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　　　　　　　　　（Received　JuLg　4，　2000　and　accepted　A　ugzcst　18，　2000）

　　　Near　infrared　excited　Fourier－transform　Raman　spectroscopy　（NIR－FTR）　was　applied　to

non－destructive　spectroscopic　analysis　of　the　naturally　degraded　papers．　The　analytical　results

reveal　that　the　color　of　papers　was　related　closely　to　Raman　intensities　at　1600　cm一’　band　that

was　assigned　to　lignin　and　paperrnaking　additives　in　the　papers．　The　folding　endurances　of

papers　correlated　with　the　intensities　at　1097cm－i　assigned　to　B－glycosidic　1inkages　of　ceilulose

and　hemicellulose　and　decreased　with　the　increasing　storage　years．　The　Raman　spectra　of　the

papers　Mustrate　that　the　a－glycosidic　linkages　at　1126　cm’i　of　hemicellulose　and　starch　were

hydrolyzed　faster　than　B－glycosidic　linkages　during　the　storage．

INTRODUCTION

　　　Compared　to　permanence　of　writing　paper　made　hundreds　of　years　ago，　modern

paper　tends　to　have　a　much　shorter　life　expectancy，　which　has　been　a　serious　problem　for

the　preservation　of　books　and　documents．　lt　has　been　esttmated　that　approxirnately

one－third　of　the　19　million　books　and　pamphlets　in　U．　S．　Library　of　Congress　are　too

brittle　for　circulation．　The　permanence　of　paper　has　therefore　become　an　tmportant

property　on　which　many　users　base　for　their　choice　of　paper　products．

　　　In　the　previous　work　（Wu　and　Tanaka，　1998），　we　investigated　the　effects　of　sizing

agents，　starch，　and　other　papermaking　additives　on　the　natural　deterioration　of　the　books

stored　for　1－32　years　using　pyrolysis－gas　chromatography　（Py－GC）．　To　get　better

understanding　of　mechanisms　of　the　natural　deterioration，　it　is　important　to　clarify

relations　between　the　paper　permanence　and　various　paper　constituents　during　storage．

Since　a　destructive　means　of　determining　the　paper　constituents　is　not　suitable　for　most

of　the　stored　books，　a　non－destructive　means　is　required．　The　present　study　dealt　with

the　application　of　near　infrared　excited　Fourier－transform　Raman　（NIR－FTR）　spec－

troscopic　techrtique　to　the　non－destructive　determining．

　　　Among　vibrational　techniques　that　have　been　applied　to　the　studies　on　woody

materials　（Forsskahl　and　Jason，　1992；　Ono　et　at．，　1998），　the　Raman　spectroscopic

technique　is　advantageous　since　solid　or　powder　samples　can　be　measured　directly．

However，　conventional　Raman　spectroscopy　using　the　excitation　laser　of　the　visible

regions　causes　a　fluorescent　emission　interfering　with　the　Raman　measurement，　and
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eauses　sample　damage　dwe　to　high　energy　of　the　visible　laser．　Using　near－infrared

e）xcitatien　laser　dramatically　reducect　these　problems　（Parker，　1991）．　Near　infrared　laser

does　not　excite　v　（O－H）　in　water　rnuch，　so　that　the　moisture　in　sarnpie　give　little　effect

on　spectra　（Edward　aRd　ff’arwM，　1996）．　IPurtherraore　dyie　tg　th．e　differe．Rce　iR　the

＄election　rule　for　infrared　arld　Ramarl　spectroscopy，　o（C讐C）vibration　is　only　activff血

RarRan　seattering　which　is　speeific　fer　lig．nin－derived　aromatic　skGletoR　（Agarwal　and

A，talla，　19．　94）．

MATERIALS　AND　MF．THODS

Materials

　　　The　paper　samples　wαe　take嚢癒om撫奪books　sもore（i泌asheぜat　amb沁魏te搬Per口

ature　and　hurnidity　for　1　to　32　years　（Wu　apd　Taiiaka，　1998）．　The　＄amples　were　taken

accerding　to　JIS　P8110　（JapaR　IRdug．　trial　Staitdard）．

Measurements　ef　paper　propenies
　　　Fo｝ding　enduranee　of　papers　was　measRred　accordiRg　te　JIS　P81，15．　Te　aveid　irtflu－

ence　of　ink　color，　brightness，　L＊，　a＊，　and　b＊　values　on　thq｝　unprinted　parts　of　paper

samples　were　measured　using　a　MINOLTA　CR－2eO　photoe｝ectric　refieetance　photometer．

