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Aging Effects on Paper Dispersibility — A Review
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The aging of paper significantly impacts fiber-water interactions, leading
to a decline in dispersibility over time. This deterioration is particularly
critical for water-dispersible paper and packaging applications designed to
dissolve easily after use, as well as for recycling processes, where
reduced dispersibility increases energy consumption and reject content.
The aging process is notably faster and more pronounced in unbleached
fibers compared to bleached fibers, indicating that lignin plays a crucial
role in this phenomenon. A decrease in dispersibility is closely linked to
reductions in water retention value (WRV) and increases in paper wet
strength, driven by natural aging mechanisms such as hornification, auto-
crosslinking, extractives self-sizing, and cellulose recrystallization. These
processes reduce fiber swelling capacity and hinder paper disintegration
in water. To mitigate the decline in dispersibility due to aging, minimizing
moisture cycling and avoiding high temperatures are promising. Also
reduction of refining energy and wet-end starch dosage in papermaking
are ways to better preserve repulpability. Understanding these aging
mechanisms is essential for optimizing paper formulations and ensuring
long-term performance in both functional and recyclable paper products.
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INTRODUCTION

Aging of paper is a crucial factor studied across various research domains, e.g.
preservation of cultural heritage or the yellowing of graphical paper (Kulak ef al. 2016), or
transformer insulation materials (Lundgaard et al. 2005; Przybylek 2010). This work is
focusing on the mechanisms driving the deterioration of paper dispersibility over time.
Understanding the process why paper dispersibility is eventually declining and how this is
related to the physical and chemical aging processes in paper is highly relevant to the field
of paper recycling. Repulpability is a key property for paper during the recycling process.
It is evaluated in all recyclability tests for packaging papers (Kochersperger and Schabel
2024), particularly in the EU Harmonized Recyclability Test for Paper and Board Materials
(CEPI 2022).

Also various applications of water-dispersible paper are documented, where the
functionality of the product depends on preserving good paper dispersibility over the
lifetime of the product. Literature can be found on wrapping material for toilet paper rolls
(Saito 1998), seed packets (Caspar et al. 2013), pouches for conditioners or shampoos
(Green 2021), soap wrappers (Banks 1953), coffee cup sleeves (Naithani ef al. 2017), and
seeding sheets for gardening (Koyama et al. 2016). Additionally, research highlights a
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range of water-soluble and biodegradable packaging materials such as nanocomposites
(Kaushik et al. 2010), granular plant growth regulators (Devisetty et al. 2002), and
cellulose acetate (Cao et al. 2016). Further applications include pulp-based composites,
such as poly paper (Del Curto et al. 2016). Beyond packaging, water-dispersible paper is
also used in specialized contexts, including the secure disposal of confidential documents
(Koyama et al. 2016) or in illegal activities where the elimination of physical evidence is
desired (Itamiya et al. 2021).

It has been found that the dispersibility of paper products tends to decrease over
time (Pfennich and Hirn 2025). A similar effect has also been found for wet-wipes (Harter
et al. 2022), which are wet stored cellulose fiber nonwovens. Apparently, there are natural
aging processes taking place in cellulose fiber networks that are deteriorating their ability
to disintegrate in water. It is the aim of this work to examine the change of dispersibility
over time in the context of paper aging, aiming to provide an overview of possibly related
mechanisms.

Aging, whether natural or accelerated, can generally be classified into physical and
chemical processes, each with distinct characteristics (Strlic and Kolar 2005; Zervos 2010).
The most well-known physical aging mechanism is hornification, which is characterized
by the loss of fiber wall swelling and increased fiber stiffening, reducing the ability to form
inter-fiber bonds (Scallan and Laivins 2018). Other physical processes include
recrystallization (Matachowska ef al. 2021b) and denaturation (Strlic and Kolar 2005).
Chemical aging involves irreversible changes in molecular structure and chemical
decomposition, including oxidation, hydrolysis, degradation, chain scission, and auto-
crosslinking (Flore ef al. 2016; Zervos 2010). Natural aging of paper induces long-term
changes that significantly affect its fiber-water interactions, mechanical and optical
properties, and overall lifespan (Matachowska et al. 2021b; Strlic and Kolar 2005).
Understanding fiber-water interactions involves clarifying the types of water held by wood
fibers, including free water, bound water, and non-freezing bound water (Salmén and
Berthold 2018).

