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GUIDE TO THE READER 

Thi s repor t is presented in two 

separ ate parts. 

Part l deal s with the invest i ga­
tions carried out by the Author . 

In Par t 2 a r eview of the l iter a­
tu:ce concer ning the deter i orati on 
of paper i s gi ven. An Appendi x 

coveri ng the terminology used in 

Parts 1 and 2 of the r epor t i s 

incl uded at the end of Part 2. 
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PART 1 

THE CHEMISTRY OF 

PAPER DETERIORATION 



SYNOPSIS 

Th e r e l ationshi ps -;, etween a numbe:c of aging factor s and 

physical and chemi cal indicator s of deter ior ation of paper 

and the fundamental mechanism of paper deteri or ation ,,,,ere 

invest i gated . 

It ·was found t hat 

( i ) chemica_ parameter s of aging , mor e s pecifically 

average degree of pol ymer ization and solu~:)ility i n 

1 pe:c cent hot alk ali were the most sensitive i ndica­

to:cs of aging; 

( ii ) amongst the st:cength prope:cties i nter nal tearing­

and foldi ng str ength ~rere the most sensiti ve ind~­

cators of agi ng; 

(iii ) i ncr eases i n agi ng temperatur e i ntr oduced the gr eatest 

changes in strength, and in chernica:i. pr oper ties such 

as aver age deg:. ee of polymeri zation, a .kaline solubi­

lity and copper number; 

( i v) decreases i n str ength appeared to correlate posi tivel y 

wi th acid content of the paper, but chemical par ameters 

indi cated that the least deteriorati on takes place at 

the neutr a l poi nt ; 

(v) t h e pape:c sampl es d i d not ab sor'i::· sul phur dioxide and 

did not deterio:::ate as a r esult of the presence of 

sulphur dioxide i n the agi ng atmosphere, and 

{vi ) hydr olysis of the polysaccharides was the onl y 

mechanism of papeJ: dete:,:iorati on under the conditi ons 

of this wo:ck . 
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SINOPSIS 

Die verwantskappe tussen 1 n aantal verouderingsfaktore en 

fisiese en chtamiese i ndikatore van papierbederf en die 

fundamentele meganisme van papierbederf is onder soek. 

Dit is gevind dat: 

(i} chemi ese parameter s van verouder i ng, meer spesifiek 

die gemi ddelde graad van polimerisasie en die oplos­

baarhe:i.d in een per sent warm alkali die sensitiefste 

indikatore van veroudering was; 

(ii ) interne skeursterkte en vousterkte die sensitiefste 

indikatore van ver oudering onder die sterkte eienskappe 

was; 

(iii) toenames in verouder ingstemperatuur die grootste 

veranderinge in sterkte en in chemiese eienskappe 

soos gemiddelde gr aad van polimerisasie, alkal i 

opl osb aarheid en kopergetaJ. teweeggebring het; 

(iv) verlagi ng van sterkte oenskynlik positief gekorreleer 

i s met die suurinhoud van die papier maar chemiese 

parameters het aangedui dat die minste bederf intree 

by die neutr ale punt; 

(v) die papiermonsters nie swaweldioksied geabsorbeer 

het en nie bederf het as gevolg van die teenwoordig­

heid van swaweldioksied i n die verouderingsatmosfeer 

nie, en 

(vi) hidrolise van die pol i sakkariede die enigste meganisme 

van papierbederf was onder die toestande van hierdie 

ondersoek. 
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1. INTRODUCTION 
The impermanence of paper was recognized more than 

half a century ago. It has become of increasing impor­

tance to a r chivists, librarians and scientists and a 

quanti tative understanding of the causes and mechanism 

of deterior ati on of paper has become imperative. 

A study of J.iterature (see Part 2) indicated qualita­

tively which factors a-re responsible for deter:Lor.ation 

of paper but possi ble interactions between these 

factors have been over l ooked. Consequently very little 

exact knowledge exists on paper deteri oration. 

