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Abstract 

Paper degradation menaces the useful lifetime of books, manuscripts, and works on paper during storage, circulation, 
and display in libraries, archives, and museums. Severe damages such as embrittlement, decay, and mold often occur 
to the paper that might threaten to lose cultural heritage. However, the shelf life of papers stored in suitable condi-
tions can be extended by hundreds of years. The most important external factors affecting the deterioration of paper-
based materials include, in particular, changes in temperature and air humidity. In this study, the effects of accelerated 
aging under different conditions, including substantially different relative humidity, were considered relative to the 
strength properties of the paper sheets. These include the mechanical strength, such as breaking length, tear resist-
ance, and bursting strength of the paper samples before and after dry heat aging and hydrothermal aging. Samples 
with various content of lignin produced in neutral pH were examined to exclude the adverse influence of acidity on 
paper properties. The results indicate that impact of moisture on tensile properties and pH-value of paper is much 
greater than the effect of increased temperature. The results of this work are intended to consolidate and expand the 
theoretical foundation and provide technical support for the conservators and library staff on the storage of paper 
cultural relics.

Keywords: Cellulose degradation, Tensile properties, Paper ageing, Paper durability, Accelerated ageing tests

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
Paper is a material of hydrophilic nature, for this reason, 
it absorbs a significant amount of water vapour from the 
air, which is maintained in the product in the form of 
hygroscopic water. This, in turn, contributes to primarily 
initiate the destructive process of hydrolysis in the paper 
[1] but also many other paper-destroying processes. The 
adsorption of gaseous pollutants also increases with the 
moisture content of paper and their activity increases the 
destructive effect on paper [2–6]. As a result of fluctua-
tions in the relative humidity of the air, impurities con-
tained in the surrounding air accumulate in the paper. 
Periodic increases in relative humidity in the air also 
lead to the breakdown of hydrogen bonds in the paper. 

This breakdown of H bonds in paper proceeds spontane-
ously, but under natural conditions it is an extremely slow 
process. The increase of moisture content in the paper 
causes significantly acceleration of the breakdown of H 
bonds [7], which leads to a loss of paper strength in a 
non-conditioned environment. For these reasons, archi-
val warehouses strive to keep the relative air humidity as 
optimum (and possibly constant) [8]. Recommended cli-
matic conditions for the long-term storage of archive and 
library materials are the temperature of 14–18 °C and the 
relative humidity of 30–50 % (for parchment documents: 
the temperature of 2–18 °C and 50–60 % humidity) [9]. 
Short-term fluctuations in relative humidity are danger-
ous for paper also from the microbiological point of view 
because such fluctuations create conditions for the rapid 
growth of bacteria and fungi [10, 11]. The archives ensure 
that the fluctuation of this parameter do not exceed 10 – 
15 % (depending on the season), because this level is safe 
for most archival materials. Changes in the water vapour 
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content in the air, and consequently in the material, also 
cause a number of other destructive changes for paper 
(e.g., shrinkage, crumbling of paper, breaking glue joints, 
dissolving glues and other binders in books, causing, 
among others, the formation of streaks and migration 
of dyes and pigments, which then reflect on the adjacent 
pages) and other book constituents that can be found 
in archival collections (e.g., beeswax seals, acid decayed 
leather ‘red rot’) [12, 13].

Despite an overall statement about the strong influence 
of increase in paper moisture content on the intensity 
of its ageing, scientists have failed to establish the exact 
relationship between paper moisture and the rate con-
stant of cellulose degradation reaction for a long time. 
Publications in which the aforementioned relationships 
for bleached pulp were related quantitatively appeared 
only at the turn of the 20th and 21st century [14, 15]. 
According to them, the rate of paper degradation in 
relation to air humidity at 90 °C is variable. In the initial 
stage, it increases sharply with the increase of air rela-
tive humidity to about 10–25 %. In the second stage, for 
humidity from 10 to 25 % to 50–75 %, the increase in the 
constant degradation rate is slight. Over 50–75 % humid-
ity, on the other hand, a sudden increase in the degrada-
tion rate is again observed. The nature of the relationship 
does not change, even though in the obtained humidity 
ranges there are major discrepancies. However, other 
research shows an exponential dependence of the rate 
of degradation on relative humidity, at least at elevated 
temperatures [16]. Strang and Grattan [17] argue that it is 
the concentration of water in the cell wall rather than the 
concentration of water vapour in the atmosphere, which 
has a direct impact on the rate of degradation of paper, 
and it is worth stressing this. It should also be remem-
bered that most of the literature discusses degradation at 
constant temperature and humidity. Meanwhile, there is 
much assumption on the effects of imbalances in temper-
ature and relative humidity and opinions on the subject 
are contradictory [18–23].