Over time, paper becomes transformed from being relatively flexible and tough to
becoming brittle (Koura and Krause 1978). The impact of aging on water absorption varies
depending on factors such as paper type, environmental conditions, and specific aging
mechanisms. As a result, this is especially pertinent to the preservation of historical and
archival materials. In contrast, accelerated aging simulates these natural processes within
a much shorter timeframe, enabling the rapid assessment of material durability.
Accelerated aging is frequently used in material science and preservation research
(Havermans 1995; Strlic and Kolar 2005; Zervos 2010; Zou et al. 1994). A comprehensive
understanding of aging processes is essential for the preservation of cultural heritage in
archives and libraries (Area and Cheradame 2011). Notably, much of the degradation in
archival materials is attributed to bio-deterioration, especially by fungi (Zotti et al. 2008).
Key properties typically assessed in aging studies include folding endurance, tensile
strength, and the degree of acidic degradation—often evaluated across papers with varying
acidity levels to observe differential aging behaviors (Havlinova et al. 2009; Strlic and
Kolar 2005). Additionally, the depolymerization of cellulose is a critical factor in
understanding the long-term stability of paper materials (Strlic and Kolar 2005). One of
the most immediately noticeable effects of aging in graphical paper is yellowing and loss
of brightness, which is highly dependent on the paper’s pH. This discoloration results from
oxidation and autohydrolysis processes, both of which accelerate the yellowing over time
(Bonham and Rolniczak 2006; Lewin 1997).
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Key Terms and Mechanisms of Fiber Water Interaction

Dispersion of paper in water is caused by the water opening the fiber-fiber bonds.
Hence, fiber-water interaction is highly relevant in the context of this work. In this section,
detailed definitions of key terms and mechanisms are provided to explain the various ways
in which water interacts with paper. The goal is to facilitate a deeper understanding of the
requirements and behavior necessary for optimal paper dispersibility.

A pulp fiber primarily comprises cellulose, lignin, hemicellulose, and associated
materials, the proportions of which vary depending on the type of wood and its location
(Blechschmidt et al. 2021). The composition of fibers and the position of water in the paper
are interrelated factors that play a crucial role in determining its performance, durability,
and suitability for various applications. It affects its strength, absorbency, and other
physical properties (Salmén and Berthold 2018). The fiber composition of paper directly
affects its water absorption and retention characteristics. Different fiber types have varying
levels of hydrophilicity and absorbency, which can impact how water is distributed within
the paper structure (Begum et al. 2021; Salmén and Berthold 2018).

The term water position in paper refers to the distribution of water within the fiber
structure. When paper absorbs water, it undergoes changes in its physical dimensions and
properties. Water can be present in various forms within the paper, including (Salmén and
Berthold 2018):

» Free Water: Water molecules that are not bound to the fibers and can move freely
within the paper structure.

*  Bound Water: Water molecules that are adsorbed to the fiber surface by hydrogen
bonding and other molecular interactions. To overcome these bonding effects there
has to be an additional energy named heat of sorption. Bound water contributes to
the flexibility and swelling behavior of paper fibers (Leuk et al. 2016; Lojewski et
al. 2010; Salmén and Berthold 2018). The amount of bound water reflects the
composition of the fibers, particularly the wood polymers they are made of (Salmén
and Berthold 2018).