The changes in paper resulting from natural aging 

may only become measur able after a few decades and 

ther efor e r esource must be made to accelerated aging 

intended to introduce measurable physical and chemical 

changes in paper in a relativel y short period. Ideally 

these changes should be identical with those occurring 

during natur al aging. It will require many years to 

quantitatively corr elate natural wi th artificial aging. 

In the meantime predicti ons of paper permanence based 

on accel erated agi ng tests will be inaccurate and can 

serve only as a very r ough guide. The correlation of 

artificial with naturaJ. aging is complicated by the 

fact that the latter can vary consi derably depending on 

prevailing conditions. 

The ultimate aim of this work i s to determi ne 

quant i tatively the contribution of a number of aging 

factors to deterioration of paper. This information is 

essential i n order to be a:.)le to manufacture more 

permanent paper in future and also to lay down criteria 
for the preservation of documents in stor age. This is 
a vast task whi ch could onl y be simplified by means of 
a foundation experiment. 
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2. 

a. 

This report covers the foundation experiment of 

which the object was to: 

(i) indicate the most sensi t ive parameters of agingr 

(ii ) establi sh relationships b etween a number of 

factors contribut i ng to the deter i orat i on of 

paper on the one hand and the degree of deter­

ioration as i ndicated by physical and chemical 

changes on the other hand , so that unnecessary 

experimentation i n the continuati on of the work 

will be obviated; 

{iii) e l uci date the fundamental mechanism of paper 

deterioration , and 

(iv) examine the possibility of extr apolation of 

the r esul ts obtained to condi tions whi ch would 

appr oach those to which paper is exposed during 

natur a l aging. 

EXPERIMENTAJ..J PROCEDURE 

Ag i ng factors 

The study was desi gned to establish the i nf ).uence on 
paper deterioration of eig~t factors namely: 

(i) temperature (T), 

(ii) relati ve humidity (RH), 

(iii ) 

{iv ) 

oxygen content of the aging atmosphere (0
2
), 

sulphur di oxide content of the aging atmospher e 
{so

2
) , 

{v) aging period (P), 

(vi) aci d content of the paper (A), 

{vii ) rozin sizing content of the paper {R), and 

(viii ) lignin content of the paper (L}. 

The above mentioned eight factor s wer e vari ed one 

at a time i n five steps whi l e the other seven fact ors 

were kept constant. The experimental plan i ndicating 
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the variation of aging factors is given in Table 1 ·:: . 

b. Test material 

c. 

* 

The raw materi al for prepar ation of test sheets consisted 

of commercially produced pine sulphate pulp beaten 

to a wetness of 20° Schopper -Riegler. Test sheets at 

a basis we.i.ght of 60 g/m2 wer e prepared accordi ng to the 

requirements of the plan given i n Table 1. The sample 

for each experi ment consisted of 25 sheets, randomly 

selected from a common batch made beforehand. 

The strength of the test sheets varies because of 

differences i n their chemi cal composition wi th the 

result that their st:i:-ength values after aging are not 

directly comparabl e with each other. Compari son, 

therefore, has to be based on the percentage change in 

properties. In order to be able to det~rmine the per­

centage change it was necessary to determine the pr o­

perties of aged samples as weJ.l as unaged r eference 

sampJes . Enough sheets wer e therefore prepar ed so that 

reference samples each consi sting of 25 sheets were 

available for experiments 1 and 22 to 33 (see Table 1) . 

The aci d content of the sheets was adjusted to 

the desired levels by the use of either alumi nium 

sulphate or calcium carbonate. Various chemical compo­

siti ons of the pulp were obta i ned by bleaching with 

calci um hypochlorite and chlorine dioxide to di fferent 

l evels of l i gnin content and by extracti on of one of the 

bleached pulps to a high a l pha cellulose content wi th 

17.5 per cent sodium hydr oxide. 

Aging and testing 

The samples were aged accor d i ng to the plan gi ven i n Table 
** l using a cabinet .in whi ch temper ature and RH can 

Tables are at the end of this report. 

Manufactur ed by Vot sch Ltd. , 1rJ. Germany. 
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be vari ed as required . 