The increase in temperature, as humidity, also has a 
destructive impact on paper. The degree of cellulose 
destruction (decrease in the DP and crystallinity degree) 
is all the superior, the higher the temperature and the 
longer time of its interaction with the paper [24]. Heat-
ing of cellulose materials in the air atmosphere up to 100 
°C does not contribute to significant external or chemi-
cal changes of cellulose. However, prolonged exposure 
of paper to the elevated temperature may cause a depo-
lymerization of cellulose. Increased temperature and 
the presence of water also accelerate disintegration of 
unstable peroxide bonds [25]. The speed of cellulose oxi-
dation process in the paper, in turn, depends on the rate 
of decomposition of these bonds. Increased temperature 

also contributes to the formation of radicals which ini-
tiate the oxidation reaction [26]. The oxidation of func-
tional groups in glucose units within the cellulose chain 
usually occurs in parallel with the disruption of the gly-
cosidic bonds, which contributes to a decrease in the 
degree of polymerization. An increase in the proportion 
of the low molecular weight fraction and a decrease in 
the mean degree of polymerization as a result of degrada-
tion of the cellulose, hemicellulose and lignin macromol-
ecules caused by ageing leads to deterioration of paper 
properties.

Researchers and conservators take advantage of the 
observed temperature and humidity dependence of the 
rates of paper destruction. Obviously, the superior pur-
pose is to slow the rates of degradation in cultural herit-
age collections. Heating of paper materials in differential 
humidity conditions causes accelerated or artificial aging 
allowing the simulation of the natural ageing process of 
paper. This is a useful method, enabling one to estimate 
the impact of excessively warm and humid long-term 
storage conditions as a factor affecting lignocellulosic 
materials degradation [27]. However, the collection of 
knowledge and formation of the scientific basis for the 
accelerated aging of paper was gradual and took many 
decades. Two views have developed since then: accord-
ing to the first, it was a reliable test method, according 
to the second - accelerated aging can never reproduce 
natural aging. For several decades, accelerated tests con-
sisted in aging the paper samples at elevated tempera-
tures, ignoring the role of water vapor in the course of 
acidic hydrolysis of paper. In recent decades, aging tests 
have already been carried out in a humid atmosphere, 
and methods have appeared that take into account the 
action of many other destructive factors (light radiation, 
gases, chemicals). There have also been projects to com-
pare the natural and accelerated aging of paper, which 
found accelerated aging to be an excellent approximation 
of natural aging and to be an appropriate and reliable tool 
for predicting the life of the paper.

Despite the numerous studies of paper degrada-
tion, there is not much work where it has been estab-
lished generally relationships taking into account the 
agents of deterioration (T, RH), chemical composition 
and pH-value of paper [28]. This fact has led authors to 
undertake studies in this direction. In this work, it was 
therefore studied the extent to which the humidity in the 
air affects the strength of papers with different chemi-
cal composition. Papers were produced at neutral pH to 
eliminate the impact of acidity on the rate of degradation 
processes, because widely acknowledged that the role of 
acidification in accelerated ageing of paper has been deci-
sive. Artificially aged papers characterized differential 
lignin content, because a literature has shown there is no 
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unified data available on the impact of lignin content on 
the ageing of paper produced in neutral environments. 
And furthermore, contemporary analysis calls into ques-
tion the general conviction of negative impact of lignin 
on paper durability. The accelerated ageing conditions 
were adjusted to achieve maximum degradation effect 
and also to compare it with the conditions obtained in 
dry atmosphere.