* Pore or Capillary Water: Water that is held within the small voids and spaces
between fibers due to capillary pressure. Capillary water influences the paper’s
absorbency and wicking properties. The physical changes of the fiber wall, such as
its structure and composition, can affect the presence and behavior of pore water in
paper (Salmén and Berthold 2018).
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Fig. 1. Forms of water within the paper. This illustration is based on the work of Salmén and
Berthold (Gruber 2011; Salmén and Berthold 2018).
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Mechanisms Influencing Fiber-Water Interaction

The disintegration of water-dispersible paper is primarily driven by its interaction
with water. Chemically, this process occurs due to the disruption of fiber-fiber bonding as
water penetrates the paper matrix (Cho et al. 2009; Nissan 1977). Consequently, the key
factors influencing disintegration are water penetration, absorption, and the swelling
behavior of the fibers. Understanding the development of paper strength is essential to
comprehend how wet strength—and consequently, dispersibility—changes over time. To
elucidate the effects of aging on these properties and their impact on disintegration, a brief
explanation is provided here.

Paper strength development

Throughout the paper drying process, its strength, stiffness, and hygroexpansion
coefficient are increasing (Urstoger et al. 2020). An explanatory model outlines the
different phases of strength development in paper. In the initial phase, occurring at
approximately 25% dryness content, capillary forces emerge, depending on drainage (Belle
2016; Kallmes et al. 1977; Kendall 2001; Williams 1983). As further dewatering occurs,
the fibers gradually collapse (Belle 2016; Paavilainen 1993a,b; Weise 1998; Weise et al.
1996). This collapse results in mechanical interlocking and entanglement of fibers, leading
to shape and frictional fitting (Oliveira ef al. 2008; Tejado and vandeVen 2010; Williams
1983). The second phase occurs between 25% and 60% drying content, where interactions
between attractive and repulsive van der Waals forces develop (Derjaguin and Landau
1941; Derjaguin 1954; Israelachvili 2006; Pelton 1993; Waberg and Annergren 1997).
Finally, in the last phase, van der Waals- and hydrogen bonds are forming due to capillary
pressure of the remaining water (Persson et al. 2013) as the drying process progresses
(McKenzie 1984; Nissan and Batten 1990; Waberg and Annergren 1997).

Inversely, paper stiffness and strength decrease with increasing relative humidity
of the paper (Haslach 2000; Salmén and Back 1980). This is due to moisture-induced
reduction of the polymer glass transition points in the fibers (Salmén and Back 1977).
When unsized paper is wetted, the fiber-fiber bonds are opening and its strength instantly
goes down to zero (Lahti et al. 2019). This process can be delayed and reduced by
hydrophobic sizing (Korpela ef al. 2021) or crosslinking (Back 1985; Zervos 2010). The
accessibility of water to the fibers and fiber-fiber bonds hence is the key factor deteriorating
paper strength and thus plays a high role for paper disintegration.

Absorption and capillarity/penetration

Paper fibers have a natural affinity for water due to their hydrophilic nature. The
capillary action within paper fibers and between fiber networks plays a significant role in
water absorption. Capillary forces draw water into the small spaces and voids between
fibers, allowing water to spread and penetrate through the paper structure (Akinli-Kogak
2001; Botkova ef al. 2013). A key characteristic for effective disintegration is strong water
penetration (Pfennich et al. 2023).

Swelling behavior

The swelling behavior of paper fibers is influenced by factors such as fiber type,
morphology, such as fiber length and fiber diameter, chemical composition, and
environmental conditions. The fiber type and chemical composition significantly influence
dispersibility, with factors such as increased fiber length, unbleached pulp, or higher lignin
content resulting in reduced repulpability (Blechschmidt ef al. 2021; Pfennich et al. 2023;
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Tervahartiala et al. 2018). The environmental factors influencing swelling and aging
include heat, humidity, light, oxygen, and pollutants (Erhardt and Mecklenburg 1995;
Jajcinovic et al. 2018). Variations in swelling among fibers affect the paper’s water
absorption and retention properties. Upon exposure to water, fibers undergo a diffusion
process, absorbing moisture that leads to swelling, thereby increasing the paper’s thickness
and volume. A portion of the absorbed water is retained within the fiber structure,
enhancing the material’s retention capacity (Akinli-Kogak 2001; Botkova et al. 2013).
Water absorption influences the strength of paper by causing fiber swelling, which weakens
the bonds between fibers and reduces tensile strength (Hoyland 2018).

