D

ICCROM

PRESERVATION PRINCIPLES FOR PAPER-BEAS ED
COLLECTIONS:

FUNDAMENTAILS AND FUTURE DIRECTIONS
IN A DIGITAL WORID

INTRODUCTION TO PAPERMAKING
FURNISH & FORMATION

BY D. VAN DER REYDEN, SCIRE




PAPER PROPERTIES AND DEGRADATION
(Wodifted from e article 'Recent Soiemtifc Research in Paper Conservafon™ by Cfanme vanm der Beyden, in
The Jowrmal o five As erdcan welitote for Corservadion, Kol 37, 00 117138 19582)

BACKGROUND: WHAT IS PAPER AND HOW ISIT MADE?
FACTORS OF FURNISH AND FORMATION

A papersheetis a composite material. Bach component of its composition affects its appearance and stabilty,
The structure of paper depends on two things:

" itz furni h (the materials used to make the paper), and
" itz form ation (the processesusedto make the paper).
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S0me exarmples of fumish materias Lsed to make paper include those seen in Photo 1:

" fibers (Certedfrom cellulosic plart materials such as cofon o woood),
" water [Lsed to carry and bond the fiber siury or pulp stoc k in awat) &
" additives (applied to the pulp stock in the wat o on the cast shed) such as

fillers & sizes (e.q. gelatin, starch or mettmdcellulosew hich cortrolw ater permestility), or
colorarts & coalings (.0 pigments or dyes).



A paper sheetis a composite material. Each camponent of its camposition affects t= appearance and stability.
The structure of paper depends an tw o things:

itz furni h the materials usedto make the paper), and

Its formation (the processes used to make the paper).

Some examples of ferm ation processes Used to make paper includethose seen in Photo 2

" beath g to separate & fitrilate the fibers to enhance physical intedocking & chemical bonding,
casting of the fiber slurry inw Aer onto a paper-rmaking mold;
couching to rermowve thewet shed from the mold; and
drying & flattening to consolidate bonding & strength.



PAPER COMPOSITE
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THE STRUCT URE OF PAPER AND CELLULOSE

A parersheetis a feltedaneh comp azed primarily of fibers, which are made up o ibrilz, whichin tum areformed ofchainsof
cellulo s polymers, all held togetrer by differert types ofbonds having various strencgths. An eploded, schematic views of paper
wolld look =20 mething like the falowwing (Fig. 1)
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FIG.1: PAPER STRUCTURE AHD BOHDIHG:

a) wdh offibers Yom paper sheet

by fiber,

<l fibhl bundle, held by weak Mvan derWaals forceswith a bond strength of 210

d) fibdl, composed of microfibrils,

&) micrafibril, composzed of elementary fibrils of lavers of cellulose chains;

) one elemental fikvil laver, composed of celluloze chains held side by side with hadvogen bonds beving bond strergths of 346;

g) celluloze chain, composed of glucaze units held by 2rong covalent bonds having bord drengths of .86,
(Modfed from Materhouse 1952, Dwan BET)



On a molecular level, cellulose (Fig. 1), has properties imposed
by its structure of crystalline and amorphous regions (Fig. 2).

FIG. 2 CRYSTALLINE & AMORPHOUS AREAS
OF CELLULOSE (EEFORE & AFTER AGING)

(Modifed from Kolra, A, and T Rralse, 1357 )
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Fliz. 2: CRY STALLINE & AMORFHOLUS
AREAS OF CELLUILOSE

(BEFORE & AFTER AGING)
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The crystalline regions are

. ordered,
" rigid,
inert, and

relatively impermeable to water -

"I polymers, crystallizgionimplies an in@molecalar odenng. .
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FIG. 3 Hydrogen Bonding in Cellulose

||'| EHH:IH H:OH
—D—|/EDH N I*/%—D { 7/5'3“ '?/E AN VLA
o\, / NPV } LJ\_%/{ Nt

(hydrngenﬂ-— '-‘ ﬁ

1—x
-0
x

EH I?HH:' H\d\? I:u:-ndngju ﬁ D g I:IIH
o N \r I'd N 1/

éH::uH L

For mote on Aydroger borndng B ceffulose, see Gardner, LH, and L Blackweff, “The Fiydroger Bondin g i Natie
Colly fose,” dlochimica ot Biophysikca Acta 343, 234, 1974, modified ot Fi). §)



FIG. 3 Hydrogen Bonding in Cellulose:
Affect of Water

Bample of d=location of crystalline strocture b ecause of water adsorption in = rmorphious region of 3 cdlulosic microforil
[(Fee Meseramd Tabd, 1 990)
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1. WHAT DIFF ERENCE DO FURNSH AND FORMATION MAKE TO PAPER?

