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Study of the behavior of short chains in print paper subjected to a natural aging
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Degradation of paper through time can be measured by monitoring the intensity changes in the band located at 620 nm of
its emission fluorescence spectra. The behavior of this band is closely related to the structural stability of the short cellulose
chains. A fast degradation of these cellulose chains, mainly lignin, translates in the rapid denaturation of paper occurring at
its first aging state. This work proposes a method to reincorporate short cellulose chains in the structure of aged paper
through its immersion during 24 h in a solution based on ethyl alcohol and extracts of wood pieces. Results of fluorescence
spectra measurements indicate that the short cellulose chains in the solution get embedded in the old paper, making the
shape and intensity of the fluorescence emission spectra peaks of new and old paper almost indistinguishable. This behavior
provides a desirable approach to analyze, preserve and restore aged paper documents.

Introduction

The degradation of organic based materials is a
complicated process related to a wide variety of
environmental and intrinsic aspects. Even though the
understanding of this process is of common interest, its study
is often a neglected area of research. In the particular case of
paper, the comprehension of the degradation process plays
an important role concerning dating and preservation of the
material [1].

The use of paper in documents and artwork over history
that extends to the present day highlights the importance of
monitoring the deterioration process which includes aspects
such as aging, loss of permanence and durability [2]. In this
sense, internal and external factors influence the aging
process of paper. In this work, we focus on the internal
factors, namely those that correspond to structural properties
of the paper and therefore its chemical composition. In
particular, we monitor the structural evolution of the paper
throughout its optical behavior as it ages.

Non-destructive techniques like ATR-IR spectroscopy
[3-7], ultrasonic methods [8,9], IR and Raman spectroscopy
[10-17], and atomic force microscopy [18], have been used
to follow the deterioration process in different types of paper.
These techniques exhibit the presence of a degrading effect
on paper exposed to accelerated aging treatment [3]. Most of
the previous studies on the paper deterioration analyzed pure
cellulose and/or pulps [19], and no attention was given to the
accelerated aging of real paper [20]. There is virtually no
work on paper deterioration in real conditions, mainly due to
the low rate of paper degradation for which many years of
monitoring are necessary.

In previous work, we reported a new technique based on
laser-induced fluorescence to evaluate the aging stage of
different paper samples with the same manufacturing process
at different times [21].

The primary purpose of this study is monitoring the
conservation state of cultural heritage items, for which we
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analyzed laser-printer paper. In this case, cellulose being
their main constituent, although the ancient paper was made
entirely from linear long cellulose fibers while contemporary
paper can be manufactured from short cellulose fibers as its
main component and hemicellulose and lignin of wood as
secondary components [22], this last degrades easily [6,23].

The method implemented uses emission fluorescence
measurements to observe the aging behavior, this simple
technique permits the distinction between ancient and
modern documents, gives us information about the paper
degradation in its first aging stages [21], allows to detect
chemical variations, as well as to monitor its structural
evolution. The method also provides an estimation of the
manufacture date based on changes occurred at a structural
level of the paper.

Cellulose is a linear polymer of B-D-glucose in the
pyranose form linked between them by 1,4-glycosidic bonds.
Two main reactions prevail during the paper degradation,
one about the glycosidic bonds hydrolysis and the other
related with the glucopyranose rings oxidation. These
reactions take place simultaneously in the natural aging
process of paper. In a first stage, the cellulose-glycosidic
bonds are cleaved causing a reduction of their
polymerization degree and in its aging stage. The
deterioration is rapid, provoking the diminishing of the
fluorescent band located at 620 nm, which we associated
with the presence of short chains, a diminish intensity is
interpreted as degradation or elimination of the short chains
[21], whereas an increase of intensity, resulting from
treatment paper, is interpreted as structural restitution of the
short chains.

This work reports on the feasibility of studying the
cellulose chains in paper subjected to natural aging by using
emission fluorescence. This technique allowed registering
the paper fluorescence emission and associate a fluorescence
intensity reduction with a denaturalization of the cellulose
chains. Also, the paper was subjected to a restoration
procedure consisted in reintegrate to the paper structure the
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cellulose components contained in a solution based on wood
extracts and ethyl alcohol. We proved that the treated paper
recovers its first fluorescence emission as a result of the
reincorporation of short chains in the paper structure.