Materials and methods
Cellulosic pulps
Pine wood (Pinus sylvestris L.) was used in this work. 
The pulps with a broad spectrum of lignin content were 
prepared from wood raw material in order to compare 
changes in tensile properties of papers with differential 
chemical compositions under various paper-ageing con-
ditions. The chemical composition of pulps was estab-
lished within the scope of earlier research [29].

Cellulosic pine pulps were prepared using the sul-
phate method described by Modrzejewski et al. [30]. The 
amount of active alkali added was 20–38 % (to dry weight 
wood) and the liquid to wood ratio (v:w) was 4. The dry 
weight (DW) of all materials was determined before pulp-
ing. The pulping processes were conducted in a 15  dm3 
PD-114 stainless laboratory digester (Danex, Katowice, 
Poland), with temperature regulation (water jacket) and 
agitation (3 swings/min, swinging angle of 60°) mecha-
nisms. Wood was suspended in an alkaline sulphate solu-
tion and heated. The maximal digestion temperature was 
172 °C. The heating time was 120 min, and cooking at the 
maximum temperature also took place for 120 min. The 
temperature was then decreased to 25 ± 5 °C using cold 
tap water. After delignification, the material was washed 
several times with demineralised water and incubated 
overnight in demineralised water to remove the residual 
alkali soluble fractions. The solids were disintegrated for 
3 min in a laboratory JAC SHPD28D propeller pulp dis-
integrator (Danex, Katowice, Poland), and the fibres were 
screened using a PS-114 membrane screener (Danex, 
Katowice, Poland) equipped with a 0.2 mm gap screen. 
After screening, the pulps were dried at ambient temper-
ature for 48 h. The dry pulps were stored in hermetically 
sealed vials until being used in further experiments.

The residual lignin content expressed as the Kappa 
number (ISO 302:2015) of the pulps was determined. All 
chemical analyses were performed in triplicate for each 
pulp.

Paper samples
The pulps were used to prepare laboratory scale test 
sheets. Before processing, the pulps were soaked in water 
for 24 h. They were treated in a laboratory scale JAC 
SHPD28D propeller pulp disintegrator (Danex, Katowice, 

Poland), in accordance with PN EN ISO 5263-1 (2006), 
at 23,000 revolutions. Refining was performed in a JAC 
PFID12X PFI mill (Danex, Katowice, Poland) with a sin-
gle batch comprising 22.5 g of dry pulp, in accordance 
with PN-EN ISO 5264-2 (2011). The cellulosic pulps were 
refined to 30°SR, at which value they exhibited maxi-
mum strength properties and could be easily dehydrated. 
The Schopper-Riegler freeness was measured using a 
Schopper-Riegler apparatus (Danex, Katowice, Poland) 
in accordance with PN-EN ISO 5267-1 (2002). The next 
step was forming sheets of paper in a Rapid-Koethen 
class apparatus. This was performed in accordance with 
PN-EN ISO 5269-2 (2007). Each laboratory paper sheet 
was specified to have a base weight of 80 g/m². Only 
sheets with base weights in the range 79–81 g/m² were 
accepted for ageing tests. The manufactured sheets of 
paper were stored in air conditioned conditions until 
being used in further experiments, so they were not sus-
ceptible to degradation processes caused by environmen-
tal factors.

Lignin content in the obtained paper samples was in 
the range of 3–14 %, which corresponds to a kappa num-
ber in the scope of 19–90. In the context of this work the 
nomenclature of samples is based on the Kappa number 
determined for each pulp.

Analysis of paper properties
The test sheets were conditioned for 24 h at a temper-
ature of 23 ± 1 °C and a relative humidity of 50 ± 2 % 
(ISO 187:1990) before determination of their mechani-
cal properties (before and after accelerated aging tests), 
namely, their breaking length (PN-EN ISO 1924-2:2010), 
tear resistance (PN-EN ISO 1974:2012), and bursting 
strength (PN-EN ISO 2758:2005). The tensile proper-
ties were performed for aged and non-aged samples after 
90 days of ageing tests; at least 12 measurements were 
recorded; the calculated standard error is shown in the 
bars in Figs. 2, 3 and 4.