Fr om Table J. it wil l be not i ced that the samples 

for groups 1 to 5 wer e chemi cally i dentical, i . e. 

they contai ned: 

{i ) 10 m.eq. acid/l OOOg , 

{ii ) 

( iii) 

no s i z i ng, and 

3.5 per cent l igni n . 

These samples wer e aged under d i fferent conditions -

the temper atur e , RH , oxygen and sulphur d i oxi de 

contents of t h e aging atmosphere and the per iod of 

agi ng b e i ng var i ed. 

The sampl es for groups 6 to 8 wer e pr epared wi th 

d i ffer ent aci d, s i ze and l i gn i n contents , but they 

wer e aged under ident i cal condi t i ons of temper atur e 

(so0 c), 1UI (25 per cent) , oxygen c ontent (20 per cent) 

and s u l phur dioxi de content (nil ) of the agi n g atmos­

pher e, a ll for a period of 10 days. 

Two f urther s ampl es (pr epar ed accor d i ng to the 

r equirement s o f g r oup 1 {see Tab le 1) were severely 

aged b y e xposi ng them to 1 00°c for 30 days, in the 

one case at zer o per cent :lli and in the ot h e r at 55 

per cent RH. 

Various l evel s of oxygen content of t h e agi ng 

atmosphere we r e ob tai ned b y appropriate mani pulation 

o f a steady s t r eam of e i ther oxygen or n i t r ogen ent e ring 

t he agi ng cabinet. Th e per centage oxygen pr esent i n 

the atmosph e r e was deter mi ned b y ab sor pt i on of the 

oxygen i n a lka line pyr ogallol sol uti on i n an Orsat 

apparatu s. Aging o f t h e pape r sampl es in a s ulphur ous 

atmospher e was conduct e d i n a 1 50 litre seal ed pol y­

thene contai ner i nside t h e cabinet . Sulphur d i oxi de 

was bled i nto thi s contai ner f r om the outsi de of the 
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cabinet while the air in the cabinet at the desired 

temperature and RH was pumped into the container at a 

rate of 20 litres per minute. The sulphurous atmosphere 

from this container was vented to the atmosphere. 

The suJ.phur dioxide content of the aging atmosphere 

was determined by titration of the sulphuric acid 
resulting from absorpti on in hydrogen peroxide of the 

sulphur dioxide pr esent i n a known volume of air. 

I 

In order to avoid the effect of hysteresis , the 

aged paper samples were desiccated over silica gel at 

room temperature befor e conditioning at so±2 per cent 

RH and 23±1°c. The samples were then tested for the 

following strength properties: 
( i ) Tear i ng strength - 9 r eplicates, APPITA method 

P400m-62; 

(ii) Fol ding str ength - 30 replicates, TAPJ;>I method 

T423m-50; 

(iii ) Bursting strength - 12 r eplicates, TAPPI method 

T403m-53; 

(iv) Tensile strength - 12 replicates, TAPPI method 

T404m-49; 

(v) Edge tearing str ength - 12 replicates, 

Bekk 's method; 

(vi) Zer o-span tensi le strength - 12 r eplicates, 

T.APPI method T23J.srn-60. 

In addit i on to the above, the following chemical 

determinations were carr ied out on selected aged samples 

and corresponding reference samples: 

(i) Average and fractionat ed degree of pol ymerizati on 
(DP ) of the cel luJ.ose, Jayme's methoa561 57 -'· and 

TAPPI method T23 8su-63 respectively; 

(ii) Copper nuiRo e r , Haggl und method; 

n.eferences i n a J.phabetical or der at the end of this 

repoX't 
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(iii} Solubility in one per cent hot caustic soda, 

i.e. hot alkaline solubility, TAPPI method 

T212m-54; 

(iv) 

(v) 

(vi) 

(vii) 

pH; TAPPI method 

Carbonyl groups, 

Carb oxyl groups, 

T435m-52, cold extracti on; 

sodium borohydri de reduction31
u 

TAPPI method T237su-63: 

Water soluble sugars, paper ch:r omatography; 

(viii) Infrared absorption spectra. 