Experimental details

As a first instance in the experiment, a stock solution was
prepared using 25 pieces of pine wood (each one of about
1 g) without any further treatment. Each wood piece was left
to rest in 500 ml of ethyl alcohol for about one month in a
hermetic transparent glass recipient, in a dimly lit room, and
under ambient conditions. This procedure allowed to extract
the wood components similarly as the one used to age wine
in oak barrels [24,25].

The experiment consisted of the analysis of four samples

with the same original structure and a variation on their date
of manufacture ranging between new paper and five-year-old
paper, this last being corroborated by their content. Small
pieces of each one of the samples were immersed in 50 ml of
the previously prepared stock solution during 6, 12 and 24 h.
Then, these samples were left to dry under ambient
conditions during one week to later measure their optical
behavior via fluorescence spectroscopy to determine the
degree of short-chain restitution acquired. Each of these
samples was subjected to fluorescence spectroscopy
measurement before any treatment so that their optical
behavior and therefore the short chain degradation state was
evaluated.
The emission spectra were obtained by irradiating the paper
with an excitation source, in this case using an Omnicrome
argon ion laser with a maximum power output of 3 W, laser
spot of 2 mm, and tube current of 10 mv/A, with a line at
488 nm. A fiber optic with a probe at 45° of incidence angle
and a colored glass filter of 550 nm was used to guide the
collected fluorescence light to a high-resolution
spectrometer Ocean Optics, Inc. model SF2000. As a whole,
this configuration allows to obtain the fluorescence
contribution of the organic compounds in the paper and,
measure the discrepancies between the original samples and
the ones subjected to treatment for each different immersion
time. The above configuration was maintained for all the
samples to compare the fluorescence intensity between the
paper samples. In this study, it does not consider non-fibrous
components of the paper.

Results and discussion

The typical steady-state fluorescence emission spectra of
the wood show broadband extended from 378 nm to 750 nm
with a width at half-maximum (FWHM) of about 115 nm
[26]. This band exhibits two maximums located at 488 nm
and 580 nm. Then, the fluorescence emission spectrum of
wood can be decomposed using two Gaussians curves, one
maximum coincides with the Gaussian curve centered at
488 nm, and the second maximum corresponds with the
Gaussian curve centered at 580 nm [26]. This last subband
gives information related to the photosynthetic processes in
components such as chlorophyll species, and cellulose. In the
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case of paper, the cellulose is formed as a result of the
glucose’s photosynthesis [27]. In this sense, the subband
located at 580 nm was selected to analyze the emission
fluorescence of the paper samples, for that, an argon ion laser
was used as excitation source due that its wavelength of
488 nm allows exciting between 520 to 940 nm. In previous
work, we showed that this sub-band gives information
related to structural changes in organic compounds. In
particular, we proved that the relative intensity of this band
is related with the concentration of wood extract
components, showing that fluorescence emission is an
appropriate technique to analyze the stored time of some
alcoholic beverages [26].

Figure 1(a) shows the fluorescence spectra of print paper
with one, two, and five years old, as well as one sample of
new print paper. The age labels in the curves of Figure 1 were
estimated from the paper content, even though this procedure
is a crude approach to estimate the paper date, all samples
correspond to the same type, but fabricated at different times.
The emission spectra of the new paper show notorious
changes in a few years, these changes have been related to
structural aging of the short chains in the paper. The emission
spectrum of the new paper shown in Figure 1(a) presents
three peaks, one located at 616 nm (labeled as peak 1) and
the second, centered at 622 nm (labeled as peak 2), and small
contribution was observed at 561 nm (labeled as peak 3).
Then, in the paper with one-year aging, the intensity of the
peak 3 increases significantly, and, in general, it is
accompanied of a red-shift [21], whereas the peak 1 present
a blue-shift to finally be located at 575 nm; the intensity of
the second peak diminishes and has a blue-shift toward
620 nm. This behavior has been related to changes occurred
in the paper at the structural level.