Drying behavior and aging

The drying process is closely linked to the fiber-water interaction in paper. During
drying, water evaporates from the paper, causing the fibers to shrink and the paper to regain
its original dimensions, which in turn leads to a severe reduction in its swelling ability. The
drying rate, temperature, and humidity conditions influence the drying behavior and final
properties of the paper (Salmén and Stevanic 2018). Drying also reduces the amount of
bound- and capillary water adsorbed on the fiber; the required desorption energy is
commonly referred to as the heat of sorption (Leuk et al. 2016).

Aging, both natural and accelerated (here: thermal aging), can be broadly
categorized into physical and chemical aging. There is a distinct difference between these
two processes. Natural aging occurs over an extended period, with mechanisms progressing
slowly and at lower intensities, making it essential for historical and archival purposes. In
contrast, accelerated aging simulates the natural aging process within a significantly shorter
timeframe. The idea of accelerating aging by elevated temperature is that the reaction
kinetics of paper ageing is following an Arrhenius-type model (Zou ef al. 1996) with the
reaction rate — and thus paper aging - increasing exponentially with temperature.
Accelerated aging is frequently used in material science and preservation research. A
standardized method for accelerated, or thermal, aging is specified by ISO 5630-1. Aging
can cause changes in the surface characteristics of paper, such as the formation of a patina
or surface degradation. These changes can alter the paper’s interaction with water, affecting
its moisture absorption capacity (Havermans 1995; Strlic and Kolar 2005; Zervos 2010;
Zou et al. 1994). The aging and degradation processes are influenced by both endogenous
and exogenous factors. Key endogenous contributors include metal ions, lignin, certain
degradation products, and pH levels. Prominent exogenous factors encompass pollutant
gases, humidity, and, as discussed above, heat (Area and Cheradame 2011).

Testing methods for paper aging

To test paper aging, various methods are employed to evaluate mechanical,
physical, and chemical changes over time. Key mechanical tests include tensile strength,
tear resistance, and folding endurance, which help determine paper’s durability (Havlinova
et al. 2009; Matachowska et al. 2021a; Strlic and Kolar 2005). Accelerated aging tests,
often based on ASTM and ISO standards (ASTM D6819 and ISO 5630), simulate long-
term effects through heat, humidity, or UV exposure. Chemical tests, such as pH
measurement, monitor paper acidity and its role in degradation (Strlic and Kolar 2005),
and tests for brightness and color stability (Bonham and Rolniczak 2006; Lewin 1997).
Fiber-water interactions are indirectly evaluated through water retention value (WRV),
disintegration testing, and sorption analysis (Zervos 2010). Advanced exemplary
techniques including Gas Chromatography-Mass Spectrometry (GC/MS), Fourier
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Transform Infrared Spectroscopy (FTIR), and Scanning Electron Microscopy (SEM)
provide insights into molecular degradation processes, analyzing both structural and
chemical changes in paper over time (Area and Cheradame 2011; Matachowska et al.
2021a).

NATURAL AGING, WET STRENGTH INCREASE and WRV

It has been observed that paper stored under environmental conditions for several
months continuously diminishes in its ability to be disintegrated in water (Pfennich and
Hirn 2025). This effect is quite moderate for bleached pulp, but it is much stronger for
unbleached pulp; furthermore, the effect is increased by refining and the utilization of
starch in the wet end (Pfennich and Hirn 2025).

