g/m?, dgy, = 180um, made from cotton linters,
ashless.

Papers A and B contain approximately 20wt% and 12wt% of
CaCoOs filler particles, respectively. Paper C is filler-free. Here-
after, the term ‘untreated’ refers to paper in its as-received condi-
tion.

2.2 Equilibrium moisture sorption - sample preparation

The sample dimensions for papers A and B are 20 x 10 cm. For
Paper C, three circular pieces with a diameter of 7 cm are used.
For experiments involving co-solvent-free papers, the samples are
utilized without any additional treatment. For the preparation of
co-solvent-infused papers, an atomizer (Timbertech, Airbrush Kit
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Fig. 1 Schematic of the experimental setup for measuring moisture sorp-
tion isotherms.

ABPSTO06) is employed to spray the co-solvent evenly across the
samples. After spraying, the papers are placed on a holder for
a minimum of one hour to allow for homogenization of the co-
solvent distribution. This is followed by two sequential rehydra-
tion steps using deionized water to facilitate complete pore-fiber
transport of the co-solvent.2838 The quantity of water sprayed at
each rehydration step corresponds approximately to half of the
weight of the paper sample. The time interval between the rehy-
dration steps was (50 £ 10) min to allow for drying. The measure-
ments started no sooner than 90 min after the final rehydration
step was completed.

2.3 Equilibrium moisture sorption - experimental setup
Figure[1|shows a sketch of the experimental setup. The prepared
paper sample is placed on a metal wire basket that is suspended
from a precision balance (Mettler Toledo, XSR225DU) by a thin
metallic wire inside a humidity-controlled chamber. The paper
weight is recorded every 10 minutes using a PC connected to the
balance. A humidifier (Cellkraft, P-10) controls the relative hu-
midity in the chamber. A humidity meter (Extech, SDL500) logs
the temperature and humidity in the chamber. The temperature
is usually (21 +0.2)°C and is constant throughout the course of
an experiment. Care was taken when transferring the paper to
prevent co-solvent loss e.g. onto the wire-frame basket, on which
the sample was placed. Adsorption isotherms were measured by
incrementally increasing the relative humidity, followed by step-
wise reduction of RH to record desorption isotherms.

2.4 Equilibrium moisture sorption - data analysis

To measure the mass of the dry paper m;, and the mass of the
deposited co-solvent ms, samples are placed in the measurement
chamber at zero humidity for a minimum of 48 hours. These
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where my is the total mass recorded by the balance and my,o is
the mass of the absorbed moisture.

2.5 Paper swelling - sample preparation

For this experiment, samples of paper A and C with dimensions
of 25 x 25 mm are used. For experiments without co-solvents, the
samples are used as received. For the preparation of co-solvent-
infused papers, an atomizer is employed to spray the co-solvent
evenly across the samples. Subsequently, the papers are placed on
a holder for a minimum of two hours to allow for homogenization
of the co-solvent distribution. To prepare samples with an initial
co-solvent content 6 ;r; below or above 0.05 g/g, one or two se-
quential rehydration steps are performed using deionized water,
respectively. The time interval between the rehydration steps was
(30 £ 10) min to allow for drying. The measurements started no
sooner than 2h after the final rehydration step was completed.

2.6 Paper swelling - experimental setup

Figure |2| shows a schematic of the experimental setup adapted
from Karimnejad et al. 4% A sheet of paper is maintained in an up-
right orientation by sandwiching it between two blackened metal
holders underneath an upright microscope (Olympus BX50) with
a 10x objective. The microscope is equipped with a CCD camera
(Basler piA1000-60gm) and records a cross-sectional view of a
paper sheet to monitor its thickness as a function of time. At the
top of the metal holders, there is a recess (dimensions 5 x 5 mm?),
through which droplets of a model ink can be deposited onto the
paper substrate by means of a digital syringe (Hamilton). All ex-
periments were carried out at room temperature (295 +2) K. The
paper sample is enclosed in a chamber, the humidity of which is
maintained at a constant level by means of a constant inflow of
air from a humidifier (Cellkraft, P-10). A humidity meter logs the
temperature and humidity in the chamber (Extech, SDL500).

