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Abstract

Paper-based literature including ancient books, archives and other documents make up an important
part of human cultural heritage. These literature heritages are irreplaceable resources for inheriting
the nation’s memory, fortifying national identity and strengthening the country's soft power as they
provide significant evidence. As a result, it is great importance to determine the lifespan of
paper-based literatures. However, it is difficult to determine the lifespan of paper-based literatures
currently, and the influence factors remain unclear. In this work, through in-depth analysis of the
lifespan of paper-based literatures, we determine the influence factors of paper-based literatures’
lifespan at each stage, analyze the relationship between these factors and the essential reasons they
affect the life-span of literatures, and finally propose theoretical life model, service-life model and
restoration life model of paper-based literatures. The results of this research can be directly applied
to the production, circulation, storage and service of paper-based literature, which is of great
significance especially for the protection and restoration of ancient books and documents in libraries,
archives and museums.

Keywords: paper-based literature; influence factor; cellulose polymerization degree; cellulose

binding degree; life model



Influence Factors of Paper-based Literatures’ Lifespan:
Model Building Studies

1 Research background and problem analysis

In the summer of 2014, | became a volunteer of the National Library of China, which also serves as
National Museum of Classic Books. There, | saw ancient documents including The Complete Library
of the Four Branches of Literature, a grand masterpiece made three hundred years ago, The Yongle
Encyclopedia which survived after a long-suffering 600-year-history, The Zhaocheng Tripitaka of the Jin
Dynasty, which looked like a carbon stick before restoration but regained its brilliance after a talented
renewal work; and The Dunhuang Manuscripts, known as “an encyclopedia of Chinese medieval time”
that has lasted over one thousand years.

A question came to me during my visit to those precious literature: the ancient books of hundreds of
years old have changed so little as the color of the papers are merely slightly brown and the
handwritings on them still clear, while printer paper in our daily lives or papers of famous people
manuscripts which are only several decades old have turned brown significantly, why is there the
difference? In other words, how long could these precious documents be kept, how should we
measure it? | consulted the experts on this issue and was told that the physical attribute of paper

literature " determined its limited life-span, which is why literature lifespan research is essential for

its protection. As so many problems remain unsettled in this field, | began my study on the lifespan
of paper-based literature.

With an ancient book in front of us, why is it so difficult to speculate its life-span? After extensive
investigation and analysis, three reasons were found:

First, diversified raw materials and producing procedures of paper. Although no overt
difference is seen between papers of some documents, the life spans of them differ a lot. Handmade
Xuan-paper and absorbent paper, for example, look almost the same in appearance but differ
completely in their raw materials and manufacturing processes. As paper materials and
manufacturing procedures have resulted in the diversity of paper lifespan, in addition to that,
multiple methods of literature recording and binding, which shifted a lot from ancient to modern
times, could affect the length of literature’s life even more directly. Even without considering the
uncertainties in usage and preservation, it is already very difficult to simply estimate the lifespan of
a new literature.

Second, different environments for paper-based documents in their lifespan. Will the
life-spans be the same for two identical documents? The answer is negative, as the environment of
the use and preservation greatly affects the life of literature, which can be reflected in the frequency
of reading and specific reading habits and other factors, while the environment for preservation

involves temperature, humidity, air, light, even container. How do these factors affect life
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expectancy? What is the extent of the impact? How do these factors interact with each other? It is
very difficult to estimate the life-span of literature due to the complexity of environments.

Third, rapidly changing restoration techniques. Objectively speaking, it is impossible for an
ancient book to remain intact after a thousand years, just as we cannot find a perfectly leaf in the fall.
The reasons why ancient literature look perfectly in front of us not only lie in the good quality of the
papers and stable environment, but also in the great work by restoration professionals, who has
prolonged the life of ancient literature. Repair technology directly changes the life of the paper
literature. As new repair techniques are emerging and repair tools and capabilities continue to
improve, it is still a developing issue to determine which and how these “illness” of documents can
be cured.

2 Research framework
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3 Analysis influence factors of paper-based literatures’ lifespan

3.1 Analysis of influence factors in the production of paper-based literatures
3.1.1 Materials

1) FIBER : The main component of paper is cellulose, which is directly related to the lifespan of
paper. The quality of paper mainly depends on the quality of the raw materials that come from plant
fiber ¥, and researchers have given thorough analysis and investigation on that issue after years of
work 1,

2) FILLER: Fillers are insoluble solid particles added in pulp to improve the opacity, brightness,
smoothness, printing adaptability, flexibility, uniformity and dimensional stability of paper. Fillers
can also give paper good handfeel, reduce its hygroscopicity and save fiber consumption.
Commonly used fillers include talcum powder, calcium carbonate, kaolin, calcined clay and
titanium dioxide, added at varied proportions in terms of different type of paper.