In the two years aged paper, the intensity of the peak 2
continues decreasing while the peak 1 has a slight

(a)

@® New Paper
® | year aged
@ 2 years aged
5 years aged

Peak 2—__

| Peak |

. 3
Intensity (x10 counts x sec)

(b)

5 years aged

3

[=

3

Intensity (x10™ counts x sec)

=
(3
T

650 700 750

Wavelenght (nm)

550 600

Figure 1. Emission spectra of paper during the first five years naturally
aged.
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diminishing, that, viewed concerning to the one-year aged
sample. Finally, the fluorescence emission of the paper with
five-years aging shows more significant variations
concerning one and two years aged paper. In this case, peak
1 remains at 579 nm while peak 2 shifts to 613 nm, both
peaks intensities decreased significantly. Also, in the
five-years-old paper, peak 3 is at 560 nm. The intensity of
this last contribution increases rapidly and then remains
approximately constant as it was previously reported in [21].
The contribution at 560 nm has been assigned to the
prevalence of the cellulose large chains and its behavior is
because these components degrade lesser than the short
chains, like lignine. Figure 1(b) shows a deconvolution of the
five-years aged paper, showing three contributions to the
emission spectra. The intensities behavior of the emission
fluorescence of the paper with 5-year aged shows is
associated with a rapid denaturalization of the cellulose
chains. In this sense, the intensity of the peak 2 decreases
faster during the first years and then is maintained without
important changes, on the other hand, the intensity of peak 3
grows rapidly and then it is maintained approximately
constant. This behavior is due to a rapid paper degradation
presented in the first times of the aging and which was
associated with the denaturation of the short chains of the
wood structure, and with the permanence of the large chains
associated with the behavior of the peak 3. Also, when paper
ages, the peak 3 tend to have a red-shift while the peak 2
presents a blue-shift with a tendency to decrease its intensity
according to the paper age. This behavior is related to
homogeneous depolymerization which takes place because
of hydrolysis, oxidation and crosslinking reactions in the
paper when ages. [19,20,28]. According to the fluorescence
emission spectra, the blue-shift and the increasing intensity
of the peak 1, together with decreasing intensity of the peak
2, results from a rapid denaturation of the cellulose
compounds in the paper when it is naturally aged.

The structural components of wood are cellulose,
hemicellulose, and lignin, together with a small number of
pectic substances. Then, polysaccharides represent a
significant component in both, softwoods and hardwoods,
being the principal polysaccharide the cellulose. All these
components contain hydroxyl groups, which are the most
reactive sites. Results indicate that saccharides diminish,
hemicelluloses degraded faster than cellulose, and
hemicellulose to glucose ratio decreases linearly when paper
ages. In general, in the first stage of aging, paper
deterioration is rapid. This result agrees with artificial-
accelerated aging of newsprint paper, in which a diminishing
on the polymerization degree was observed [20]. In the first
stage of deterioration, the cellulose glycosidic bonds are
cleaved, which cause a rapid reduction of the polymerization
degree in the first aging stage [20], causing a diminishing of
the peak located above 600 nm.

One may wonder whether such modifications give a
faithful description of those taking place in natural aging
processes, accord with previous conclusions, by using
spectroscopic measurements [29]. However, the observed
changes in the emission spectra of the aged paper indicate
that the paper denaturalization was given from changes
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Figure 2. Normalized intensity of the peak 2 in function of the aging.

occurred on its structure[21]. In this sense, the peaks
intensity of the fluorescence spectra is related with the
presence of large and short chains of the wood, mainly
cellulose, hemicellulose and lignin, all these presents in the
paper. Previous results indicate that the intensity of the
second peak decreases faster during the first years and then
is maintained with minor changes [21]. In the present case,
Figure 2 shows the diminishing intensity of peak 2,
normalized concerning the intensity of the new paper, which
indicates a deterioration of the short chains in the paper. This
behavior corroborates the discussion about the rapid paper
degradation in the first times of its aging.