3  Theoretical models

3.1 Equilibrium moisture sorption of untreated paper
The Guggenheim-Anderson—de Boer (GAB) isotherm

MyCKay,

(1 -Kay)(1 —Kay +CKayy) )

(Mc)paper (aw) =

Fig. 2 (a) Schematic of the experimental setup for measuring paper
swelling after deposition of co-solvent solutions as a function of relative
humidity. (b,c) Representative top-view images of a (b) dry and (c) wet
paper sheet. The scale bar in (b) corresponds to 100 pm.

is a widely used empirical relation linking the equilibrium mois-
ture content (MC) of a material and the ambient water activity

defined as

ay = L0, ©
PH,0,sat
Here, py,o is the partial pressure of water vapor and py, 0 sat is the
saturated vapor pressure of water. The GAB isotherm has three
adjustable parameters M, C and K. It is particularly well-suited
for hygroscopic materials such as food products, pharmaceuticals,

and cellulose-based materials such as paper. 1047

3.2 Equilibrium moisture sorption of co-solvents

The water activity a,, as a function of the composition of aqueous
co-solvent solutions can usually be represented very accurately by
the Van Laar equation“®:42

Apa(1=x) 2
= A
ayy = Xy €Xp |: 21 <A12(1 _xw) Iy , @)

where x,, is the mole fraction of water, and A, and A,; are ad-
justable parameters. The mole fraction of co-solvent is given by
Xes = 1 —x,,. The numerical values of the Van Laar fit parameters
Aq, and Ajy; for the co-solvents PEG300 and glycerol are provided
in Tab.[1] For glycerol we have fitted Eq. to the experimental
data of Nakagawa and Oyama.Y For PEG300, we resorted to in-
terpolation between the experimental data of Eliassi et al.*' and
Ninni et al.®Z as outlined in the Supporting Information.

From the mole fractions x,, and x., we can obtain the weight

Table 1 Numerical values of the Van Laar fit parameters A, and A;; for
the co-solvents PEG300 and glycerol.

Co-solvent Al Arg
PEG300 -4.43 -0.5
Glycerol  -0.7 -0.3
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Fig. 3 (a) Equilibrium co-solvent concentration of glycerol and PEG300
as a function of water activity a,, for a temperature of 25°C.5% (b) Equi-
librium moisture content as a function of a,, for glycerol (blue solid line)
and PEG300 (purple dashed line). The green dotted line is a GAB fit for
paper A.

fraction of the co-solvent

MW ) s Xes
ey = MW Jes s ©)
(MW)cs xcs + (MW ),y x,p
as well as its equilibrium moisture content
1 —wes
(MC)es = ——. 9
Wes

The latter is plotted in Fig. [3|(b) for glycerol and PEG300.

3.3 Equilibrium moisture sorption of the two-component
system paper + co-solvent

There are three conceivable scenarios for equilibrium moisture

sorption in the two-component system of co-solvent-infused pa-

per:

(1) The two materials do not interact in terms of moisture sorp-
tion, i.e. each material absorbs the same amount of water
as if it were present in an isolated state. In this case, the
sorption isotherm of the combined system is the linear su-

4 Journal Name, [year], [vol.], 1
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perposition of the isotherms of the isolated systems.

(2) The presence of co-solvent reduces the moisture sorption of
cellulose, because a part of the polar surface sites of cellu-
lose available to hydrogen-bonding with water are blocked
by co-solvent molecules. In this case, the sorption capac-
ity of the combined system is smaller than the superimposed
capacities of the isolated materials.

(3) The presence of co-solvent plasticizes the paper substrate
and causes significant swelling, which makes more sites
available that can bind water molecules. In this case, the
sorption capacity of the combined system is larger than the
superimposed capacities of the isolated materials.

Furthermore, it is plausible that the location of the deposited
co-solvent, i.e. whether it is contained in the micron-scale inter-
fiber or the nano-scale intra-fiber pores, 283840 makes a differ-
ence which scenario is more likely to occur. Since moisture sorp-
tion in paper occurs primarily inside the cellulose fibers, scenario
(1) is likely to occur if the co-solvent is contained in the inter-
fiber pores. This is the case shortly after co-solvent deposition. In
contrast, scenarios (2) or (3) are potentially relevant to the equi-
librium case, i.e. when the pore-fiber transfer of the co-solvent is
complete and the co-solvent resides in the intra-fiber pores.