3) SIZING AGENT: In order to improve the water resistance of paper and prevent the spread of ink,
rosin glue is used in sizing. In order to improve the effect, add a fair amount of alum at the same time.
With the improvement of sizing skills, neutral or alkaline sizing agents are more popularly adopted
in paper production nowadays.

4) OTHERS: The paper also contains many impurities, such as: semi cellulose, lignin, calcium

oxalate crystal, as well as calcium carbonate, dye, fat, wax, rubber and heavy metal ions, etc.

3.1.2 Technique

The quality of paper is closely related to the technique of papermaking. Manual papermaking
technique, since Cai Lun’s improvement, ™ hasn’t changed much, whereas mechanical
papermaking processes has undergone tremendous changes along with the continuous introduction
of new techniques. Alkaline treatment and bleaching are two main factors affecting the lifespan of
paper.

1) Alkaline treatment: In traditional process, the raw materials need to be immersed in a solution of
hydrated lime, plant ash and so on, which 15 days to complete the pulping process needs. In
mechanical process, caustic soda (sodium hydroxide, NaOH), sodium sulfide, sodium sulfite and
other chemical substances are used together with strong alkaline cooking to dissolve lignin under
high temperature and high pressure, and paper pulp can be made as soon as in more than ten
minutes.

2) Bleaching: The traditional bleaching process is dependent on ultraviolet, sunlight and ozone in
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the air so that alkalized bark and straw require to be exposed for several months. The modern
technique adopt the use of bleaching agent such like bleaching powder (calcium hypochlorite,
Ca(CIO),), chlorine, chlorine dioxide, hydrogen peroxide etc. to shorten the duration of bleaching

process to only one or two hours, compared to the months-long process in traditional papermaking.

3.1.3 Record mark

According to recording approaches, paper literature can be divided into paper manuscript, printed
literature, braille documents, and the printed literature have especially varied types. The recording
tools are very different such like soft brush, pen, dabber, Braille writing pen, stamp, engraving plate,
typewriter, and copier along with diversified recording agents.

The approach of recording is bound to have an impact on the life of paper acting as a base material
of the documents, some recording agent can even cause serious damage on paper. If the lifespan of
record marks is shorter than the lifespan of paper, the lifespan of a document is dependent upon the

recording approach.

3.1.4 Binding and layout

Binding and layout is the last process of document production, which is to bind a stack of paper to
make a book, or a volume. The forms of binding has included Album binding and "Butterfly"
binding in the early age, Wrapped-ridge binding in the Southern Song Dynasty and the Thread

[12]

Binding in the Qing Dynasty ~, and additional protection methods have been invented including
book casket, book sheath and book box. Today's binding forms are even more varied, exemplified
by flat and saddle stitching, side sewing, adhesive binding and threading, and binding itself has
become a subject in school.

The binding process requires paper to be sorted, pressed and bound. Studies have shown that when
the paper was copied™”’, under additional pressure, its density increased and its thickness decreased
from 90pm to 80pm, bringing a decline in the paper’s folding strength, and after 18 days of
accelerated aging, the folding strength decreased by 50%, while the control group only decreased by
25%.

3.2 Analysis of influence factors in the usage of paper-base literatures

3.2.1 Wear and tear

Excluding defacement and unintentional torn, normal reading activity will also lead to the wear of
document. The sweat and grease on hand can stain the paper, generating oleic acid and salt, which
will increase the acidity of the paper surface and accelerate the aging of paper literature, at the same

time the grease is liable to adhere dust, making the material susceptible to mildew.
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3.2.2 Natural environment

TEMPERATURE: high temperature will accelerate the hydrolysis and aging of cellulose and is
conducive to mildew growth and reproduction. Excessively low temperature will reduce the paper's
plasticity and flexibility, thereby undermining their strength and durability.

HUMIDITY: in damp environment, paper’s moisture content increases rapidly, when there is water
in capillary with diameter greater than 30jum and water activity greater than 0.65 - 0.70, the cellulose

[15]

degradation starts . With the hydrolysis of cellulose, due to the swelling by the water, the gap

[13] |

between fibers increase, so that dust and harmful gases can more easily invade the paper n

contrast, in a drier environment, the moisture in the paper over-evaporates; even the combination
water in the structure of the fiber is also forced to lose, resulting in the embrittlement of paper
literature.

LIGHT: when paper is exposed to light, its fiber and non fiber components will soon be oxidized,
and ultraviolet radiation has an especially great impact on the paper to sharply reduce its folding
degree and tearing strength "*’, the moisture in paper intensifies light’s destructive power.

DUST: dust contains clay; it can deface books, make the document paper to adhesion, and result in
mechanical damage. Dust can absorb impurities in the air and become a spreading media of fungal
spores.

HARMFUL GASES: oxygen and ozone in the air can lead to paper oxidation, acidic harmful gases
such as sulfur dioxide and nitrogen dioxide can lead to cellulose degradation, alkaline harmful gases

will produce oxidant and lead to the oxidation of cellulose.