Figure 3 shows a fluorescence spectra comparison between
new paper and the two-years sample without treatment (0 h),
and the ones immersed in an alcoholic solution with the
woods extract during 6, 18 and 24 h. The measurement of the
emission spectrum of the original paper agrees with previous
reports, indicating that it has around of two years old [21].
Fluorescence spectra were normalized to the maximum
intensity; however, the comparison is possible because it was
used intensity ratio between peak 2 with respect to peak 1
(i2/i1), which is independent of the total intensity of the
spectra. This procedure is universal because is independent
of the experimental fluorescence emission configuration and
it allows to detect small changes in the fluorescence spectra.
In the sample subjected to immersion treatment in alcoholic
solution, the intensity of the peak 1 decreases with the
immersion time. Then, for the aged paper without treatment,
the intensity ratio between the second and the first peaks is
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Figure 3. Comparison of the fluorescence spectra of the new paper with the
two-years sample without treatment (0 h) and the ones previously immersed
in a solution with alcohol and wood extracts during 6, 18 and 24 h.
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i-/i1 = 1.00. This value increases according to the immersion
time. For the paper with 6 h immersion, i»/iy = 1.01. Then,
immersed sample during 18 h presents a significant variation
in its fluorescence spectrum, the intensity of the first peak
decreases, whereas the intensity of the second peak
increases, giving an intensities ratio i-/i; = 1.05. Finally, the
paper immersed during 24 h originates a spectrum with the
most significant variations respecting the original aged
sample. In this case, the intensities ratio is 2.50, which is
similar to the intensity ratio of the new paper (i»/i1 = 2.54).
Also, the sample subjected to immersion for 24 h acquires
the typical shape of a non-aged paper.

Figure 3 also shows the emission spectrum of the paper
subjected to an immersion of 24 h in the alcoholic solution
with the wood extracts (green line) and the emission
spectrum of one recent paper without any treatment
(continuous black line). The fluorescence spectra of both
samples exhibit similar characteristics, indicating the short
cellulose chains have been re-incorporated to the aged paper
structure. Also, the position of second peak maximum of the
restored paper with 24 h of treatment in alcohol coincides
with the maximum of the new paper, which ensures
restitution of its original structure.

Figure 4 summarizes the peaks intensities behavior for
aged paper subjected to cellulose chains restitution in
alcoholic mediums. The obtained behavior corroborates the
discussion on the rapid paper degradation at the initial stage
of its aging, associated with a short chains denaturation and
the permanence of the large chains of the wood structure.
The first peak of the emission spectrum is associated with the
behavior of the short chains while the second peak has been
related with the permanence of the large chains. The
reincorporation of short chains in the paper structure can be
accomplished by immersing the paper in an alcohol solution
containing wood extracts during 24 h. Then, by using alcohol
as water media is obtained restoration efficiency of around
99%.

The increase of the first peak of the fluorescence spectra
has been associated with a denaturalization of the cellulose
short chains as a result of the natural aging of the paper.
Thus, restitution of cellulose short chains in alcohol solution
produces incorporation of these chains in the paper structure,
resulting the fluorescence spectra recover their original
characteristics. Then, by subjecting the paper in a solution
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Figure 4. Intensity ratio of peak 2 to peak 1 in the fluorescence spectra
regarding immersion time of the paper in alcoholic solutions with extracts
of wood.
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Figure 5. Aged paper subjected to a restitution procedure in an alcoholic-
based solution with the wood extracts and, (right) sample of paper after the
treatment.

with extracts of wood during 24 h, produces a
reincorporation of short chains on the paper, recovering the
structure that it had initially.

Figure 5 shows two photographs of an aged paper sample
subjected to a restitution procedure for 24 h, in the alcoholic-
based solution with the wood components. It is observed that
paper does not lose its main properties and the print text
remains unaltered after the treatment, indicating that this
method could be used in the structural restoration of
historical documentary.