3.3.1 Non-interactive equilibrium moisture sorption of the
two-component system paper + co-solvent

In case of scenario (1), i.e. independent moisture sorption of the
two materials, the total moisture content (MC)y, is the mass-
weighted average®2 of (MC)paper and (MC)cs

(Mc)paper &paper + (Mc)cs Ocs

MC =
( )total paper + Ocs

(10

Here, gpaper is the grammage of dry paper (i.e. its mass per unit
area, with units g/m?) and O = Ocsgpaper (i-e. the mass of co-
solvent deposited per unit area of paper, with units g/m?).

4  Experimental results

4.1 Equilibrium moisture sorption and swelling of untreated
paper

For every value of the water activity, 24 hours are allotted for
moisture equilibration. The corresponding equilibrium moisture
sorption isotherms for adsorption and desorption are shown in
Fig. [4] as the filled and open symbols, respectively. A representa-
tive sorption cycle is provided in Fig. S2 in the Supporting Infor-
mation. To illustrate the reproducibility of the experiment, two
independent datasets are shown for untreated paper A in blue
and green. We performed GAB fits using Eq. of both the ad-
sorption and desorption data, which are shown as the solid and
dashed lines, respectively. Table[2]lists the numerical values of the
corresponding GAB fit parameters. For all paper types, the MC on
the adsorption curve (measured in the direction of increasing a,,
levels) is always lower than on the desorption curve (decreasing
ay,, levels). The moisture sorption is thus history-dependent and
exhibits a small degree of hysteresis.
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Fig. 4 Equilibrium moisture sorption isotherms for untreated paper A
from two different experiments. Filled and open symbols represent the
experimental data for adsorption and desorption, respectively. The solid
and dashed lines are corresponding GAB fits.

Table 2 Numerical values of GAB fit parameter values for paper A.

Mo C K
Adsorption  0.031 4.50 0.85
Desorption  0.042 3.60 0.75

Figure [5|shows the thickness hygroexpansion strain
(1n

of untreated paper A as a function of a,, for increasing and de-
creasing water activities. Chen et al. found that there is no hys-
teresis present in the expansion strain of amorphous cellulose, if
it is plotted as a function of the moisture content.> In contrast,
for paper A, we still observe considerable hysteresis in the cor-
relation between erp and MC, see Fig. S4(a) in the Supporting
Information.

4.2 Equilibrium moisture sorption and swelling of co-
solvent-infused paper

Figure [6f(a,c) shows the equilibrium moisture sorption isotherms
for co-solvent-infused paper A. The filled and open symbols de-
note the adsorption and desorption branches, respectively. The
solid and dashed lines represent Eq. (10), i.e. the theoretical
model according to scenario (1), where we substituted the ad-
sorption/desorption GAB fits of Fig. [4] for (MC)paper. Equivalent
datasets for papers B and C, with the corresponding fit parameter
values, are presented in Fig. S3 and Tab. S2 of the Supporting In-
formation. The addition of co-solvents significantly increases the
equilibrium moisture content and removes the hysteresis. Fig-
ure[B|(b) presents the scaled hysteresis amplitude

A(MC) — Mc)des - (Mc)ads

(
<MC> %[(Mc)des + (Mc)ads] 42
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Fig. 5 Thickness expansion strain &rp of paper A as a function of water
activity a,,. Filled and open symbols correspond to experimental data
obtained for increasing and decreasing water activities, respectively. Solid
and dashed lines are guides to the eye.

of the paper A + PEG300 moisture sorption isotherms in Fig.[6|(a)
evaluated at a,, = 0.5. The values of (MC)qes and (MC),qs Were
determined by interpolating the experimental data to a, = 0.5
using GAB fits of the adsorption and desorption curves. Hysteresis
disappears at 6.5 ~ 0.2g/g.

We also determined the influence of co-solvents on the correla-
tion between the swelling amplitude and water activity a,,. Fig-
ure S4(b) in the Supporting Information illustrates that — simi-
larly to the removal of moisture sorption hysteresis in Fig. [6|(a,b)
— the presence of 0.21 g/g PEG300 suppresses the considerable
expansion strain hysteresis seen with untreated paper A in Fig.