In general, the repulpability, or the ability of paper to disintegrate in water, is
reduced by increasing its wet strength (Koura and Krause 1978; Siqueira ef al. 2015; Su et
al. 2012). Higher wet strength allows paper to maintain its structural integrity when wet,
often achieved through additives or treatments that enhance fiber bonding or alter fiber
structure (Su et al. 2012; Yang et al. 2019). When the wet strength of recovered paper is
low and subjected to high force, the defibering process is enhanced (Cho et al. 2009; Su et
al. 2012). Also for recovered paper, higher wet strength correlates with increased resistance
to defibration (Blechschmidt ez al. 2021).

In the tissue industry, both accelerated and natural aging processes are employed to
maximize wet strength, demonstrating that disintegration is dependent on this property
(ISO 12625-17: Tissue paper and tissue products 2021). Aging enhances auto-crosslinking
(the formation of covalent bonds) and crystallinity, increasing wet strength and fiber bond
strength without changing the bonding area (Dodson 1973; Fellers ef al. 1989).

Wet strength can increase over time until it peaks and then declines, indicating
prolonged aging exacerbates the defibering of paper. The wet tensile strength behavior for
various pulps is illustrated in Fig. 2 (Koura and Krause 1978).
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Fig. 2. Wet tensile strength over 10 days accelerated aging time (90 °C and 70 % humidity):
1.) sulfite pulp, 2.) processed sulfite pulp 3.) sulfate pulp: image is based on (Koura and Krause
1978)
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Without wet strength agents, the wet strength of recovered paper is influenced by
the rate of water penetration. Effective disintegration requires water to infiltrate the fiber
to reach the bonding region, which is affected by pore structure and surface hydrophobicity
(Cho et al. 2009; Su et al. 2012).

There is a significant difference between bleached and unbleached pulp fibers in
their swelling behavior. Bleached fibers exhibit greater and more rapid swelling due to
higher hydroxyl group content, which results from lignin removal during bleaching.
Unbleached sulfate or kraft pulp shows diminished swelling and bonding potential during
recycling due to decreased strength. Recycled fibers display more hydrophobic behavior
compared to original fibers. During recycling, fiber surfaces undergo inactivation, known
as irreversible hornification, where pore closure in pulp walls prevents re-wetting (Geffert
et al. 2016; Okayama 2002; Ruvo and Htun 2018; Stone and Scallan 1965). Such effects
can give rise to increased water contact angle (Geffert et al. 2016; Okayama 2002).

When considering water-fiber interaction, it is essential to recognize the
significance of the water retention value (WRV). Papers stored over several months
exhibited reduction in WRYV, together with a decrease in dispersibility (Pfennich and Hirn
2025). The WRV measurement reflects the total water content retained by the fiber,
encompassing all types of water the fiber can hold (Salmén and Berthold 2018). When
fibers undergo drying or aging, a process called hornification occurs. This involves the
formation of bonds between hydroxyl groups on cellulose surfaces as water is removed,
enhancing structural strength, but causing fibers to contract and become more ribbon-like.
This contraction reduces the fibers’ ability to swell and retain water, leading to a lower
WRYV (Blechschmidt et al. 2021). The decrease in WRV due to repeated drying is
particularly relevant for recycled fibers, where the number of recycling cycles and the
extent of aging is relevant (Harter et al. 2022; Jablonsky ef al. 2014; Kato and Cameron
1999a,b; Suty et al. 2012). Recycled fibers, particularly those made from kraft pulp, exhibit
diminished swelling and water-binding potential. The internal fiber surface, especially the
lumen, plays a significant role in re-swelling behavior. According to Geffert et al. (2016)
hornification and lumen contraction are the key factors for reduced WRV of recycled
fibers.

Aging exacerbates this issue by closing larger pores within the fiber structure,
thereby further reducing re-swelling capacity (Cildir and Howarth 1972). Natural aging,
even at moderate temperatures such as 22 °C, acts similarly to drying, inducing irreversible
changes such as auto-crosslinking and hydrolytic breakdown of cellulose chains (Gratton
1991). The bonding within the fiber wall, plays a significant role in this process resulting
in stiffer, less conformable fibers that cannot fully regain their water retention capabilities
(Wu 1996). The decline in WRV over time is also due to the compaction of the fiber wall
structure in non-crystalline regions, a process known as recrystallization. The reduction of
WRYV due to natural ageing for various pulps is shown in Fig. 3 (Koura and Krause 1978).