Conclusions

Denaturalization of the short cellulose chains, mainly
lignin, is an important aspect in the degradation and therefore
aging of paper. Measurement of the fluorescent emissions
corresponding to old and new paper with the same original
structure has proved to be an excellent method to estimate
differences in date of manufacture. This work proposes a
method to restore the short cellulose chains in aged paper
consisting of immersion of the material in a solution
containing wood extracts, which include lignin, for a 24 h.
The evidence obtained from the analysis of the fluorescence
spectra indicates that this procedure allows the restoration of
almost 100% of the original paper structure. Thus, providing
a conceivable and low-cost scheme of preservation for the
material.

Acknowledgments

Authors would like to thank the anonymous reviewers for
their feedback on this manuscript and who provided many
useful suggestions.

References

[1]. J.F. Waterhouse, IPC Techn. Paper Series 297 (1988).

[2]. B.L. Browning, Adv. Chem. 164, 275 (1978).

[3]. E. Robotti, M Bobba, A. Panepinto, E. Marengo, Anal. Bioanal.
Chem. 388, 1249 (2007).

[4]. A. Kher, M. Mulholland, B. Reedy, P. Maynard, Appl.
Spectrosc. 55, 1192 (2201).

[5]. N. Dupuy, L. Duponchel, B. Amram, J.P. Huvenne, P. Legrand,
J. Chemometr. 8, 333 (1994).

[6]. L. Laguardia, E. Vassallo, F. Cappitelli, E. mesto, A. Cremona,
C. Sorlini, G. Bonizzoni, Appl. Surf. Sci. 252, 1159 (2005).

[7]. D.S. Himmelsbach, J.W. Hellgeth, D.D. McAlister, Agric.
Food Chem. 54, 7405 (2006).

[8]. G.A. Baum, IPC Techn. Paper Series 119 (1981).

Ot


http://creativecommons.org/licenses/by/4.0/
http://citeseerx.ist.psu.edu/viewdoc/download;jsessionid=CA85E61B314E4FFEF6D5FF172748BA45?doi=10.1.1.524.9494&rep=rep1&type=pdf
https://pubs.acs.org/doi/abs/10.1021/ba-1977-0164.ch019
https://doi.org/10.1007/s00216-007-1370-4
https://doi.org/10.1007/s00216-007-1370-4
https://doi.org/10.1366/0003702011953199
https://doi.org/10.1366/0003702011953199
https://doi.org/10.1002/cem.1180080504
https://doi.org/10.1016/j.apsusc.2005.02.045
https://pubs.acs.org/doi/abs/10.1021/jf052949g
https://pubs.acs.org/doi/abs/10.1021/jf052949g
https://smartech.gatech.edu/bitstream/handle/1853/2852/tps-119.pdf

Superficies y Vacio 30(4) 58-62, December 2018.

[9]. C.C. Habeger, W.A. Wink, J. Appl. Pol. Sci. 32, 4503 (1986).
[10]. L.M. Pronievicz, C. Paluszkiewicz, A. Weselucha-Birezynka,
H. Majcherczyk, A. Baranski, A. Konieczna, J. Mol. Struct. 596
163 (2001).

[11]. P. Calvini, A. Gorassini, Restaurator 23, 48 (2002).

[12]. B. Havermans, H.A. Aziz, N. Penders, Restaurator 26, 172
(2005).

[13]. N. Dupuy, C. Ruckebush, L. Duponchel, P. Beurdeley-
Saudou, B. Amram, J.P. Huvenne, P. Legrand, Anal. Chim. Acta

© Sociedad Mexicana de Ciencia y Tecnologia de Superficies y Materiales

[19]. E. Sjoholm, K. Gustafsson, F. Berthold, A. Colms;jo,
Carbohydr. Polym. 41, 1 (2000).

[20]. F. Kacik, D. Kacdikova, M. Jablonsky, S. Katus¢ak, Polym.
Degrad. Stab. 94, 1509 (2009).

[21]. J.R. Martinez, A. Nieto-Villena, J.A. de la Cruz-Mendoza, G.
Ortega-Zarzosa, A.L. Guerrero, J. Cult. Herit. 26, 22 (2017).