3.2.3 Storage conditions

Mankind has been working hard to improve the storage conditions of paper documents, so that the
precious documents avoid fire, water, smoke, rats, cockroaches, ants, insects, bacteria and other
damage. The ancient people had come up with various methods to prevent the damages on books by
rats, cockroaches, ants, insects and mildew "*’ and made a good effect. Now, the most difficult is the
pest and mildew prevention.

Pest: There are more than 40 kinds of insects that cause damange to books "

, some are good at
drilling tunnel to damage fiber; some are good at webbing, with webs permeating inside the book,
its organic component can bring long-term corrosion of the paper, blur the handwriting and reduce
paper durability.

MILDEW: Microorganisms growing on the surface or inside of the book will damage on the book

continually "

. At the same time, the propagation of mold will make paper produce mildew which is
difficult to remove, and the process of mildew will bring organic acid, which will greatly increase

the acid concentration of "* the paper.



3.3 Analysis of influence factors in the repair of collections

1) MANUAL REPAIR: Manual repair ", under the principle of keeping the original appearance of

[18]

the collection, aims to mend and reinforce ancient book in the broken part ™ without making any
change to other parts of the book, thus extending its service life.

In addition to the manual repair skills, the selection of paper and paste are also counted for. There
are more than ten types of paper used in repairing ancient books *, some newly employed paper can
provide better physical properties and greatly improve the service life of ancient books. However, in
the repair and reinforcement process, any repair method will inevitably cause harm to the literature,
even for the Fly Mounting method which is known for minimum damage. Repair approach also

[11]

brings about a problem - paste = . The main ingredient of paste is starch which provides ideal food

for worms, ants, rats and mold "*'. For insect prevention, people in the North make paste with starch
and alum, and people in the South make paste with wheat meal and alum, but alum hydrolysis will

[10]

generate sulfuric acid which has negative effect on the protection of ancient books

2) DEACIDIFICATION: After hundreds of years of aging, the paper of ancient literature is mostly
acidic, for some documents the pH value can even reach 5, so removing the acid contained in paper
is an important way to slow down acid growth and extend life of paper. In order to protect archives,
books and ancient books, for a long time, many scientists have studied and explored the methods of

[16], [22], [23]

deacidification . As an effective way to get “immunity”, deacidification is realized in two

methods namely gas phase and liquid phase. Gas phase acid removal, exemplified by DEZ method
of the Library of Congress, has a new approach called DAE method recently invented by the
National Diet Library of Japan. Liquid phase deacidification includes aqueous solution method and
non-aqueous solution method. Aqueous solution deacidification method is also called BARUFFA,; it
uses calcium hydroxide and magnesium bicarbonate as neutralizer, only for the acid removal of
single page documents or newspapers. Examples of non aqueous deacidification method are Wei T
O 'fengtuo , Battelle and Bookkeeper (magnesium oxide deacidification method), for these methods,
the solvent is perfluoroparaffin or siloxane, the neutralizer is
magnesium-titanium-double-metal-alkoxides, carbonate or submicron powder of magnesium oxide.
At present, deacidification methods used may cause harm, such as white residue, paper wrinkling

and fading, loss of paste, strength decreasing, some handwriting fading or diffusing.

4  Experimental verification

Since a variety of papers are used in text recording, after discussion with laboratory staffers we
determined to select papers commonly seen in life with typical of its kind, and these papers are
finally chosen: light printing paper, offset paper, coated paper, printer paper, newsprint and
Xuan-paper. We purchased the papers in Shazikou wholesale market but later found out that the

Xuan-paper was not genuine, so we replaced it with which was provided by the laboratory !,
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At present there is no existing paper-life test method in the laboratory, so we only had to explore
paper lifespan from various sides. A variety of experiments have been undertaken in the laboratory
to have a grasp of the most effective components of paper - cellulose from Xuan-paper and to
observe its form using a microscope; by aging experiment, we quantitatively measured the change
of various physical and chemical indices of the paper after aging; through measuring pH values of
various kinds of paper, we preliminarily learned the basic knowledge of deacidification; finally, we
tested paper tearing degree, which is also an important reference value of paper lifespan, in addition,

we also conducted some tests on paper folding, variety identification , tensile degree, etc.

4.1 Experiment 1: Observation on cellulose of Xuan-paper

Site: Ancient Books Preservation Laboratory in National Library of China
Materials:  Pure bark Xuan-paper (paper with wingceltis/ pteroceltis bark content of more than
60% are called the pure bark, the other ingredients are sandy-field-grown rice straw) , Herzberg's
stain.
Standard :  None
Instruments: Magnifying glass, transmission microscope
Steps: 1)  Observe the appearance

2)  Observe pure bark Xuan-paper with 10x, 50 x magnifying glasses

3) Disperse the paper with water, and dye it with Herzberg’s stain, observe cellulose

and miscellaneous cells using 200x transmission microscope

4) Observe cellulose and miscellaneous cells using the 400x transmission microscope
Observation: The paper looks soft, loose and smooth, its fiber is delicate texture, soft whiteness,
and generally have obvious and regular curtain lines. When viewed under a magnifying glass,
Xuan-paper shows white and smooth, very few impurities, especially, closely interwoven structure
can be seen clearly in 50x magnified image. Images under 10x and 50x magnifying glass as shown

in figure 1.