3. RESULTS 

The average strength values of identical samples aged 

under various ambient conditions (see Tab le 1, groups 

l to 5) are listed in Table 2, while those of samples 

which differed in chemical composition but were aged 

under identical ambient conditions (see Table 1, 

groups 6 to 8) are listed in Table 3 which also contai ns 

the strength values of the corresponding unaged 

reference samples. 

The results of the chemical determinations on 

samples of groups 1 to 5 (see Table 1) are l isted i n 

Table 4 while those of samples of groups 6 to 8 (see 

Table 1) and the corresponding unaged reference samples, 

are listed in Tab le 5. 

Strength properties and chemical anal yses of the 

samples aged at 100°c are listed in Table 6 together 

with those of an unaged reference sample and 

aged at 9o0 c and 25 per cent RH for 10 days. 

contains fractionated DP values of an unaged 
0 the two samples aged at 100 C. 

4. ANALYSIS OF RESULTS 

a sample 

Table 7 

and of 

The resul ts obtained wer e subjected to regr ession 

analysis and linear relationships between each streng~h 

property and the various aging factors were estab l i sh~~ 
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The straight line rel ationships, given as equations 

of the type y =a+ bx where y is the dependent variah le 

(strength) and x the independent variable (agi ng 

factor) for identical samples aged under vaLious ambi ent 

conditions (see Table 1, groups 1 to 5) are l i sted in 

Table 8. The correl at i on coeffi cients, r, of the 

equations listed in Tab le 8, and the signi f i cance 

level, L, at which these relationships show signifi cant 

correlation are l isted i n Table 9 . 

Since the initial strength values of the samples 

for groups 6 to 8 {see Tables 1 and 3) were different 

as a result of the differences in chemical composi tion, 

rel ationships could not be established directly. The 

strength values listed in Table 3 were ther efor e 

expressed as per centages of the unaged strength (see 

Tab le 10) and from these the percentage reduct i on i n 

strength as a result of aging was calculated. Relation­

ships between the per centag-e reduction in strength 

and aging factors wer e then established. These l i near 

relati onships are listed i n Table 11 . 

The correlati on coefficients, r, of the equat i ons 

listed in Table :i.l and the signi f i cance level , L , at 

which these r elationships show s i gni ficant cor rel at i on 

are listed in Tabl e 12. 

5. DISCUSS ION OF RESULTS 

a. Paper strength 

(1) Correl ation between paper strength and aging factor s 

(a) Aging temperature 

As can b e seen from Table 9 the influence of 

temperature on tearing-, folding- and zer o-span 

tensile strength was significant at the 0.01 

prob ab ility level while that on edge tearing 
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strength was significant at the 0.05 level. 

Its influence on bursting strength was significant 

only at the 0.10 level , while breaking length 

was not significantly influenced at the 0.10 level. 

The correlation coefficients for the relation­

ships between aging temperature ( i n the range 50 

to 9o0 c) and all the pr operti es examined were 

negative indicating that an incr ease i n agi ng 

temperatur e results in a decrease in strength. 

The linear regressions between aging temper a­

ture and tearing-, zero-span-, tensile- and folding 

strength are illustrated in Fi gures 1 , 2 and 3 for 

the range 50 to 9o0 c. The values plotted i n these 

three figures each represent the average of the 

number of replicate determinations indicated in 

section 2.b. 

Although these relationships are valid for the 

range of 50 to 9o0 c, i t is of importance to know 

the influence of temperature at lower levels. 

Aging at natural temperatur es would require many 

years to fur nish an answer to this question. The 

alter native is therefore to extr apol ate the values 

obtained to natur al temper atur e level s. 