Raman　analyses
　　　Raraan　measurerRents　of　the　paper＄　were　carried　cnt　xising　a　Perkn－Eimer　Systera

2000　Fourier－transform　spectrometer　fitted　with　the　standard　Perkin－Elmer　Raman

attachment　aRd　a　Nd：YAG　laser　（A＝＝lg64．nm）．　A　staRdard　180“　backscatter　samplmg

georaetry　was蟻sed　for　a11◎f　the獄eas疑reme魏＄。　The　specもra　were◎bta重嚢ed　aもa

resolution　of　4　cm”！，　us血g　an　acc㎜皿ation　of　50　scans，　over　the　wav¢n㎜ber　range　from

36◎0も◎壕◎◎c瓢一達．The　lasαP◎wer　was　6◎◎獄W。

RESULTS　AND　DISCUSSION

Characteristic　bands　in　the　Raman　spectra　of　the　papers

　　　The　Ramai｛　spectra　of　the　acidic　paper　aRd　the　Reutra｝　paper　are　skcwri　in　Fig．　1，

respectively．　As　a　comparison，　the　spectruva　of　a　handsheet　prepared　frem　bleached

hardwood　kraft　pulp　without　any　paperrnakng　additives　is　also　shown　in　Fig．　．1．　Though

もhere　ar¢Rot　sま9畷ica穀t　differe黙ces　in嵐e　baRds◎f　th飢hree　Raman　sp¢ctra，嵐e

intensities　at　1600　era一’，　1126　cm一’　and　i　O97cra”i　are　quite　different．　Based　on　the　model

compoimds　（Wu）　aRd　the　previous　papers　（Wlley　and　Atalla，　1987；　Agarvval　and　Ata12a，

1994；　Comiers　and　Banejee，　1995；　E　dward　and　Farwill，　1996；　Takayama　et　at，　1997），　the

main　wavenumbers　and　vib．ratienal　assignments　for　the　paper＄　are　listed　in　Table　1．

　　　The　baRds　at，　near　3300　crRrm2　are　assigxed　to　free　aRd　beRded　eH　groitps　iR　the

papers．　They　were　weak　in，　the　spectra　because　NIR　］aser　does　not　excite　v　（O－H）　much．

The　baRd　at　290e　cmrm　i　is　＆ssigRed　to　stretc｝’rktg　vibratioft　ef　aliphatic　CyH2　iir｛　ce．llniose　and

hemicellulese．　This　baRd　was　choseR　as　int，emal　staridard　because　the　struc£ure　is　stable

against　heat　and　light　（Forsskahl　and　Jason，　1992）．　The　Raman　shifts　of　uneonjugated

a難dc（）rlji　1｛群議e（i　ca罫b（）ky｝9ど。嚢ps　are　inもhe　raRge　fr（）獄1735　c嚢ギ葦to　165◎c膿一呈，　and　th◎se◎f
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C＝＝C　are　in　the　rakge　frerft　，1650　cm－i　to　1．6eO　era’i’．　The　inteRsity　ehange＄　at　these　bakd＄

are　related　closely　to　color　of　the　papers　（Agarwal　and　Atalla，　1994；　Wu　and　Tanaka，

1997）．　The　strong　signals　at　1126　cm－i　and　1097cm一’　are　a＄signed　to　glycosidic　lird〈ages　of

cellulose，　hei，nicellulose　and　starch　in　the　papers．　The　bands　at　788　cmpmt，　698　cmneE　and

636　cmHi　be｝ong　te　calcium　carbonate　and　clay，　respective｝y．
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Raman　spect，ra　of　a　neutral　paper，　an　acidic　paper　and　a　handsheet

prepared　from　bleached　hardwood　kraft　pulp．

Table　1．　Wavenumber　and　vibrational　assignments　for　the　natural｝y　degraded　wood－free　papers．