PAPER PROPERTIES AND DETERIORATION
Each of the furnisth and formation fadors usedto make paper has specific properties tha affect the gopearance and Aabilty of the

| Three types of properties are:

1. optical properties, such as color (of the fiber, additives, or final sheet);
2 physical properties, such as strength (ofthe fiber or final sheet ), and
3 chemical properties, such as acidity (of the fiber, addiives, water, etc.).

Unfnrtunatel%r, these properties can chanﬁe over time, depending on furnish, formation and environmental fac tors.
The colar of paper can darken; its strength canw edken; and its acidity can causethe paper to become hbrittle and tom.

The mechanism for these changes appearin Table 1.

Foriunately, these chandes can be minimized f good, stakble materials, proc esses and eny ronments are used.

Foor envimmnments, which cause changes to properies, include those with excessive

temperature i hich can causethermal oxidaion, leading to discolordion and stiffening of pspen
light (which cancadse thermal and photo odiddion, [eading to discoloration and stiffing)
humidity (w hich can cause acid hydrabysis, lBading to embrittiement of paper)

pollution i hich can cause acid ydrohysis, leading to embritiement)

pests (which cancause acid hydrohsis and physical 0ss of paper)

RN

“ut anotherway, changesin propedies are caused by the follovving three chemical readions, which ocour in the cellulose chain:

1. hydrohsis fwvhich leads to chain scission that eventually makes paper brittle)
2. o xid ation (which leads to the formation of double bonds that absarb light and make paper laok darker)
3. crosslinking bwhich increases the crystalline order of cellulose chains and makes paper stiffer)



EXAMPLES OF HOW DEGRADATIOH MECHA HSWMS OCCUR IH CELLULOSE AT THE MOLECULAR LEVEL

Belowy iz a schematic diagram of a cellulbse polymer chain (Table 1), The dagram shooes howethe cellulo 22 chain (top row) can be
dtaded st vulnerahle sites by hdrolytic and oxid ative agert s fird rowe of arrone) auling in & damaged chain(zecond chan
rand)l. These hydraly sis and oxidation reactions lead tochain scizsion and formation of doublebond ed compound s a wiherable
zites. Douhle bonds abeark light, making the paper look darker. Double-bonded compounds inciude carboadicac ids,

aldehydes, and ketbnes.

TABLE 1: SOME EXAMPLES OF COMMON CELL WO SE DE GRADATION REACTIONS
HYOROLYSIS REACTIOMS QHI0ATION BEEACTIOMS CROSSLIMEING REACTIONS
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OXIDATION REACTIONS (FROM HIGH TEMPE RATURE OR LIGHT,; CAUSE DO UBLE-BOMD F ORMATION LEADING TO
LIGHT AESORPTION, MAKING PAPER LOOK DARKER)
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2. HOW DO DEGRADATION M ECHANISMS AFFECT PAPER PROPERTIES?
TESTS AND MEASUREM ENTS

Faper tas marny chermical phwsical andoptical propetties. Sorme ofthese are listed below (Table 2 and defined in the nexd
sectioh oh examples of paper properties. These properties changethrouch lydrobsis, oxidd ion, and crosslinking .

PROPEM Y T EHT HYDROLYHB DRI TION CROBHLINKNG THERALL
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2.2 PHYHCAlL PR PERTIEH i i i
Fald r L r ¥
Tear L . L L . L .
Bt ¥ o ¥ LI
Tendie v . v . v .
Bongalon r : ) r r
Modulus L i T & i T i
Tendisensmy abmrpbon r T r . r .
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For exarmple, one thing that afects a paper's chamical properties arethe length of the cellulose paby e chain, referred to asthe
degree of pokmerzdion (OF). The shotterthe cellulose chain theloser its DF. Wheh along chain undergoes chain scissionand
therefore becomes two ar rrore shader chains, more chain ends are created. The chain ends are unstable, becausethey provide
sites wulner shle to cherrical reactionswhen exposedto harnful conditions, such asthose causing hydrobysis.



Consequently, when paper undergoe s hydrolsis, the chemical propenty of DP decreazes | thereby increasing readivity and

instahility ofthe paper. Likewdze |, hydrolsis leadingto chain sdssion can result inoa redudion in the physica property of fold
endurance.