The pH was tested using the Flatrode electrode made 
by Hamilton [31]. Calibration and measurements were 
carried out based on the electrode user manual avail-
able on the producer website [32]. The 809 Titrando–
Metrohm system was used for the calibration and pH 
measurements.

Ageing tests
The samples of obtained papers with different deligni-
fication degrees were artificially aged under two age-
ing conditions. One test was conducted at 90 °C and 
dry atmosphere using a BMT Venticell laboratory dryer 
(“DRY” method). Parallel set of samples was also aged 
according to ASTM standard [33] at elevated tem-
perature and presence of water vapour (90 °C and 59 % 
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relative humidity, denoted as “WET” method) in a cli-
matic chamber (Memmert HCP246). The time of sample 
ageing was 0–90 days for both WET and DRY methods.

Results
Impact of accelerated ageing conditions on the paper pH
Based on the analysis of performed research on acceler-
ated ageing of papers with different lignin content, under 
the influence of heating at increased temperature and 
humidity, it was found that with an increase of ageing 
time the pH-value of a paper decreases. After 90 days, 
the reduction in the pH index is much more pronounced 
for papers aged with the WET90 method (90 °C, 59 % 
RH), pH of samples decreased from 7 to about 5 (Fig. 1b). 
In the case of the DRY90 method (90 °C, 0 % RH), the 
pH value of the examined papers fell from 7 to about 6 
(Fig. 1a). The final pH of the samples for both methods of 
ageing is similar with an average of 5.8 for papers aged in 
zero relative humidity conditions and 5.4 for the WET90 
method. Aged papers have thus slightly acid pH at the 
end of the accelerated ageing tests.

The dynamics of the pH value reduction is slightly dif-
ferent only in the initial period of ageing (until 24 days) 
depending on the method used. A greater downward 
trend at this time is observed for papers aged in con-
ditions of increased humidity (Fig.  1b). After 24 days 
of testing, in most cases, the decline in the pH-value 
remains at a slight, uniform level. Interestingly, the 
lignin content in the pulp had inconsiderable impact on 
the amount of pH decrease (under DRY90 and WET90 
method conditions).

Impact of accelerated ageing conditions on the breaking 
length of paper
The breaking length of the examined papers decreased 
by 500 m (after 90 days of testing) under the DRY90 
method conditions, while the decrease in the index of 

samples with different lignin content varied from 3.7 to 
8.0 % (Fig. 2). Much bigger changes took place during the 
tests in conditions of increased relative humidity. Under 
the conditions specified in this method, the parameter 
decreased by approximately 3600 m in relation to the 
initial values and reduction of the index was included in 
the range of 37.2 – 40.8 % depending on the amount of 
lignin in the sample (Fig. 2) [29]. Therefore, the decrease 
in breaking length under higher humidity conditions was 
7 times higher, which could be explained by the role of 
water in the cellulose depolymerisation process. Note-
worthy is also the fact that the lignin content in pulp has 
no significant impact on the destruction level, and the 
initial value of breaking length depended on the degree 
of pulp delignification. This is due to the fact that the 
degree of pulp delignification determines the pulp chemi-
cal properties and the fiber dimensions. The papers made 
of pulps with a kappa number of 47 – 64 are character-
ized by the maximum degree of cellulose crystallinity and 
the maximum average fiber length therefore they have 
achieved maximum strength properties.
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Impact of accelerated ageing conditions on the tear 
resistance of paper
Figure  3 presents the difference in the reduction of the 
tear resistance from base-line depending on the ageing 
test applicable, and also the influence of pulp deligni-
fication on the level of the index decreases. The largest 
decline of tear resistance was recorded for pulp with 
89.7 Kappa number (after 90 days of testing). The initial 
value of parameter for this sample was 424 mN, while at 
the end of the ageing tests its value is down to 125 mN 
(WET90 method) and 342 mN (DRY90 method), corre-
sponding to a decrease by 70.5 % and 19.3 %, respectively. 
The other papers lost 62.1–66.6 % of their initial proper-
ties in the case of the WET90 method and 17.2–18.9 % 
in zero relative humidity conditions. In the case of the 
WET90 test, the tear resistance was lower by about 300 
mN from the starting value, so the decrease in tear resist-
ance as a result of ageing under conditions of increased 
relative humidity was 3.5 times higher compared to the 
DRY90 method.