Another factor to consider in the context of varying disintegration ability is lignin,
which significantly contributes to the accelerated deterioration of unbleached paper
compared to bleached paper (Pfennich and Hirn 2025). Lignin functions both as an
antioxidant and a catalyst for oxidation (Matachowska et al. 2020). Additionally, the
reduction in disintegration may be attributed to lignin self-sizing, a self-assembly process
where lignin molecules organize to expose their hydrophobic regions, thereby increasing
the paper’s hydrophobicity (Trovagunta et al. 2024).
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Fig. 3. Water retention value over 10 days accelerated aging time (90 °C and 70 % humidity);
1.) sulfite pulp, 2.) processed sulfite pulp 3.) sulfate pulp 4.) bamboo pulp: image is based on
(Koura and Krause 1978)

A potential mechanism for the decline in disintegration over time is self-sizing due
to the migration of extractives to the fiber surface (Aspler et al. 2018; Hubbe et al. 2007;
Lindstrom 2009; Ness and Hodgson 1999). This phenomenon is well-documented in
mechanical pulp and unbleached pulp. The higher extractives content in unbleached pulps
compared to bleached pulps aligns with the observed faster deterioration of unbleached
papers (Pfennich and Hirn 2025).

AGING PROCESSES

In this section the different aging processes taking place in paper, and their
implications on water interaction and paper dispersibility, are being discussed.

Physical Aging
Hornification

The concept of hornification was first introduced in 1944 by Jayme, who used the
designation “Irreversible Verhornung” (Lindstrom and Strém 2022; Weise et al. 1996).
This phenomenon denotes an irreversible change (Sjostrand et al. 2023) of fibers and
water-holding capacity mostly resulting from drying, but also from water removal in
general and wet pressing (Fernandes Diniz et al. 2004; Luo et al. 2011; Maloney et al.
1997; Scallan and Laivins 2018). Notably, hornification also occurs at room temperature
(Kato and Cameron 1999b; Fernandes Diniz et al. 2004; Scallan and Laivins 2018). The
hornification process comprises four stages: the initial crystallization period, which occurs
at moisture levels above 70%; the cocrystallization period, spanning moisture content
between 70% and 31%; the hemicellulose control period, ranging from 31% to 11%
moisture content; and the second crystallization period, occurring at the lowest moisture
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content of 11% to 0%. During the cocrystallization and second crystallization stages, there
is a reduction in water retention value, indicating the occurrence of hornification (Mo et al.
2022).

This state of hornification can be quantified by calculating the decrease in water
retention value using Eq. 1 (Jayme 1944),
WRVy—WRV;

X 100 (1)

Hornification status [%] =
where WRVy is the water retention value before- and WRV1 after hornification. Already
Jayme and Hunger (1956), proposed a mechanism of closing of pores due to hard-to-
reverse bonding among individualized microfibrils. In essence, this process generates
bonded regions between cellulose microfibrils, manifested as irreversible (Lindstrom
1986) intra-fiber hydrogen bonding connections (Fernandes Diniz et al. 2004; Kato and
Cameron 1999b; Mo et al. 2022; Salmén and Stevanic 2018). The pores in the fibers
collapse, which imparts resistance to swelling forces upon rewetting (Kdhnke et al. 2010;
Salmén and Stevanic 2018; Scallan and Laivins 2018). These irreversible changes post-
drying also include increased brittleness and reduced fiber flexibility (Kato and Cameron
1999b).