Figure 1 The Xuan-paper louver pattern and its magnified images

Disperse the paper with water, and dye it with Herzberg’s stain, observe cells using a transmission
-8-



microscope fiber shape at 200x magnification are shown in Figure 2, where the wingceltis bark fiber
and straw fiber are easily distinguished. In order to more clearly observe the difference between the
two kinds of plant fiber, increase the magnifying power to 400x, wingceltis bark fiber with regular

structure are seen as shown in Figure 3, messy straw fiber as shown in Fig. 4.

Figure 2 Fiber morphology features of xuan-paper

Figure 3 Wingceltis bark fiber morphology features of xuan-paper
Pteroceltis bark fiber, as shown in Figure 3, treated with Herzberg agent dye, look reddish purple or
bluish purple. The fibers, mostly in columnar appearance, are about 3.5mm in average length, thin

and soft, with sparse ring pattern on fiber wall cell cavity clearly seen and bluntly tip on both ends.

Figure 4 features of epidermal cells, ducts and parenchyma cells of rice straw in

microscopy views
The straw fiber structure are shown in Figure 4, in which the straw epidermal cells are very

important for identifying rice straw pulp, as indents on epidermal cells are relatively shallow and
-9-



square-shaped resembling crenels of the Great Wall. Straw duct is around 5x width than bark fiber,
long-strip-shaped, with a reticulate texture of 4-6 horizontal rows and occupies 3/4 total area. Straw

parenchyma cells appear pillow-shaped, square, oval or polyhedral.

4.2 Experiment 2: Quantitative determination of paper

Site: Ancient Books Preservation Laboratory in National Library of China

Purpose : To determine the paper’s quantitative properties

Standard: GB/T 451.2-2002

Instruments: Electronic balance with an accuracy of 0.01g, paper cutting device

Materials: Light printing paper(Originality), Offset paper (DL-2099B). Coated paper (from
National Geographic magazine) , Printing paper(ONHING PAPER A4) , Xuan-paper(FIVE
STAR), Newsprint paper (YANQING OFFICE)

Steps: 1) For every type of the sample papers, use 10 pieces and cut into disks of 0.01m=tach.

2) Put 10 sheets of the same type of paper on the electronic balance, record the balance
readings obtained by divided by 0.01 m3g/ m=.

Notes: 1) Set up a wind shield before weighting to prevent the airflow that may cause error.

2) When the gross weight of ten sheets of paper is too much (the standard is close to 50g),
use balance with the index value of 0.1g (because there is no similar situation in this
experiment were selected so dividing the value 0.01g balance)

3) Round to three significant digits of the results
Results: Light printing paper: 80.5 g/ m’ Offset paper: 78.0 g/ m*
Coated paper: 92.0 g/ m? Printing paper: 72.0 g/ m®
Xuan-paper : 34.6 g/ m? Newsprint paper: 45.4 g/ m’

4.3 Experiment 3: Measurement of brightness on the diffuse reflectance factor

Site:  Ancient Books Preservation Laboratory in National Library of China
Purpose: To measure the sample papers’ whiteness
Standard: GB/T 7974-2013

Instruments: TML Co0.9200-01 whiteness tester

Materials: Light printing paper(Originality), Offset paper (DL-2099B). Coated paper (from
National Geographic magazine), Printing paper(ONHING PAPER A4), Xuan-paper(FIVE STAR),
Newsprint paper (YANQING OFFICE)

Time: 2015-8-3

Environment: Temperature 23°C, Humidity 50% RH

Steps: 1) Use 10 sheets of the same sample paper and stack them up, put on the top of the whiteness
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tester
2) The measured sample is placed below the sample stack, and the whiteness of the next

sample is measured.
3) Repeat process 2 for 9 times, read and record the results, keep the accuracy to 0.1%

4) Read the average value of the 10 data, record R457

Results:  Light printing paper: 77.5% Offset paper: 72.8%
Coated paper: 85.17%~=85.2% Printing paper: 106.79%~=106.8%
Xuan-paper :84.2% Newsprint paper: 57.24%~57.2%

4.4 Experiment 4: Accelerated aging on dry heat treatment

Purpose: To measure the sample paper whiteness changed after accelerated aging on dry heat

treatment
Standard: GB/T 464-2008
Instruments: TML C0.9200-01 whiteness tester, Constant temperature box