Furthermore, it was found that the lignin content in 
pulp has no significant impact on the tear resistance drop 
under the testing conditions used. The lignin content, 
however, has a considerable impact on the initial value 
of the parameter, this is due to the fact, that the degree 
of polymerization falls during the delignification pro-
cess, which consequent decrease in initial value of this 
parameter.

Impact of accelerated ageing conditions on the bursting 
strength of paper
The next examined parameter was the bursting strength. 
The decrease in the index for the examined papers var-
ied from 20.3 to 25.2 %, corresponding to a parameter 
decrease of around 120 kPa as a result of ageing with the 
DRY90 method. The indicator value under conditions of 
increased humidity decreased by an average of 366 kPa in 
relation to the initial value, while the percentage decrease 
was at the level of 61.7–74.0 % after 90 days of test [29]. 
So, the decrease in bursting strength under the WET90 
method was 3 times higher (Fig. 4).

The results obtained prove that the amount of lignin 
content in the pulp does not affect the nature of the 
course and size of the index changes over time at the 
used tests conditions, although it defines the initial val-
ues of bursting strength, similarly to the breaking length 
and tear resistance.

Discussion
Mechanical strength is one of the basic features of 
ancient and utility papers, and therefore this is of inter-
est to both papermakers and conservators. Moreover, 

the change in mechanical resistance is one of the first 
visible effects of paper ageing. Impact of the key parame-
ters causing accelerated degradation of paper (RH, T) on 
changes in its strength properties was therefore analyzed 
in this work. Although this topic has been discussed 
repeatedly by many researchers, this work significantly 
contributes to the field of paper ageing science, because 
the tested papers were formed in an inert environment, 
i.e. without the addition of aluminum sulphate. In lit-
erature there is little information about the studies like 
that, although increased durability of neutral or alkaline 
papers have long been acknowledged [3, 34, 35]. Previous 
studies focused mainly on estimating the influence of the 
paper acidic pH on its mechanical [36–38] and optical 
properties [39–41].

The mechanical tests have been chosen to illustrate 
changes of the most important strength properties of 
paper, i.e. breaking length, tear resistance, and bursting 
strength. Conducted ageing tests of samples under the 
DRY90 and WET90 method conditions clearly indicate 
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that water has been shown to have a strong influence on 
cellulose ageing (Figs. 2, 3 and 4) due to its role in deg-
radation chemistry, particularly with respect to hydroly-
sis. These results are in line with observations made by 
other researchers [15, 42–44]. However, obtained results 
are difficult to quantitatively compare with the effects of 
other researchers because they relate to acid papers [45] 
or previously subjected to a deacidification process [46]. 
The chemical composition of the tested samples is also 
often unknown. Neglecting impact of lignin in previous 
research hampers understanding the materials strength 
behavior during aging. The conditions for the accelerated 
ageing process also often vary. But it is also worth noting 
that water has long been acknowledged to play an essen-
tial role in paper strength because of its ability to disrupt 
intermolecular hydrogen bonding [47, 48], which leads to 
a decrease in the elastic modulus of paper [49], and these 
changes are irreversible [50].

It was also argued that the lignin content in the pulp 
produced in a neutral environment does not affect the 
reduction level of the above-mentioned parameters 
under the conditions of the accelerated ageing tests 
applied. This is a pioneering result in the field of age-
ing paper research, which is supported by studies using 
mechanical tests and detailed instrumental methods 
which were presented in our previous published research 
[29].