Ex~ni nation of Figures 1 to 3 i ndicates 

that extrapol ation of the linear regressions to 

l ower temperatures gi ves the impr ession that t he 

original paper strength (indicated by t h e reference 

val ue in these f i gur es) can be exceeded, whi ch is 

of course impossib le. Examination of the vaJ.ues 

plotted in Figures 1 and 3 which show the r elati on­

ships between aging temperature and tearing strength 

and fo l ding strength respectively, indi cate that 

these values wi ll b e better fitted by a curve. 
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According to the theory of reaction rates the 

influence of temper atur e on a l a r ge numb er of 

chemical reactions i s described by an exponenti al 

function , such t h at the plot of log k, the reaction 

constant , against 1/T (wher e Tis the ab sol ute 

temperatur e) i s a straight line46 , and fur t h e r, 

that plotting of k against 1/T on a linear scale 

would indi cate t h at a certain mi nimum value of k 

would be approached assymptotically as the reaction 

temperature decreases. It is therefore r easonab le 

to assume that the amount of agi ng that would take 

place in paper at o0 c (273 degrees on the absolute 

scale) would ::>e negligibly small. In other words, 

when aged at thi s temperatur e, the paper woul d 

r etain i ts orig i nal strength, namely that of the 

r eference sa.~pl e. 

Assuming that the strength decreases wer e 

caused by some type of chemical r eact i on (as wil l 

b e seen l ater ), i.t was consi der ed permissib l e 

f i t exponential functions of the types 
'bx 

y = ae 

b y = a x 

y = abx 

(1) 

(2) 

(3) 

to 

to the experimental ob ser vations and the assumed 

1 o . h . va ues at O C, expr essing t e temperature i n 

degr ees Kelvin (°K) instead of 0 c, i n o r der to 

avoid dealing with l ogo. 

The ab ove funct:i.ons, when rewritten in log 

form, b eco1ne J.~tnear and are respectively as fol l ows : 

log y = log a + bx log e -------- (4) 

log y = l og a + b log X --------- ( 5) 

l og y = log a + X log b --------- ( 6 ) 

The corresponding l inear regressions of tear i ng 

str ength on agi ng temper ature based on equati ons 
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4, 5 and 6 were respectively 

log y = 2.859 - 0.0056x -------- (7) 

with r = -0.76; 

log y = 6.29 3 - 1.680 log X (8) 

with r = -0 . 73, and 

log y = 2. 8 56 - 0.0024x -------- (9) 

with r = -0.76 

Reverted to the original form, equations 

7, 8 and 9 respectively b ecome 

y = 722 _8e-O.Ol29x ------------- (10) 

y = 19 6.3 X 10 4x 1.680 (11) ---------
and y = (717.8) ( l. 006x) ------------ (12) 

Fi tt i ng the th:cee functions in equations 4, 

5 and 6 to t h e ob servat i ons for zer o-span tensile 

strength, the folJ.owing r egressi ons were respectively 

obtained : 

log y = 1 .502 - 0.004x --------- (13) 

wi th r = -0. 86; 

log y = 4.146 - 1. 270 log X (14) 

with r = -0. 89, and 

log y = 1.500 - 0.0017x -------- (15) 

wi th r = -0. 86. 

Si milarly, for fold i ng str ength . . 
logy = 4.534 - O.Ol4x --------- (16) 

with r = -0.73; 

l og y = 13.07 - 4.176 log X (17) 

with r = -0. 71, and 

logy= 4.535 - 0.006x --------- (13) 

with r = -0.72. 

The correlati on coefficients for the t r ans­

for med exponent i al funct ions a r e s i gnificant at 

the 0.05 level i f the assumed value at o0 c i s 



classed as an observation. The hypothesis that 

the influence of temperature on the agi ng of paper 

over a wider range than that investigated can be 

describ ed by an exponential function is therefore 

supported. 

It must be r ealized , however, that although 

the above is true for many chemical reactions the 

hypothesi s is stil l based on an assumption as far 

as paper is concerned and the suggested exponential 

relationships cannot be pr oved for years to come. 

However, it is suggested that the above mentioned 

funct i ons can be used in t h e meantime to predict 

the aging behaviour of paper at low temperature. 

(b ) Per centage relative humidity 

The i nfl uence of per centage r elative humidi ty 

{RH ) of the aging atmospher e on the agi ng of paper 

was insignificant at the 0.10 l evel under the 

conditions of thi s wor k except for edge tearing 

str ength whi ch showed a s i gnificant decrease a t 

the 0.10 level on increasing the RH. 