Materials: Light printing paper(Originality), Offset paper (DL-2099B). Coated paper (from
National Geographic magazine) , Printing paper(ONHING PAPER A4) , Xuan-paper(FIVE
STAR), Newsprint paper (YANQING OFFICE)

Site:  Ancient Books Preservation Laboratory in National Library of China

Time: 2015-8-6
Environment: Temperature 105°C, last for 72 hours

Steps: 1) Take 10 sheets of one type of paper, put in the constant temperature box, keep the

thermostat at 105°C ==2°C
2) Last for 72 hours = 1hour and take out
3) Test whiteness of the sheets (Details in experiment 3, standard: GB/T 7974-2013)
4) Record the results and calculate the retention rate of the paper
5) Repeat operations 1~4 for each kind of paper

Notes: 1) The sample should be placed at least 100mm from the thermostat wall, so that every point

of the sample can be in contact with the circulating air in the constant temperature

box
2) Avoid light on the samples during the experiment

Results: Before aging After aging Retention rate
Newsprint paper: 57.24% 53.08% 92.72%
Coated paper: 85.17% 75.61% 88.77%
Light printing paper 77.50% 70.17% 90.54%
Offset paper: 72.80% 70.19% 96.41%
Xuan-paper: 84.24% 79.96% 94.92%
Printing paper: 106.79% 96.90% 90.73%
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4.5 Experiment 5: Determination of acidity or alkalinity of paper water extract

Purpose: To measure the sample papers accurate PH value

Standard: GB/T 1545-2008
Instruments: Portable pH Meter of Sartorlus Co., Electronic balance

Steps: 1) Get 2g of a single type of paper (dry) using electronic balance, cut into pieces and put into
a conical flask, add 100ml distilled water
2) Place for 2 hours, shake at least once

3) Put the extract into a small beaker as a portion, make two portions and measure the pH
values of both with pH meter, calculated the average and record
4) Repeat operations 1~3 for each kind of paper 2 times

Notes: 1) Measure extraction liquid pH value with the pH meter, record the number of maintain for

a long time when measuring the PH values of extracts, only record the reading after it
becomes stable

2) The results are accurate to 0.1, if the difference between results of two times is greater
than 0.1, redo the test

Anomaly: The printing paper extraction liquid is pale blue

Reason : The printing paper containing a large number of fluorescent whitening agents

Results: First Second
Newsprint paper: 8.81=8.8 8.81=8.8
Coated paper: 9.42=9.4 9.45=9.5
Light printing paper 9.18=9.2 9.19=9.2
Offset paper: 9.48~9.5 9.49=9.5
Xuan-paper : 8.46= 9.5 8.56= 9.6
Printing paper: 9.60~9.6 9.63=9.6

4.6 Experiment 6: Determination of tear strength of paper

Purpose: To measure the sample paper tear strength degree
Standard: GB/T 455-2002

Instruments: Sartorlus Co.1200-1406ELREPH-10 Tear strength degree device

Site: Ancient Books Preservation Laboratory in National Library of China

Time: 2015-8-9

Direction: Vertical

Steps: 1) Stack up 4 sheets of paper of same type, same size, fix it in the clip on the tear tester

2) Turn on the device, record the results

3) Repeated operations 1~2 4 times

4) Calculate the average of 5 time results, and calculate coefficient of variation (standard

deviation / average)
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Notes: 1) If in one or two test samples the bias between tear line end and edge extension line is more
than 10mm, abandon this test result.
2) Result reserve three digits

Results: Newsprint paper: 203.68mN~204mN Variation coefficient: 12.97%

Coated paper: 388.02mN~=388mN Variation coefficient: 6.38%
Light printing paper : 258.88mN=259mN Variation coefficient: 13.06%
Offset paper: 451.24mN=~451mN Variation coefficient: 13.15%
Xuan-paper : 242.54mN~243mN Variation coefficient: 18.86%
Printing paper: 600.12mN~600mN Variation coefficient: 3.76%

5 Statistical analysis and chemical analysis

5.1 Statistical analysis of experiments

Statistical analysis 1: The experimental results show that the physical and chemical properties of
different papers have great differences, as an example, the tearing strength and coefficient of

variation of the papers are shown in Figure 5 and Figure 6:

|D Tear-strength (mN) |

600
400
200

Light Offset Coated Printing Xuan Newsprint
Figure 5 Tearing strength degree of the sample papers
|D Variation coefficients (%) |

20
15
10
5

Light Offset Coated  Printing Xuan Newsprint

Figure 6 Variation coefficients of the sample papers
Statistical analysis 2: The project measures the sample papers accurate PH values with the water
extraction (1545-2008 GB/T), and the results are shown in Figure 7. The suitable pH environment
for the preservation of paper is pH value range between 7 and 10, and it can be seen that the pH
values of the papers are all alkaline, which is advantageous to the long-term preservation of

paper-based literatures.
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OpH(fist) @pH (second)