4.3 Impacts of initial moisture/co-solvent content on pore-
fiber transport rates of aqueous co-solvent solutions
Following Karimnejad et al.,#% we monitored the swelling of a pa-
per sheet in the thickness direction to characterize the pore-fiber
transport of co-solvents. A paper sample was first equilibrated
to a certain water activity for 24 h inside a humidity-controlled
chamber at room temperature, after which we deposited a droplet
(volume V = 1ul) of an aqueous co-solvent solution. Figure[7[(a)
shows typical results of the increment of the thickness expansion

strain
d(t)—d(t=0)

d(t=0)
as a function of time for a 60 wt% TEG solution and different ini-
tial water activities a,,. Here, d(t = 0) is the paper thickness just
prior to deposition of the co-solvent solution (but after 24 h equi-
libration to a certain initial water activity a,,), which exceeds the
thickness of dry paper dyr, due to hygroexpansion, see Fig.[5| The
solid lines in Fig. [7(a) represent fits of the experimental data us-
ing the model of Berens and Hopfenberg (BH)4#%>4! that accounts
for diffusive liquid uptake (with corresponding timescale 7;) as
well as polymer relaxation (with timescales 7,1 ») — see Section VI
in the Supporting Information.

A droplet of pure water (V = 1ul) was added to the sample

Aetp = (13)

Journal Name, [year], [vol.], 1 |5
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Fig. 6 Moisture sorption isotherms for paper A containing (a) PEG300
and (c) glycerol. Solid and open symbols denote the adsorption and des-
orption branches, respectively. Solid and dashed lines represent Eq. ,
i.e. the theoretical model according to scenario (1). (b) Scaled hysteresis
amplitude AMC/(MC) of the paper A + PEG300 isotherms at a,, = 0.5
as a function of PEG300 content. The solid line is a guide to the eye.

at t ~ 800s during the experiment for a,, = 0.31 to demonstrate
the effect of rehydration.®® The added water increases the local
moisture content, decreases viscosity and acts as a plasticizer, pro-
moting pore-to-fiber transport of the co-solvent and enabling the
system to reach a higher value of erp, i.e. closer to equilibrium.
Figure b) shows the resulting timescales 7; and #,1 , after de-
position of a droplet of a 60 wt% TEG solutions on paper A as a
function of the initial water activity a,,. Interestingly, 7,; strongly
decreases with increasing a,, whereas 7; and 7, are essentially
independent of a,,. Figure[7[(c) presents the corresponding over-
all characteristic swelling timescale 7, g3 for solutions of TEG as
a function of the initial water activity a,. fy¢3 is defined as the
time required for Agrp to reach 63% of its maximum value.40
As 1463 does not result from curve-fitting, it is a more robust and
universal characterization of the swelling dynamics. In contrast,
tq and t,1 » can be linked to different mechanisms or processes
and thus contain more information, but their relevance is depen-
dent on the success of the BH model in fitting the Aerp(¢) data. In
Fig.[7[(d), we plot the ratios of the strain amplitude factors A, /A,
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Fig. 7 (a) Increment of the thickness expansion strain Aerp of untreated
paper A as a function of time after deposition of a droplet (V =1pul) of
60wt% TEG for different values of a,,. The solid lines are fits according
to the Berens & Hopfenberg model.”# To aid visualization, the curves
for a,, = 0.55 and 0.68 were shifted by 0.1 and 0.2 along the ordinate
axis, respectively. (b) Corresponding diffusion and relaxation timescales
ty (triangles) and 7,15 (circles and squares) of untreated paper A as a
function of initial water activity a,,. (c) Overall characteristic swelling
timescale 163 for solutions of TEG as a function of a,,. (d) Ratio of the
strain amplitude factors A,;/A; and A,2/A,1. The solid lines in (b-d) are
guides to the eye.

and A, /A, as functions of the initial water activity a,,.

Figure [§[(@) shows the increment of the thickness expansion
strain Aerp of untreated paper A after deposition of a 1 ul droplet
of pure EG as a function of the water activity. Figure[8|(b) presents
the corresponding short diffusive timescale 7, and the longer re-
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laxation timescale 7,; obtained from BH fits of the experimental
data. Figure[8(c) presents the corresponding overall characteris-
tic swelling timescale 7y 63 as a function of water activity a,,. In
contrast to the behavior of 60 wt% TEG in Fig. [7(b), #; and #)¢3
for pure EG strongly and monotonically decrease with increasing

ayy-

06 a,=0.69
//o’/’—;__— 2 =058
L04fd ]
= // -
Y « a,=0.28
< =0
02 : 4
=0
Paper A, 100 wt% EG (a)
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Fig. 8 (a) Increment of the thickness expansion strain Aerp as a function
of time after deposition of pure EG droplets (V = 1pl) on untreated
paper A for different values of a,. Solid lines are fits according to the
BH model.24 To aid visualization, the curves for a,, = 0.55 and 0.69
were shifted by 0.1 and 0.3 along the ordinate axis, respectively. (b,c)
Corresponding diffusion and relaxation timescales t; and t,; and overall
characteristic swelling timescale 7963 as functions of a,. Solid lines in
(b,c) are guides to the eye.