Wavenumber　（cm－i） Mode Approximate　decription　of　vibrat’ion　mode

3300
2900
173蚤

1650

1600

1381

1341

｝126

ie97

997
788

698
6E，1　6

ひ（OH）

ひ（CH，）

i」　（c＝e）

ひ（C＝0）

ひ（C＝C）

6　（CH，）

6　（CH，）

ひ（COC）

v　（coc）

free，　bonded

ho｝ocellu｝ese

糠co畷㎎a毛愈d

eonjngated

ligl血，　pape㎜ak㎞g　additives

holocellulose

holocellulose，　starch

α一，β一91yc◎S匪《滋C血kages

B－glycesidic　images

alum
calcium　carbonate

calcium　carbonat，e

clay
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Bands　related　to　color　of　the　papers

　　　The　permaRence．　ef　paper　refers　te　the　reteRtioR　of　significaRt　usage　preperties，

particularly　color　and　folding　endurartce，　over　prolonged　periods．　So　the　attention　in　this

study　wa／g　paid　oR　the　relations　between　Rarrian　inteRsities　atthe　characteri　stic　baRds　and

the　two　paper　properties．　lt　is　general｝y　accepted　that　uncoRjugated　arid　eeajugated

carbonyl　groups　in　paper　constituents　are　one　of　main　reasons　for　discoloration　of　woody

maもeria玉s（Agarwa三a簑d　Atalla，1994；W慧and　Ta汽aka，1994，1997）．　Bミ篤1ig橿R魚the

wood－free　papers　wa＄　a　minor　component　（Wu　and　Tanaka，　1997；　1998），　and　the　Raman

spectra　of　the　papers　deraonstrated　that　the　chaRges　in　the　raRge　from　1735cmr’・i　to

165◎cr縦騨｝were　sma簸．　These　res嘘s　i拠straもeもhatもhe　u益conjugated　a照。◎Rjugated

groups　were　not　main　groups　responsible　for　discoloration　of　the　papers．

　　　It　caR　be　seeR　from　the　Rarean　spectra　of　the　papers　that　the　difference　iR　the

㎞tensities　at　1600　cm㎜ユis　sig面cant．　The　ban幡sig㎜ent漁Table　l　show　that　rosin

aRd　papermaking　additives　such　as　polyacrylamides　in　the　papers　contribute　to　this　bEmd．

Therefere，　the　papermakiRg　additives　inay　be　considered　to　be　respgmsib｝e　for　discel－

oration　of　the　papers．

　　　The　ce｝er　of　saiRples　frora　the　boeks　stored　for　1　to　32　years　was　iRvestigated　iri　terms

of　brightness，　L＊　（lightness），　a“　（red，　green，　or　gray），　and　b＊　（yellow，　blue，　or　gray）

values．　The　aRaiytical　resnits　showed　that　the　chariges　in　L＊　and　a＊　values　of　the　papers

were　smal｝　during　the　storage，　but　｝arge　losses　in　the　brightResses　and　significant

increases　in　the　b＊　values　of　the　papers　were　observed．　The　statistics　demonstrate　a

sm認er樋gh雛ess（Fi暮，2）aRd　a　laぞ墓er　b＊va1慧e（Fi93）c◎r戯aもed　with畿圭arger　inteRsity

ratio　of　I　i　6eo／12geo．　These　facts　revealed　that　the　paperrrtakirtg　ad（litives　contributing　to　the

band　at　1600　cm’i　would　result　in　｝arge　discoloration　of　the　papers　during　the　storage，