B O 00 O N s O

Light Offset Coated Printing Xuan Newsprint

Figure 7 Accurate PH value with the water extraction
Statistical analysis 3: In the dry heat accelerated aging test (GB/T 464-2008), the sample papers are

kept in the environmental chamber for 72hours, equivalent to 25 years of natural aging. The
whiteness of samples before and after aging are shown in Figure 8, along with the aging rates as

shown in Figure 9:

|E| Before B After |

150
100
50
Light Offset Coated Printing Xuan Newsprint
Figure 8 Dry paper accelerated aging
15
10

Light Offset Coated Printing Xuan Newsprint

Figure 9 Aging rate of the sample paper
Data show that different papers in the same environment reflect much distinction in the extent of

aging, which means varied ageing resistance.

5.2 Chemical analysis of the formation and aging of paper

Chemical analysis 1: Section 4.1 shows the structure of pteroceltis bark fiber from a microscopic
perspective, the main chemical composition of plant fiber material is cellulose, a polymer
compound composed of several glucose polymerized by —1, 4- glycoside bonds, with the

molecular structure "*’ as shown in figure 10.
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CH,OH ~HO OH CH,O0H

HO 0 0O OH
o
HO OH CH,0H n-2 HO OH

Figure 10 Schematic diagram of molecular structure of cellulose
The number of glucose groups is called the degree of polymerization, which can reflect the length of

the cellulose molecular chain "

. The higher the degree of polymerization, the longer is the
cellulose molecular chain, Cellulose molecular chains aggregate in an organized way to form the
protofibril, which forms micro-fiber, micro-fiber forms fine-fiber, and at last fiber. The quality of
papermaking raw materials is related to the degree of polymerization of cellulose molecules
which, for the instance of natural cellulose, varies from several hundred to several thousand or even
more than ten thousand. If the degree of polymerization of cellulose in pulp is too low, the strength
of the paper will be reduced, and if the degree of polymerization is too high the pulp will not be
suitable for making paper. In the degradation of raw material fiber in papermaking, the optimal
value of the degree of polymerization is in 10° orders of magnitude. Testing of paper fiber
polymerization degree is one of the important indicators of paper testing; the specific test methods
are detailed in 1548-2004 GB/T relating to pulp viscosity measurement.

There is also a close relationship between the strength of paper and the binding capacity between
fibers . The interaction forces between fibers are various, and the hydrogen bond force is the most
important one. When the plant fiber is decomposed into fine fiber and micro fiber, the smaller the
fiber diameter is as well as the larger the surface area is, the more likely the surface tension of the
fiber will draw them together, so as to combine the hydrogen and oxygen atoms of the two
neighboring hydroxyl groups of cellulose macromolecules to generate hydrogen bonding, forming
the interweaving structure of the fiber. Binding ability between fibers was original thought to be
determined by the bonded area and strength of the fibers combined, while now we think it is
determined by cellulose binding degree, which is an index reflecting the number of fiber binding
points and the level of the bond strength. Due to the complexity of the fiber network system in paper,
at present, there is no accurate and quantitative method for the determination of paper cellulose

“ Different types of

binding degree, but it is possible to explore by analyzing the mechanism
materials are turned to fine fibrosis in varying degrees of difficulty, the fiber structure of grass
material is generally difficult to turn into fine fibrosis, so it needs dramatic treatment, thus the fiber
is severely damaged and the degree of polymerization of fiber molecules is far away from the
optimal value of 10° orders of magnitude, being only a few hundred. Pteroceltis bark, however, can
be turned into fine fibrosis with the degree of polymerization maintaining a perfect state, forming a

double advantage in fiber polymerization degree and the interweaving structure of the fibers, which
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is the molecular secret of Xuan paper’s "Millennium life-span”.

Chemical analysis 2: In the use and storage of paper literature, a variety of reasons will affect the
literature” s lifespan, some of which could even bring repetitive and superposition effect. To
understand the damage to the paper from the view of chemical analysis, it can be attributed to
cellulose photolysis, oxidation, photooxidation, hydrolysis, acid hydrolysis, alkaline hydrolysis and
the complex reaction of them. The effects of oxidation and acidification on the life span are
analyzed in the following.

1) Oxidation

Oxidative degradation is one of the important reasons for the aging of paper. The main oxidant
papers faced include oxidation of hydrogen, nitrogen dioxide, ozone, chlorine, chlorine dioxide and
hydrogen peroxide. The oxidative degradation mechanism of cellulose is shown in Figure 11. As
can be seen in the oxidation process of cellulose, cellulose is degraded and produces aldehyde group,

ketone group or carboxyl group "

. The carboxyl groups increase the acidity of the paper; it makes
the paper further acidified and forms a vicious circle.