Figure[9)shows the diffusion and relaxation timescales of paper
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Fig. 9 (a) Diffusion 7; and (b) relaxation timescales 7,; after deposition
of a droplet (V = 1ul) of pure EG on paper A as a function of initial EG
content @i at two fixed water activities a,, = 0.22 (circles) and 0.28
(triangles). (c) Overall characteristic swelling timescale 7 ¢3 as a function
of initial co-solvent content 6 ni at fixed water activities of 0.22 (open
squares) and 0.28 (circles). Blue symbols correspond to pure EG and red
open circles to pure glycerol. All lines are guides to the eye.

A after deposition of a droplet (V = 1ul) of pure EG as a function
of the initial EG content of the paper sheet. This experiment mim-
ics the case of inkjet printing a second time onto paper that al-
ready contains pre-existing ink patterns. Similar to Fig. [8(b), the
swelling time for pure EG strongly and monotonically decreases
with increasing 6 . A relatively minor increment in water ac-
tivity Aa,, = 0.06 causes a significant reduction of #( 3. Figure |§|(c)
shows the overall characteristic swelling timescale 7 g3 as a func-
tion of initial co-solvent (EG and glycerol) content 6 ;y; at fixed
water activities of a,, = 0.22 (open squares) and 0.28 (circles).

4.4 Impacts of salt and surfactant addition on pore-fiber
transport rates of aqueous co-solvent solutions

Figure |10| shows #( ¢3 of paper A after deposition of 60 wt% TEG
containing either the surfactant sodium-dodecyl-sulfate (SDS) or
the divalent metal salt MgCl, at different water activities a,,. The
addition of SDS induces a marked reduction of 7y ¢; for all wa-
ter activities a,, [Fig. a)], reaching a nearly constant value
above about 0.5wt% SDS. In contrast the addition of MgCl,
causes a strong increase of #y ¢3 for all water activities a,, studied
[Fig. [10[(b)]. For both SDS and MgCl,, higher relative humidity
values significantly slow down the swelling dynamics.
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Fig. 10 Overall characteristic swelling timescale fy¢3 of paper A after
deposition of a 1ul droplet of a 60 wt% TEG solution containing either
SDS or MgCl, as a function of (a) the initial SDS concentration csps and
(b) the initial MgCl, concentration cygcl,, at different water activities a,,.
Solid lines in (a,b) are guides to the eye.

5 Discussion

5.1 Equilibrium moisture sorption of untreated paper
Water vapor primarily interacts with hydroxyl groups on the sur-
faces of cellulose microfibrils or within non-crystalline domains,
while those located in crystalline regions remain largely inaccessi-
ble due to intra- and intermolecular hydrogen bonding.>30 Ac-
cording to Mihranyan et al.2Z and Ioelovich and Leykin,2¢ the
fraction of amorphous cellulose, i.e. its degree of crystallinity, has
a major impact on its moisture sorption capacity, as it impacts the
accessibility of polar groups such as hydroxyl and ether groups
to water molecules.2® Therefore, the composition and the details
of the manufacturing process of paper have a significant influ-
ence on its moisture sorption capacity. Parker et al. showed that
the moisture sorption capacity of pulp increases with beating and
even more so with bleaching.”? Bedane et al. showed that cal-
endered paper types can have a 30% smaller moisture sorption
capacity than uncalendered papers.®? CaCO; filler particles are
commonly added to printing paper e.g. to increase opacity and re-
duce cost. They tend to sorb much less water than cellulose. 61162
Although papers A and B contain approximately 12-20 wt%
filler particles, their sorption capacities are higher than that of
paper C, which is made purely from cotton linters. Since cot-
ton contains a high level of crystalline cellulose and low levels
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of amorphous polysaccharide and nophenolic content,3063l it ex-
hibits fewer accessible OH groups compared to other fibers, which
likely explains the lower moisture uptake of paper C.