PROPEF Y THAT HY DROLYHIB DRI TION ZCROBHLINEING THERMLL
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Finally, the optical property of reflection relde sto howwbright & paper sppears. This brightness or reflection deciesses if a paper
darkens because of hydrolysis andior oxidation (i .e. aowy poirts doven). On the other hand, crosslinking causes no change in
reflectance.



EXAMPLES OF PAPER PROPERTIES
2.1 CHEMICAL PROPERTIES

Chemical propertiesof a paper shea are determined primmaril by varables of furnish (pulp cormponents) and formation
(mRndacturing processes), such asthose listed in Diadgram 1.

= ach variahle in turn has didinct properties. For example, the furnish of pulp stock bas specific propedies which affect the nature
ofthe final shed, including

. crystallinty and

. fiker bonding.

-ormation proceszes auch as beating affed
. fikxillation,

. anelling, and

. water retention.

Cxamples of chemical propedie s of paper and their respective test methodz are listed in Table 2 and belony.

Degree d podynerizgion( 0P of the o2 e 2 chain, degeased by hydrohs s, oxidation, andchainscesim, and noe ased by
crossink nglTablel), can be determined by wisoos ity measurements or gel permeation chromato o gk wehich also indicates
miolecular veeightdistrb ution

Acdd cortent oo be mexzuned by alkaine resene fitration, odometrictaal acid, and suface and cold edradionpH [ Brgess and
Birnie 12200,

Frododion of f unctiorna grogps = 1ch as cxr bosold = ard e bomols, incuding ldehydes and ket ore=(Tabk ), dueto
Fydrabesiz and oxdation, attes the molkecular stoctre, Content can b measured by 5o eral methods incuding ttration and
idometn ctech niques.

Perordde formaion,whid ¢ ald resul from ocid ion, can be me asured by the Russ ell Effect (Danieks 1925).
Moise cortert ard regan can be mexsured by g arimetric and thermodyna mc methods.
Alkdi =olubility ncludes measurements of carbonyl contert by hd- 1% alkali solubility £t copper number, ard the boro hpdride

reducing method. Ester and gher content may be measured by R aman Spectiossopr, noclear magnetic resonance, and
ullr = aund



2.2 PHYSICAL PROPERTIES
Physmal properties of a paper sheet are determined by variables o

smoothness/roughness,
+ thickness,
+ density,
. twi - Sidech ess,
. rigidty and
. [Orosity
These in turn affect shest properties of
. scftnessfharchess,
. Compressiboility,
+ dirmensional stability,
. curl, and
y strencth (Casey 1981, Bolarm 1962).

Aftertion terds=to focle on Srencth measurement s sinde "arendh propedies can. sere as indcatiors of the permanerce of
paper, even when the nature of tke chemical danges resgponsible for the deterioration remains unknoen, . [and] can alzo be used
for evauating the effedtiveness of regments for aging” (Caufield snd Gunderson 19838, p. 31). The followdng are some grencth, or
mechanical, propetties and examples of respedive test methods.

Fold endurance, moresenstive to changes than aher drengthtegsbhut hampered bya wide andard devigdion owing tothe
limited areateded, can bem eazwed with theM T foding encurance tester (procdlices reaults mod consigent with the handing of

boakz)

Tear resistanc e, induding e dge tear resistanceor intemn al tear resigance (zimilar to the kindo fteaingocoaringto a nicked book
page) can be me aawred using th e Elmendarft ear test.

Burst strength, ore ofthe most common & st=2in the papa industrybut not mouch uszed in s er coreervaion, iz meswed by the
Mulle ntest .



Tensile strengthiz often detemmined by gandard spantensile grenghteding , which measure s interfiber bonding sndta d
netnok grangth, and & exressed by dress-grain plots, tensile energy absorption, and Young'smodulus (Fig. 4). Fiker

strength, intemal bond ing, or fike r ariertation may be measured by zero-ggpan, Z-dredion dhroughthethickness), ard wettensid e
tests.
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Example of a stress-grain pla of the machine diredion (MO tensile grenoth of [I] umeesehed and (11 wasted Whatiman papa
(CailoHz deionizedwaer 1:1), showing A) stre sz or load to break, B srain, elongation or srdchto break Chtenside energy
absorption area (TER o tdal area underthe curve, reprezenting work expended tobreak, and charactenstic o durahbilty (e.q. the
weashed paper [I] may be more durahlethan the unwashed paper [I] since itz tatal ares under the curve [C,] encompasse s most of

and exteeds [C)T1 ard 0) Young's modulus | o intial Sraight line of the slope diarad eristic of elastic matenals and indicative of
iffress. (Mo dified from van der Reyden et al. [3535)



2.3 OPTICAL PROPERTIES

Az mentioned before, optical properties area form of plhwvaica properties. Charges ingotical prapedies may result from changesin
chem ical properties .