In addition to cellulose oxidation, in the oxidative degradation products of other wood
polysaccharide , acetic acid will accelerate the degradation of cellulose and works as a acid catalysis,
and furfural is also produced which is capable of synthesizing into brown product by self-oxidation
reaction, and this brown product plays an important role in the changing of the paper color 2%,

Through this we can learn the great harm oxidation does on paper.

CH,OH CH,0H
0 0
OR OR' RO—( )—OR’
CH,0H
0 0 o HO O
Ho OH N (-OSH
RO OR'
HO  OH

Figure 11 Oxidative degradation mechanism of cellulose
2) Acidification

American scientist WJ Barrow pointed out that the main factor that causes the aging of paper is the
acid in the paper. The main sources of acid in paper are: @WUse of alum and rosin.2 Atmospheric
pollution of acid gases, such as SO2. ®Photocatalytic oxidation of lignin and hemicelluloses, which
causes an increase of carboxyl groupsand decrease of pH value of the document at last. 4 Organic
acids in the paper, such as acetic acid produced by oxidative degradation of lignin, oleic acid
produced by ink , and so on.

Under normal conditions, cellulose is relatively stable and not easy to react, but under acidic

condition the B glucoside bond is easy to break down, and even the acid hydrolysis of cellulose
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could occur. The principle of acid hydrolysis is shown in Figure 12. In the process of acid hydrolysis
of cellulose, the acid did not consume, and acidity gets higher and higher, making more and more

harm.

CH,0H HO CH,0H

Q {& _ﬁ_o{ﬁm {&

CH,0H CH,OH

Figure 12 Principle of cellulose acid hydrolysis
Acid paper is more likely to be oxidized ?”!, which releases more acid, aggravating acidification,

and forms a vicious circle of acidification and oxidation.

6 Research on the life models of paper literature

As analyzed in the third chapter, the factors influencing the literature paper’ s lifespan are much
varied, some are internal factors, some are external factors, some have direct effects, some have
indirect effects and some factors take time to show their effects. Only the decisive factors should be
concerned in the construction of the life model, which are characterized by the following qualities:
First, they must be determinants of lifespan, not just factors that affect lifespan. Second, they must
exist within the paper, and can be marked by some indicators of its quantitative value. Third, the
factor must have the same time irreversibility as the lifespan, that is, the quantitative value of the
factor must be monotonously changing with time. Fourth, the influence of the factors of life through
a variety of mapping relations can be finally mapped to a certain determining factor.

According to the above criteria, and after analyzing all of the influential factors, we reached the
results as follows: first, for the paper composition, filler, sizing agent and other impurities which,
though influential, not decisive, can be eliminated. Second, the production process of paper, manual
or mechanical, using alkali or bleach, though can determine paper’ s lifespan, their effect on paper
has been solidified, so the finished paper can readily reflect the production process. Third,
indicators of paper whiteness, quantitative determination etc, can be ruled out, which could only
reflect the degree of aging, not determine the lifespan. Fourth, eliminate all the factors that affect the
life of the paper materials over time, these factors are considered in the service-life model.

The factors that determine the lifespan of the paper are thus concluded as follows: cellulose

polymerization degree and cellulose binding degree. The two indexes are the most basic
internal index of the paper. With the passage of time, their total numerical values are reducing
invariably, showing time irreversibility and monotonicity. In addition, all external influence factors
can be mapped to the impact on the two indicators, and lead to the two indicators decrease in value,
which also reflect the change in the paper’ s physical and chemical attributes.

We can assume that through the completion of two independent tests of cellulose polymerization
17 -



degree and cellulose binding degree, these two indicators can be obtained, and the lifespan of paper
will then be confirmed through a certain conversion. Although standard GB/T 1548 provides a test
method for cellulose polymerization degree, there is no scientific and simple test method so far for
the degree of cellulose binding, so now we can only test paper’ s wet tensile strength, fracture
length, folding strength and other parameters to reflect the degree of cellulose binding. As human
theoretical life can be evaluated from a life model, we can build the life model of paper literature,

which can express the lifespan of paper-based materials.

6.1 Theoretical life model

Supposing the literature paper is X, its cellulose polymerization degree is X,, the
cellulose binding degree is Xy, the literature paper theory life can be expressed as Pi(x).

Pt (x) can be expressed as:

P (%) = f(x,)¥g(xs)

f (x,) 1s the life expression of cellulose polymerization degree X,

g(xyp) 1s the life expression of cellulose binding degree xy,.