5.2 Moisture sorption hysteresis

Sorption hysteresis refers to the fact that the moisture content
MC of a material not only depends on the current value of a,,, but
also on its preceding time history a,,(r). As a consequence, MC
after moisture uptake (adsorption) differs from MC after moisture
loss (desorption), when an identical final a,, level is considered.
This commonly results in the occurrence of a hysteresis loop when
plotting MC against a,,,24%> as shown e.g. in Fig.

Sorption hysteresis is widely encountered with e.g. natural
fibers®® and synthetic polymers.©® Chen et al.>3 used molecu-
lar dynamics (MD) simulations and swelling experiments to show
that hysteresis in cellulose arises from history-dependent hydro-
gen bond distributions during adsorption and desorption. Chen et
al.®Z performed MD simulations that suggest that the presence of
crystalline domains in amorphous cellulose reduces the sorption
hysteresis. Salmén and Larsson®® investigated sorption hystere-
sis in cellulose and a chemically partially modified form. They
found that with increasing degree of modification, the softening
temperature 7, decreased. Concurrently, moisture sorption hys-
teresis was reduced, disappearing entirely in the most modified
samples. Similarly, increasing temperature reduced hysteresis.
Weinmiiller et al. showed that sorption hysteresis in hydrogels dis-
appears when the rubber-to-glass transition temperature 7, falls
below the sample temperature.©® Zou et al. studied the interrela-
tion of hysteresis and sorption-induced deformation.®2

Figure[6|(b) shows that the sorption hysteresis of paper A disap-
pears when a quantity of PEG300 of 6.5 > 0.2g/g is added. This
amount is comparable to the moisture content of paper A at very
high humidity a,, ~ 1, see Fig.[3{(b). Due to the non-volatile na-
ture of glycerol and PEG300, the co-solvents remain in the paper
for the entire duration of the experiment and induce a persistent
28 on order of Aerp > 0.12, which is much bigger than the
hysteresis in erp observed in Fig. |5} We hypothesize therefore that
the co-solvents permanently occupy the adsorption sites in the
cellulose fibers, the filling and emptying of which by water would
otherwise give rise to hysteresis. Sala and Tomka observed an
analogous disappearance of the sorption hysteresis in starch after
addition of 10 wt% of glycerol, which reduced the glass transition
temperature far below room temperature.Z2

strain

5.3 Equilibrium moisture sorption of pure co-solvents

Glycerol has three hydroxyl groups (one per carbon atom), re-
sulting in a higher number of hydrophilic sites per unit mass
compared to EGOs (one ether group per two carbon atoms plus
two terminal hydroxyl groups).ZL As the molecular weight of an
EGO increases, the relative importance of its hydroxyl endgroups
decreases. Hence, higher molecular weight EGOs are less hy-
drophilic and exhibit a lower aqueous solubility.”2 The different
densities of polar groups explain why glycerol is able to absorb
approximately twice as much water per unit mass as PEG300 in

Fig. [3(b).
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5.4 Equilibrium moisture sorption of the two-component
system paper + co-solvent
Adding 10 wt% glycerol to starch, which is chemically very sim-
ilar to cellulose, can reduce the equilibrium MC, 7374 although
MC(glycerol) exceeds MC(starch) for all a,. In wood, the addi-
tion of EGOs can strongly reduce the moisture sorption capacity
due to pore-filling and the much smaller expansion that is re-
stricted by the structural rigidity of wood.*# These systems are
examples of scenario (2). In contrast, in all our experiments us-
ing glycerol and PEG300, the moisture sorption capacity of the
two-component system did not fall measurably below that of the
papers studied. The theoretical sorption model according to sce-
nario (1) lines in Fig. [f(a) represent the experimental data for
paper A + PEG300 very well, however it slightly overpredicts the
data for paper A + glycerol in Fig. [6[(b). We hypothesize that the
two effects ascribed to scenarios (2) and (3), i.e. the blockage
of sorption sites by co-solvents and the availability of additional
sorption sites due to the substantial swelling, might compensate
each other, thereby explaining the unexpected success of scenario

(D).

5.5 Pore-fiber transport rates of solutions
5.5.1 Impact of initial moisture/co-solvent content on pore-
fiber transport rates of aqueous co-solvent solutions

Hermans and Vermaas studied the penetration of a glycerol/water
mixture into a dry viscose fiber and observed the occurrence of
two well-separated fronts.Z> They attributed the faster front to
the penetration of water, which first needs to plasticize the fiber,
before the second glycerol front can progress inward. This ex-
plains the existence of two timescales and makes it plausible that
the initial moisture content of a cellulose fiber critically affects
the pore-fiber transport rate of co-solvents as shown in Fig.
The same conclusion also can be drawn in the case of a non-zero
initial co-solvent content in Fig. [9] because co-solvents swell cel-
lulose fibers in an analogous fashion as water.