The test papers have been produced in an inert envi-
ronment. The glycosidic bonds of cellulose ensure its 
stability only in an alkaline and neutral environment. 
However, on the basis of the analysis performed, it can 
be noticed that the pH of the papers decreased to the 
value of 5.4 – 5.8 as a result of the increased tempera-
ture and humidity (Fig. 1). Previous research and experi-
ence have proven that the rate of acid hydrolysis depends 
on the initial pH value [51]. Moisture in paper not only 
represents a reactant, but also the reaction medium for 
hydrolysis and is also an additional source of radicals (e.g. 
hydronium ions) [52]. The increase in the concentration 
of hydronium ions in the acidic environment accelerates 
the process of hydrolytic breakdown of glycosidic bonds. 
The scission of intramolecular bonds leads to a decrease 
in average molecular weight of cellulose, which repre-
sents the number of monomers in a cellulose polymer 
(i.e. DP – degree of polymerisation), thereby reducing 
the strength paper properties [53, 54]. This phenomenon 
is clearly documented in several papers [55–59]. The 
influence of pH on the strength properties of paper has 
been analyzed by many researchers [37, 38, 60]. Despite 
the general agreement in the test results regarding the 
destructive effect of moisture on the paper pH, and thus 
its strength properties, these results cannot be directly 
compared because researchers did not take into account 

the lignin content in the tested sample or papers of pure 
cellulose were tested [44]. It should be noted that the 
papers containing lignin, hemicellulose and other addi-
tives may have different ageing behaviour.

But in spite of the well-established fact that degradation 
is generally slower in dry environments [26], in accord-
ance with our obtained results, it should be stressed that 
water forms intermolecular H-bonds with cellulose and 
works as a plasticizer, which increases paper flexibil-
ity [20, 22]. Therefore, paper loses flexibility under low 
humidity conditions which can lead to physical dam-
age during handling, as brittleness is increased [61]. 
However, too high moisture content of paper also leads 
to decreased elasticity. It was found that paper strength 
decreases by 5 – 10 % for each unit percentage increase in 
the moisture content in paper [62].

Although microbiological degradation was beyond 
the scope of this work, it is also worth noting that most 
cellulolytic fungi thrive best in a slightly acidic environ-
ment. The optimal pH index for the growth of most types 
of fungi is in the range of 4.5–6.5 [63]. Therefore, papers 
stored in inappropriate conditions will be exposed to 
accelerated microbiological degradation [64] that con-
tribute to weaken their mechanical resistance.

Conclusions
This study compared the effects of two accelerated 
aging tests, involving extremely different levels of rela-
tive humidity, on the deterioration of strength properties 
of paper sheets prepared from pine pulp with differ-
ent kappa numbers. The obtained results indicate that 
the increased relative humidity contributes to 40 – 68 % 
reduction of the paper strength properties due to the 
role of water in degradation chemistry, particularly with 
respect to hydrolysis. In the meantime, the ageing of the 
paper samples under the same process conditions, but 
without water, causes a decrease in strength properties 
by 5 – 22 %. It is significant to note that the lignin con-
tent in the pulp has no significant impact on the level of 
decline in strength properties of paper produced under 
neutral pH. But importantly, the influence of environ-
mental parameters (T, RH, and so on) on paper durability 
can be objectively assessed after only taking into account 
both the chemical composition of the paper and its pH-
value, which is often overlooked in other research. And it 
should finally be noted that used destructive techniques 
are still valid, because no simply and quick options have 
emerged to fully replace classical mechanical tests. The 
instrumental methods are usually very expensive and 
are not available in all laboratories. However, it is worth 
adding that despite the fact that destructive techniques 
are undoubtedly valid for sacrificial samples, however, 
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sampling of heritage materials is being more and more 
rarely permitted.

The information presented in this article can thus be 
helpful to increase understanding of degradation mecha-
nisms. This knowledge may be useful for both paper tech-
nologists and conservators in terms of both research and 
strategies that can be used to decrease the rate of degra-
dation of books, manuscripts, maps, and other works on 
paper in libraries, museums, and archives.
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