It i s suggested that the influence of RH 

under condi tions which would result i n greater 

changes, e.g. at higher agi ng temperatur es , would 

b e mor e signi ficant. 

(c) Oxygen content of the agi ng atmosphere 

The influence of oxygen content of the aging 

atmospher e (b etween 1 and 92 per cent) was found 

to b e i nsi gnificant at the 0.10 level under the 

conditions appl ied i n thi s work. 

(d) Sulphur diox.:i.de content of the agi ng atmosphere 

The pr esence of sulphur d i oxide b etween n i l and 

315 mg/m3 in the aging atmosphere had an i nsigni -
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ficant influence at ·the 0.10 level on all the 

strength propert i es tested. It is likely that 

increased aging periods and .~H• s may :i.ncrease the 

influence of sulphur d i oxide . 

(e) Period of agi ng 

The i nfluence of period of agi ng up to 10 days 

under the conditions of this work was s i gnifi cant 

at the 0.01 level i n the case of tearing and at 

the 0.10 level for zer o-span tensile strength. 

The influence on the other str ength properties 

was insignificant at the 0.10 level. It appears 

ther efor e that most of the str ength proper t i es 

exami ned were rather i nsensiti ve to the aging 

conditi ons applied in this work. 

(2) Correlation b etween chemica l characterist i cs of paper 

anp str ength reduction upon agi ng 

(a) Acid content of paper 

The influence of ac i d content of t h e paper sampl es 

on the percentage decrease i n str ength was found 

to b e pos itive and s ignificant at the 0 .01 l evel 

f o:r. bursti ng and folding strength (see Ta l e 12). 

It was s ignificant on tearing str ength at the 0.10 

l evel and insignificant at the same level on the 

other propert i es tested. 

The l i near r egressions of t he pe:-ccentage 

r educt.ion in bur sti ng and fo l ding strength on aci d 

content (si gnificant at the 0.01 level) are shown 

in Figure 4. 

Figure 4 suggests that sheets having a negative 

ac.id content , actually i ncreased i n bursting and 

fo.lding str ength after aging. Both these pr operties 
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are pr.:bnarily dependent on i nterf1bre hydr ogen 

bonding for their development. However, the same 

phenomenon was shown by tearing strength (signi­

f icant at the 0. 10 level ) which is negatively 

influenced b y i ncreased f ibre b onding and is more 

dependent on fi0re str ength, which in tu::::-n i s 

related to i ntr a-fibre bonding. It would therefore 

appear t hat i nter - and intra-fibre hydrogen b onds 

were e i ther str engthened o r increased in number 

b y the aging treatment applied . This anomaly has 

not yet been reported and will have to be r econ­

s idered after further experimentation. 

Hever theless, it appears safe to conclude 

that t h e aging r ate of paper judged f r om str ength 

val ues, i s posit i vely i nfluenced by i ncreasi ng 

acid content which i s i n accor dance wi th f i ndings 

r epor ted i n literature. 

(b) Sizing content of paper 

From Tat l e J.2 i t appear s that the influence of 

sizing content on folding str ength was signifi cant 

at the 0 .05 level and significant at the 0.10 

level for 'breaking length. The i nfluence o f s i z i ng 

content on all the other strength p r operties 

investigated was i nsi gnifi cant at the 0.10 level. 

Sizing content correl ated negatively wi th the 

per centage decr ease i.n fo l ding str ength and 

b r eaking length on aging (see Table 12). 

In r epor ts i n l ite r ature "acid and r ozin 

s i z i ng" have a l ways b een grouped together as one 

facto:c cont.ri'tmt i ng towards deter ioration of 

paper p r ob ably b ecause r ozin sizi ng has up to now 

b een used i n conjuncti on wi th alumi n i um sulphate. 

1 oz.in s izing i s dependent on the avai lability of 
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alumini um ions for its bonding to the fibres and 

consequentl y i t has never previously been attempted 

to determine the indivi dual contrib ution of these 

two factors to the deter iorati on of paper. It is 

therefor e also not a for egone conclusion that 

r ozi n sizi ng does contribute towards paper deterio­

ration. The present work indicates that the 

opposi te may be t r ue. 