The characteristic swelling timescale g3 for 40 wt% TEG in
Fig.[7[(c) is independent of a,,. This is attributed to the fact that
the pore-fiber transport of the co-solvent is primarily influenced
by the initial water content of the solution.4? A higher initial wa-
ter concentration reduces the viscosity of the solution and, at the
same time, efficiently plasticizes the fiber walls, thus promoting
more effective pore-fiber transport.

The characteristic swelling timescale 7y 3 for 60 wt% TEG in
Fig.[7((©) is roughly constant until a,, = 0.5 and then increases by
a factor of 2. This seems to be inconsistent with all timescales re-
maining constant or decreasing in Fig. [7(b). The key is that above
a water activity of 0.5, two separate relaxation times are required
for an accurate BH fit of the experimental data and that the strain
amplitude ratio A,, /A, increases strongly with a,,, as shown in
Fig. [7((d). This increases the relative importance of the slowest
timescale t,, and thus causes the increase of 7y ¢3. In contrast, a
monotonic decrease of f963(ay,) is observed for EG in Fig. [8{(c).
The origin of this qualitative difference is unclear.

We note that the drying time 4y, i.e. the time required for the
excess water to evaporate, depends on «, and is thus different
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for each of the experiments in Fig. |7} Prior to every experiment,
we deposited a droplet of pure water (V = 1ul) on a separate pa-
per sample to determine its drying time t4ry 0. Figure S7(a) in
the Supporting Information shows a plot of 4,y 20 as a function
of ay. In all cases, t4ymo exceeds 100s. Figure S7(b) shows
that #4, for aqueous EGO solutions is only very weakly depen-
dent on the EGO concentration and the EGO MW. Therefore, we
conclude that 7; < 1,5 < t4ry holds for all experiments in Fig.
whereas t,1 < tqry for a,, 2 0.55 and #,1 > t4ry for a,, < 0.55. Karim-
nejad et al.“% measured the effect of co-solvent concentration on
timescales ¢; and 7,; at a fixed water activity. An approximately
exponential dependence of #; on co-solvent concentration was
found. Consequently, the values of ¢; and ¢, in Fig. [7] are rep-
resentative of the initial TEG concentration. However, the large
values of t,1 for a,, < 0.55 are strongly affected by the evaporation
of excess water and the concomitant increase in TEG concentra-
tion.

The diffusion timescale of 60 wt% TEG in Fig. b) at low water
activities a,, < 0.25 is a factor of 4-8 faster than that for pure
EG in Fig. [8(b), despite that MW (TEG) > MW (EG) and that the
viscosity i (60 wt% TEG) is only about half of u(EG). We interpret
this to be a consequence of the plasticization of the fibers induced
by the water present in the aqueous TEG solution.Z>

The diffusion timescale decreases by a factor of 3 in all EG
experiments when approximately 0.04 g/g of liquid is present,
either as a consequence of moisture sorption [Fig. b)] or co-
solvent deposition [Fig. E](a)]. In both cases, an increase in the
initial liquid content will increase the relaxation timescale z,;.
These observations suggest that the presence of moisture or EG
has analogous consequences as for accelerating pore-fiber trans-
port.

Figure E](c) shows that 7)¢3 decreases with increasing O ini
for both EG and glycerol, indicating faster overall characteris-
tic swelling due to co-solvent-induced softening of cellulose. A
higher water activity further accelerates the response. EG induces
faster swelling due to its lower viscosity, smaller MW and weaker
hydrogen bonding with cellulose. These properties enhance its
diffusion and plasticization efficiency within the fiber network.

Wang et al. introduced a phenomenological model for pore-
fiber transport of co-solvents in paper.22 They assumed that the
pore-fiber transport rate depends on the solution viscosity, the ef-
fective permeability of the fiber wall, the difference in capillary
pressures of pores and fibers and an empirical, concentration-
dependent retardation factor f(c). The data presented in Figs. [79|
will be used to test the validity of their model and determine the
values of the corresponding transport parameters.