Recrystallization

Recrystallization is a physical degradation process that can occur in cellulose fibers
within paper. It involves the reorganization of cellulose molecules into a more ordered
structure (Koura and Krause 1978), often as a response to changes in environmental
conditions such as temperature and humidity, or to mechanical load, such as during milling
(Ling et al. 2019). While recrystallization can interact with- and influence both, hydrolysis
and oxidation, which are chemical degradation processes (Matachowska et al. 2021b).
Water plays a significant role in promoting recrystallization due to its ability to form
hydrogen bonds with cellulose molecules. Additionally, water’s high surface tension can
facilitate the organization of cellulose molecules into a more ordered crystalline structure
(Bertran and Dale 1985).

Self-sizing

Self-sizing is a vital process in wood-containing papers or those with high
extractive content. It involves the redistribution of resins and extractives with low softening
points on the fiber material through surface diffusion. This thermodynamically favorable
process allows resins in parenchyma cells to form a monomolecular layer at the interface
between air and fiber surface, transforming a high-energy surface (cellulose) into a low-
energy surface. The reorientation of amphiphilic molecules at the boundary surface can
also play a role in self-sizing (Lindstrém 2009). However, self-sizing can lead to increased
resistance to wetting, which may impede the reception of aqueous glues or spilled
materials. This issue is often due to the presence of fatty and resin acids on fiber surfaces,
which can migrate during paper formation, drying, or storage. If aluminum species are
present, they can act as mordants, binding to the carboxylate groups of wood resins and
orienting hydrophobic groups outward (Hubbe et al. 2007). To counteract the effects of
self-sizing, surfactants can be added (Hubbe et al. 2007; Aspler et al. 2018), or extractive
materials can be removed from the pulp to eliminate their negative impact on paper
properties (Ness and Hodgson 1999).
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Additionally, lignin self-sizing is another important factor to consider. This self-
assembly process involves lignin molecules organizing in a way that exposes their
hydrophobic regions (Trovagunta et al. 2024).

Chemical Aging

The chemistry of pulp aging is considered in relation to the degradation of the paper
and cellulose. Chemical aging can involve different reactions, such as oxidation, hydrolysis
and chain scission, and auto-crosslinking. The main degradation products that originate
from the oxidation and hydrolysis of the paper, are sugars, oligomers, organic acids,
volatile organic compounds and phenolic products of lignin degradation (Zervos 2010). In
considering the lignin content in paper, it is noted that lignin is more susceptible to
oxidation by air compared to cellulose. Consequently, paper containing lignin,
hemicellulose, or other additives is more prone to oxidation, hydrolysis, and various other
degradation processes (Matachowska et al. 2020).

Hydrolysis and chain scission
For the natural and accelerated aging, the main reaction for the degradation of

cellulose is the acid hydrolysis of the glycosidic bonds (Fellers et al. 1989; Zervos 2010;
Zou et al. 1994).

Crystalline area

Aging

Amorphous area

Fig. 4. Effect of aging on the supermolecular structure of cellulose: image is based on (Koura and
Krause 1978)

Hydrolysis is a fundamental chemical process wherein water molecules, along with
acidic or alkaline agents, catalyze the breakdown of chemical bonds within the cellulose.
In the realm of paper aging, hydrolysis predominantly targets the B-acetal oxygen bridge
in cellulose under acidic conditions. This hydrolysis leads to the cleavage of bonds between
the glucose molecules, resulting in chain scission and eventual degradation of paper fibers
(Carter 1996; Seery 2013). The degradation primarily occurs in the amorphous regions,
resulting in an increase in the degree of crystallization (Anders ef al. 1995). Consequently,
the paper becomes rigid, brittle, and less flexible, thereby facilitating its disintegration.
Moreover, the hydrolysis of cellulose reduces the degree of polymerization, leading to the
formation of shorter chains, which further weakens the paper’s strength (Carter 1996; Seery
2013).
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The phenomenon of recrystallization significantly impacts the rate of hydrolysis by
regulating the accessibility of cellulose molecules to water molecules. Upon undergoing
recrystallization, the penetration of water molecules is impeded, thus obstructing the
initiation of hydrolytic reactions (Tan et al. 2023). Conversely, instances where
recrystallization exposes a larger surface area of cellulose molecules to water may
accelerate the hydrolysis process (Area and Cheradame 2011; Battista 1950; Bertran and
Dale 1985; Matachowska et al. 2021b; Tumkur et al. 2020).