¥ means the interwoven relationship between the degree of polymerization and the degree

of binding

Professor Liu Renging studied the durability of Xuan-paper , and expounded the durability issues
of the paper in the macro indicators. This paper put forward the life theory from the aspect of the
internal molecular structure of cellulose and combination of cellulose, which is a further study of the
topic. For getting the exact expression of function f(x,) and g(xy) in the model , and for getting
interwoven relationship between polymerization degree and binding degree, many more
experiments and studies still need to be undertaken. At present, according to the method given in the
standard™, by assuming that aging for 72 hours at a temperature of 105°C42°Cis equivalent to 25
years aging under natural conditions under @, we can find approximate expression or emperical
expression of the function f(x,), g(x,) and the relationship

The value of paper-based material lies in its content. If literature record traces cannot be read with a
natural way, we believe the literature to be dead. The time span from birth to death is called
literature life-span. The maximum life-span for a literature to reach in the natural environment,
without withstanding any accidental damage and preserved in good and stable condition are called
the theoretical lifespan.

The basic elements of paper-based documents are paper, recording traces and binding. The lifespan
of binding does not play a decisive role in determining the document’s lifespan, so it’s not
considered in the model. On the other hand, the missing of either the record or the paper will lead to

the lost of material’s essential value. According to the wooden barrel principle, the literature
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theoretical life model is determined by the minimum value of the life of paper and record marks.

The literature theoretical life function Deory(X) is expressed as:

P.(x) life function of paper

Diteory (x) = min(P(x); R:(x) ) {Rt(x) life function of record trace

R¢(x) is not the focus of this study, so there will be no more in-depth discussion.

6.2 Service-life model

According to the definition of the theoretical life of paper-based literature, it can be inferred that the
maximum value of literature service life equals to that of theoretical life. To get the maximum
service life, the material should not be used for even a single time and go to storage directly. The
preservation environment should eliminate all destructive factors, including rodents, insects, ants
and flood; minimize natural aging factors to keep the environment light-free, ventilated and in stable
temperature and humidity. The study confirmed that the mechanical properties of the paper will be
notably deteriorated when the degree of polymerization decreases to about 700; when the degree of
polymerization decreases to below 200, the paper will go brittle and break *®1. According to the
theoretical model, it can be considered that the literature has entered the stage of old age when
Xa<200.

Put pristine paper document in the current environment, take it out after a certain period of time T,
like the theoretical life model, test x,, Xy, put them into the theoretical model and the theoretical life
of Dreaiity(X) can be obtained. Assuming that the internal and external environment of current
condition is constant, according to the function of theoretical life model, we can have the following

formula.
Tl = Dtheory (X} - Dreality (X]
T_;L - Dthenry{ﬂ
T E"use'::"fJ
Thus, life model of service in the current environment can be expressed as:

D use (X) = Deneo ry':x] ak

Ty

6.3 Restoration life model

Undoubtedly, repair will increase the service life of paper documents, but can repair make
documents ever-young? The answer is no, the cellulose polymerization degree and cellulose binding
degree are two irreversible parameters, the value of them are always reducing, what we do can only
delay the aging development, such as eliminating acid and metal ions contained; or giving it a

supporter to enhance its strength. When the polymerization degree is reduced to below 200, the
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paper will be brittle, and even powder, but when treated with supporting material, it is no longer
dependent on the original material’s toughness so that the embrittlement and pulverization are
slowed down.

Each time a paper document undergoes deacidification or manual repair, the values of x, and Xy
representing cellulose polymerization degree and binding degree will fall dramatically, denoted as
I(repair,) and I(repairp), so whether the literature can withstand the "major operation " must be

assessed before the repair. The repair can be conducted only when:
X, = I(repair,) ,and x, = I(repairy)

Before repairing, using the service-life model in section 6.2, we can get Dys1(X). After repaired, we

can get the new values of the cellulose polymerization degree x, and cellulose binding degree Xy,
X, = X, — I(repair,) ,x, = x, — [(repair,)

After repairing, regarding the current status as the fresh state, we can calculate the theoretical
life-span of the document and after time T, complete service life test to get the effect of the repair,

denoted as Affect (x) and expressed as:

DygeGdxT
Dusez (X) = %

Affect(x) = D0 (%) — Dyeeq (%)

The original document will probably end its service life when polymerization degree goes down to
100, but with the protection of treatment approaches such as the external supporter, the document’s
life may be extended and still provide reading even when the polymerization degree falls to 50, but
the document’s entire life-span hasn’t been changed, the so-called physical entity of the paper, the

largest lifespan still is the theoretical life.

7 Conclusions

Literatures are irreplaceable resources in inheriting national memories and confirming the national
identity, thus the prediction of their lifetime is a very important and fundamental research subject.
This article analyzed the influential factors of paper literature’s lifetime in its production, usage,
preservation and restoration. In this work, through exploring the nature of various kinds of papers
and practicing the production and restoration of paper-based literatures, we find that cellulose
polymerization degree and cellulose binding degree are essential influence factors of the lifespan of
paper-based literatures. In addition, we present three kinds of lifetime models, which provide not
only theoretical approaches to evaluation, but also important practical significance in the production,
preservation and restoration of paper-based literatures. Precious documents are like living
organisms, | hope that through my research, they could be used, preserved and repaired properly,

and achieve its theoretical lifetime.
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