5.5.2 Multi-component solutions

Surfactants are commonly added to inkjet printing inks to im-
prove printability and increase imbibition rates into hydrophobic
media.””® Their presence can speed-up the pore-fiber transport of
aqueous co-solvent solutions significantly.? Figure [10[a) shows
that this acceleration persists throughout the range of relative hu-
midities studied. Consistent with Fig. [7[(c), higher values of a,,
drastically increase #( ¢3.

Divalent metal salt solutions (so-called primer solutions) are
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frequently deposited on paper immediately before ink deposition
to induce rapid flocculation of the colorant and latex particles sus-
pended in the ink.Z278 Figure [10}(b) shows that the addition of
MgCl, strongly decreases the pore-fiber transport rates of 60 wt%
TEG solutions by approximately a factor of 3. The same retarda-
tion effect has been observed by Stamm and Tarkov for imbibition
of a saturated MgCl, solution into wood sections.Z? Andreasson
et al. observed a decrease in the nanoscale pore radii of the fiber
walls with increasing salt concentration, which they attributed
to a decreased electrostatic repulsion.®? Karlsson et al. reported
that addition of salt has a significant impact on the water uptake
capacity of cellulose nanofibrils.®l' We found that an important
contribution to the retardation effect is the high sensitivity of the
solution viscosity to cyycl,, Which increases by more than 60%
in the concentration range studied as illustrated in Fig. S9 of the
Supplementary Information. Analogous to the case of ternary so-
lutions containing SDS above, higher values of a,, again signifi-
cantly increase # ¢3. This behavior persists also for a quaternary
aqueous solution of TEG, SDS and MgCl, (see Fig. S8 of the Sup-
plementary Information).

Conclusions

This manuscript provides a systematic evaluation of how water
activity and the presence of co-solvents like glycerol and EGOs af-
fect moisture uptake and the pore-to-fiber transport dynamics of
model inks within cellulose-based papers. We infused papers with
controlled amounts of co-solvent and measured their equilibrium
moisture sorption for a wide range of water activities. This re-
vealed that co-solvents increase the moisture uptake compared
to untreated paper. Although co-solvents have a high affinity for
paper, a non-interactive model based on a direct superposition of
their individual sorption capacities represents the experimental
data well. Interestingly, the deposition of co-solvents with a mass
fraction 65 > 0.2g/g eliminates the sorption hysteresis observed
for untreated paper. Furthermore, we found that increasing the
ambient humidity or the initial co-solvent content accelerates the
pore-to-fiber transport of the model ink in an analogous fashion.

Relevance to inkjet printing technology and beyond

Our results indicate that co-solvent content and water activity
have direct implications for print quality, ink-drying, sorption in-
duced deformations of the paper substrate, and the long-term sta-
bility of inkjet-printed patterns. In inkjet printing, the quantity of
ink deposited per area is typically smaller than the fiber holding
capacity of the paper sheet. Therefore, co-solvents are not ho-
mogeneously distributed across a paper sheet, but are primarily
located in the top part. As the regions containing co-solvents pick
up more water than dry paper upon moisture sorption, this likely
aggravates curl formation.22

An increase of the pore-fiber transport rate with increasing am-
bient humidity implies that the ink penetration depth into the pa-
per is expected to increase for low humidity, because the water-
co-solvent mixture remains in the inter-fiber pores for a longer
time. By means of rapid drying this undesirable effect can be
reduced, as the water is removed. However, the remaining co-
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solvent may impart mobility to ink colorants, thus potentially in-
ducing long-term color changes. The use of a volatile co-solvent
such as EG would reduce this effect, at the expense of it being less
effective in preventing inkjet nozzle clogging.

The findings of this study are relevant not only to inkjet print-
ing, but also for microfluidic systems and lab-on-a-chip technolo-
gies. In these applications, precise control of fluid transport
through porous substrates or narrow channels is essential for
achieving reliable diagnostics, chemical reactions, or biological
assays.82 The insights into how multicomponent solutions inter-
act with hygroscopic porous media, such as cellulose fibers, and
how ambient humidity modulates sorption and transport dynam-
ics, can inform the design of paper-based microfluidic devices.
Moisture sorption can serve as an additional mechanism to en-
hance fluid control. By understanding the impact of moisture
uptake, developers of low-cost, portable diagnostic tools can im-
prove their reproducibility and stability under varying environ-
mental conditions — challenges that are critical in point-of-care
settings.
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