This　is　in　good　agreement　with　the　results　deterrmed　by　Py－GC　（Wu　and　Tanaka，　1998）．
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Our　recent　study　i皿ustrated　that　rosin　and　other　papermakir喀additives　greatly　influenced

the　color　of　wood－free　papers　（Wu　and　Tanaka，　1997）．

Changes　in　9叢ycosi｛近。㎞kages　of　tke　papers　d曲g　sto鋭age

　　　As　show鼓㎞Fig．4，撫e　inもensities　at　19◎7　cm畦ofもhe　ac油。　papers　decreased

gra（iua簸y　with　increasixg　8も◎rage　years．　S㎞ceもhe血もe嚢s叢t三es　re澱ect　the　polymerizati◎n

degrees（）f　cellulose（）n　paper　su血ces（Agarwal　and　A捻，lla，1994），　the　decrease㎞もhe

Ram．a戯撫もe簑s嶽es就19◎7　c搬　茎温ustraもesもh就もhe　cleavage（）fβ一91yc◎sidic㎞獣ages◎n　the
　へ

paper　su欝£aces　pr◎cee（ied　gradua難y　dur短g　the　sも◎ra菖e．　1貧the　previ◎us　paper（Wu　an（董

Tanaka，1998），　we　reported　thaもthe　folding　en（加mnces◎f　the　papers　declined　with

㎞creasj㎞£storage　years．　Thus　the　Raman　spectra　suggests撫at　the　cleavage　ofβ一91y－

cosi（lic　．Linkages　due　to　acidic　hydrolysis　during　the　storage　may　be　a　main　reason　for　the

losses　in　the　rnechanical　property　of　the　acidic　papers．

　　　Sim∬ar　to　Ilog7／12goo，　the　intensity　ratio　of　1，i26／11⑪g7　also　shows　a　decreasing　trend　with

the　increasing　storage　years（Fig．4）．　As　shown㎞Table　1，　the　band　at　1126cm－1　is

assignωto　symmetric　stretching　ofα一andβ一glycosidic　linkages　in　carbohydrates．

Among　the　carbohydrates　of　the　wood－free　papers，　only　hemicellulose　and　starch　contatn

α一glycosidic　l血kages㎞their　molecules．　The　decreases　inthe　intensity　ratio　of　Il126／Ilog7

with　increasing　storage　years　means　that　both　ofα一andβ一glycosidic　linkages　were

hydrolyzed慕radua丑y　due　to　acid，　and　the　cleavage　of　α一舘1ycosidc　linkages　proceeded

faster　thaR　thaもofβ一91ycosidic　hr耀くages　during　the　storage．　L｛mer　and　Usuda　suggested

th就the　hydrdysis　of　hemlcellu王◎se　in　paper　is　a　mor¢imp（）rtant　fact◎r　than　that　of

ce玉沁1◎se　for　the　deもeri◎ration◎f　paper．　The　RamaR　sp《｝ctra◎f　the　papers　here

de搬◎ast麟¢thaも撫e　decreases血a－glycosidc　lmkages◎f　h¢m．蒙ce11蜘se　and　starch　were
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related　deeply　to　folding　endurances　of　the　papers．

　　　　It　is　worthy　te　note　that　both　i，／n，tensity　ratios　of　Iiog7／1Leoo　and　Iii26／1iog7　in　the　RamaR

spectra　of　neut．ral－alkaline　papers　decreased　with　the　．i，ncreasing　storage　years　（Fig．　5）．

Based　en　the　statistics　between　the　folding　eRduranees　and　the　iRteRsity　rabos　as　shown

in　Figs．　4　and　5，　．it　is　obvious　that　the　cleavages　of　a一　and　STg｝ycosidie　linkages　iR　the

neutral－alkaline　papers　were　as　fast　a＄　in　the　acidic　pal：）ers　during　the　storage．　ln　our

knowledge，　if　a　paper　is　neutral　or　alkaline，　it　will　have　good　permanenee．　But　the

a嚢alysis　res畷ts押脚e　Ra澱an　sp¢ct欝a　s誠99estもhat　chemic絃1～｝dditives㎞Reutra｝一a難くa㎞e

papers　may　also　cause　serious　deterioration　of　the　papers．

　　　　Besides　the　bai｝ds　described　above，　the　baRd　at　1080　erarmi　3ssigRed　to　oxycellulose，

arld　bands　atユ300　and　900　cm－1　relate　to　crysta1㎞ity　of　ceUu1⑪se　were　reported　to　affect

the　fiber　strexgt’h　（Edward　e＃　ai，．，　1996）．　But　there　was　Ro　elear　relatiomsh．ip　betweeR

these　bands　and　the　folding　endurance　of　the　papers．
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