Chain scission in this context is a more general term for breaking of polysaccharide
chains due to various mechanisms including chemical degradation reactions such as
hydrolysis, oxidation, and exposure to radiation (such as UV light). In the context of paper
aging, chain scission often occurs concurrently with hydrolysis (Kato and Cameron 1999b;
Koura and Krause 1978; Zervos 2010). After hydrolysis and chain scission, an increase in
crystalline regions is observed as a result of the degradation of amorphous areas (Fellers et
al. 1989; Zou et al. 1994).

Oxidation

The oxidation of paper is a chemical process that occurs when paper is exposed to
oxygen in the air over time. This process can lead to various changes in the properties of
the paper, often resulting in deterioration and degradation (Area and Cheradame 2011).

The degree of oxidation is influenced by temperature, consequently resulting in
comparatively lower degradation from oxidation at room temperature, as opposed to the
degradation induced by acid hydrolysis (Matachowska et al. 2021b).

During the process of oxidation, hydroxyl groups present on the anhydroglucose
units are converted into carbonyl groups and carboxylic groups (Carter 1996). The
cellulose experiences a decrease in its degree of polymerization, concomitant with the
formation of carboxyl groups (Fellers et al. 1989). The oxidized cellulose exhibits
accelerated degradation compared to untreated cellulose (Zervos 2010). It can be asserted
that the natural aging process of paper leads to the development of oxidized groups bonded
to the cellulose matrix (Kyujin 2013). Lignin in paper plays a crucial role in the degradation
of cellulose, acting either as an antioxidant or as a catalyst for oxidation (Matachowska et
al. 2020).

Auto-crosslinking

Both accelerated and natural aging processes can induce auto-crosslinking
phenomena taking place within the fiber, but also in fiber-fiber bonds. This manifests as a
reduction in wet elongation, heightened wet strength, limitation of water absorption-
induced swelling, and an elevation in the brittleness of paper (Back 1967; Graminski 1970;
Ruffini G. 1966; Wilson; and Parks 1979; Zervos 2010). This all suggests the oxidative
generation of carbonyl groups along neighboring cellulose chains, leading to the formation
of either hemiacetal bonds between them or ester linkages between carboxyl groups on one
chain and hydroxyl groups on an adjacent chain. It is worth noting that auto-crosslinking
and chain scission are competitive processes, leading to an initial peak and subsequent
decline in tensile strength (Back 1967; Graminski 1970; Robertson 1976; Ruffini 1966;
Zervos 2010).
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CONCLUSIONS

1. Repulpability (dispersibility) is a key aspect of all recyclability tests for paper-based
packaging materials. Thus it is highly relevant to understand why and how the
dispersibility of paper is deteriorating over time.

2. This deterioration is considerably faster and more pronounced for unbleached fibers
compared to bleached fibers, indicating that lignin and/or extractives content are
playing a key role in the process.

3. A decrease in dispersibility goes hand in hand with a decrease in water retention
value and an increase in paper wet strength. Hornification, auto-crosslinking,
cellulose recrystallisation and self-sizing due to the presence of extractives are well
known natural aging phenomena in paper which are well able to explain the observed
changes in dispersibility, water retention value (WRV) and increased wet strength.

4. In order to slow down or prevent the aging of paper and the associated decline in
dispersibility, it is crucial to explore methods to delay hornification, auto-crosslinking
and diffusion (self-sizing), e.g. by preventing moisture cycling and high temperatures
of storage. Reducing refining and wet end starch in papermaking was also found to
mitigate declining dispersibility due to paper aging.
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