[22]. F. Cappitelli, C. Sorlini, Crit. Rev. Microbiol. 31, 1 (2005).
[23]. M. Manso, M. Costa, M.L. Carvalho, Appl. Phys. A 90, 43
(2008).

335, 79 (1996).

[14]. J. Lojewska, P. Miskowiec, T. Lojewski, L.M. Proniewicz,
Polym. Degrad. Stab. 88, 512 (2005).

[15]. S.Y. Oh, D.I. Yoo, Y. Shin, G. Seo, Carbohydr. Res. 340, 417
(2005).

[16]. A.A.M.A. Nada, S. Kamel, M. El-Sakhawy, Polym. Degrad.
Stab. 70, 347 (2000).

[17]. M. Bicchieri, S. Ronconi, F.P. Romano, L. Pappalardo, M.
Corsi, C. Cristoforetti, S. Legnaiolo, V. Palleschi, A. Solvetti, E.
Rognoni, Spectrochim. Acta B 57, 1235 (2002).

[18]. G. Piantanida, M. Bicchieri, C. Coluzza, Polymer 46, 12313

(2005).

[24]. I. Caldeira, R. Pereira, M.C. Climaco, A.P. Belchior, R. Bruno
de Sousa, Anal. Chim. Acta 513, 125 (2004).

[25]. E. Conde, E. Cadahia, M.C. Garcia-Vallejo, M.B. Fernandez
de Simon, Holzforschung 49, 411 (1995).

[26]. J.R. Martinez, 1. Campos-Cantén, G. Martinez-Castafion, C.
Araujo-Andrade, F. Ruiz, Trends Appl. Spectrosc. 6, 27 (2007).
[27]. U. Henniges, R. Reibke, G. Banik. E. Huhsmann, U. Hahner,
T. Prohaska, A. Potthast, Cellulose 15, 861 (2008).

[28]. M. Bicchieri, A. Sodo, G. Piantanida, C. Coluzza, J. Raman
Spectrosc. 37, 1186 (2006).

[29]. M. Manso, M. Costa, M.L. Carvalho, Appl. Phys. A 90, 43

(2008).

© 2018 by the authors; licensee SMCTSM, Mexico. This article is an open access article distributed under the terms and
conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).

62

Ot


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/app.1986.070320418
https://doi.org/10.1016/S0022-2860(01)00706-2
https://doi.org/10.1016/S0022-2860(01)00706-2
https://doi.org/10.1515/REST.2002.48
https://doi.org/10.1515/rest.013
https://doi.org/10.1515/rest.013
https://doi.org/10.1016/S0003-2670(96)00328-5
https://doi.org/10.1016/S0003-2670(96)00328-5
https://doi.org/10.1016/j.polymdegradstab.2004.12.012
https://doi.org/10.1016/j.carres.2004.11.027
https://doi.org/10.1016/j.carres.2004.11.027
https://doi.org/10.1016/S0141-3910(97)00072-4
https://doi.org/10.1016/S0141-3910(97)00072-4
https://doi.org/10.1016/S0584-8547(02)00056-3
https://doi.org/10.1016/j.polymer.2005.10.015
https://doi.org/10.1016/j.polymer.2005.10.015
https://doi.org/10.1016/S0144-8617(99)00066-1
https://doi.org/10.1016/j.polymdegradstab.2009.04.033
https://doi.org/10.1016/j.polymdegradstab.2009.04.033
https://doi.org/10.1016/j.culher.2017.01.011
https://doi.org/10.1080/10408410490884766
https://doi.org/10.1007/s00339-007-4235-y
https://doi.org/10.1007/s00339-007-4235-y
https://doi.org/10.1016/j.aca.2003.10.011
https://doi.org/10.1515/hfsg.1995.49.5.411
http://www.researchtrends.net/tia/abstract.asp?in=0&vn=6&tid=31&aid=2462&pub=2007&type=3
https://doi.org/10.1007/s10570-008-9238-0
https://doi.org/10.1002/jrs.1603
https://doi.org/10.1002/jrs.1603
https://doi.org/10.1007/s00339-007-4235-y
https://doi.org/10.1007/s00339-007-4235-y