Catical propeties of paper include

cola,

reflect ance,

brightness,

gloss,

opacitytrarsparency o taremittance of light |, and
fluorescence (Was BHa3)

M ez wremerts are made with reledometers, spedrophotometers and goniometers. Findings may be repotedin wanous modes
including percert refledance, CIE *a*h*, and Kubelka-Munk acatering and absaption coefficdents (Bermdt 1969, Burgess and
Binnie 1991].

Paper properties are nterdeperdent. | nterpretation ofted daais complicated by the fact that messurements represent 'a
combingdion of sut fadors as flexbility, bonding strencgth, and fiker srendh.which are dependent ontype of fibkers, lengh ard
thickness of fibetz, im perections in fibers, flecibility, pattem of iber nebwaork, number of bond s, grencth of the indisvdual bonds | the
weight of the paper, the apparent dere ity, the moisture cortent, and many othe fad oz [(Casey 1951, po [78). Propedties arein
um affed ed individually and collective Iy by erwironmental paramd erz such astemperatur e, bumidity and light, and by aging and
conservaion tream ents.



3. WHAT ARE THE LONG-TERM EFFECTS OF DEGRADATION MEC HANISMS ON PAPER?

THE AGING OF PAPER
n order todeterrine the loncterm effects of degradstionan paper, there has beena dgred deal of research into the effects of
ading on the propeties of paper. The resea chhas aimed at clarifying the following two issues:

T1Wvha is the aefects of naural aging on papery

Ah A are the pararmeters of accelerated aging (done to speed up the efects of aging, for resear ch purposes) which o nearky
matchthe effect upon paper of natural aging’?
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M aural aging may cause paperio bemme discobored, and callulose o become more orystalline and s iff, 2 b been show nfor
gecaleraed aging( Fig. 5. Crystallinity ¢an be measwored by
#-13y diffraction,

acid fydro bsg, or
m o= re content (D anisks 12250

Disolorgion of apapers heetmay be ca3wEed by theformation of chromophor e ponaging as a resul ofexposure to, amang
other things,

light (Lee et al TBF BE) and

volatilk gases (D anids BES

Some researche g hawe by pothes Fed thatoxdd=ion could beind uced in paper by
bydragen sufide from prote ins and others ulphur-cortaining mate riaks;
formaldehyde and acetic acid fromwood and paints; and
hydrogen peraides from oxidation of lignin, leading to a utoe<id ion of paperDanisk 1923,

Recent studies have focused onthe effects ofpdl dion upon aging of papes |, paticularly d eacidified papers, which appe 7 to
hawe agre aer capacity to abks orb s ufurdiccide and nitrogen dicxide QW iliame and Gre jean 2207,
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ACCH ERATED AGING 7963)

Accelerated aging, done at elevaed ternperature s and humidities, may initiate reactions resulting from thermmal degrad ationw bich
could, deperding on conditions and length of e posure, produce products different fromthose of natural aging. Gas
chromat ography mass spectrometry to analyze extracts of @pers aged & different tenperatures and relative humidities [twas

found tha hiurid oven agir&g of Wihatrman 1fiter paper (ot 90 C and 100% F:!I—g] %drnn.-z e cellulose and xy lan, prodacing rosthy
Jlucose andx¥ylose, fond also in naturally aged papers. Doy oven ading at 90°C and above produced ey littlie giucose. Aging

at 180PC produced a different set of products (Brhardt 1937, (985 Feller 19877

COther researchers havefocused on the effects of oycling ading conditions, finding that oy cling relative hunidiy increases the
degradation of single sheets of paper (Shahani et al [984). However, the effects of cycling appes to be less pronounced for
hooks, the fortrd ofwhich frey slowy dosen chianges. Onthe other hand, simulated book rraterials tend toagefaster in conparahle
accelerated aging conditions than single sheets, perkaps owing tothetraoped concertration of degraded materials for ringwhat
armounts to an averse microclimate. Ingeneral awide variety of aging conditions continuesto beused incurent research