(c) Purity of the fibres 

In this part of the investigation the purity of 

t h e fib res was expr essed i ndirectly by means of 

t h e per centage r esidual l i gnin. The l i gnin content 

had a s i gni f i cant influence at t h e 0.05 level on 

the decrease s :Ln tear::_ng strength and brea~'". ing 

length while its influence on the other st~:-ength 

properties tested was i nsi gni f i cant at the 0 . 10 

leveJ_. The cor e- e l at i ons b etween l i gnin content 

and the decr eases i n the above mentioned two 

p r opert i es wer e posit i ve. 

b . Chemi cal changes 

(1) Chern; cal structur e o f paper components 

Ag i ng of paper mani fes t s itsel f b y decr eases i n i ts 

physi cal str ength . However, decr eases in paper s trength 

are only conveni ent par ameter s of agi ng and expl a i n 

little a' out i ts ·b asi c causes. Ch anges i n paper str ength 

upon agi n g a r e ther efor e secondary to cer tai n b asi c 

chemi cal and str uctural ch anges i n t h e cel lul ose and 

hemi cel lul ose of whi ch paper mai nly consists. 

I n or der t h at t h ese ch anges may b e understood , 

it :i.s necessary to g i ve a sh o r t chemical b ack ground of 

the structur e o f cellu J. ose and hemicellulose. 

Cell u l ose i n wood i s associ ated wi th a var iety of 
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differ ent substances su ch as non-cel l ulosic carbohy­

dr ates (e.g. hemicel)_ulose) and non-carbohydrates such 

as lignin. mineral matter and r.esins. For the manu­

facture of fine paper gr ades the cel lulose is separated 

from the othe~ wood components by pulping and b leaching 

operations. The ultimate product is ob tained in the 
~'( 

form of fibres which consist mainly of cellulose but 

a lso contain some non-cellulosi c polysaccharides. 

Cel lulose i s a linea:r: pol ysaccharide of a suffi c i ently 

h igh DP to 1:>e .insol uble in water m-: dilute alkal i and 

acids at r oom temperatu. ·e. It contains only anhydro­

glucose units Jinked ·cogethe:i: wi_th 1, 4-beta-glucosidic 

bonds and possesses a wel l -ordered structure30 •93 as 
34. 

illustr ated in Figur e 5 showi ng the linkage between 

anhyd . og].ucose uni ts. The molecular chain length or 

DP of the cellul ose i s the number of anhydr oglucose 

units in these chai ns. Hm..rever, the chains var y widely 

i n l ength wi thin a g i ven cellulose sample. In general , 

t h e greater the DP of the consti tuent cellulose mole­

cules, the str ange_.:- a r e the f ibres and the pul p34• 93 • 

For general purposes the average chain length is deter­

mined but because of the pol ymolecular natur e of 

cellul ose, information on the chain length distribution 

can b e useful. The aver age DP of commerci al pulp is as 

low as 600 to 1500 prob ably as a r esult of degradati on 

dur i ng pul p i ng but the DP of undeg~caded cotton cel lul ose 

can b e as h i gh as 6000 to 800034• Val ues of 140 to 200 

are r eported for beta cel lul ose and 10 to 140 for gamma 
34 , 

cel lulose • 

------------------- ---------·-·-·----- - - - ·----- ·-·--

In gener a :i_ , p :i.ne pul p fib r es (also u sed i n this i nvest i­

gation) a:i:-e app,:·oxirnateJ.y 3 mm l ong and 40 Jnicron wi de 

while the cell wa l ls ar e r oughly 3 micron thick whereas 
0 

the cellul ose molecu:Les themselves are 500 to 1000 A 

l ong34• Their width i s c onsidered to b e about 9 Rand 
0 

t h e thickness 4.7 A. 
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Hemicellulosez whi ch are the principal non­

cellulosi c pol ysaccharides pr esent in wood are soluble 

in dilute aqueous alk ali and ar e hydrol yzed by warm 

dilute aci ds i nto s imple pentose and hexose sugars. 

The aver age DP o f t he hem:i_cel lulose is about 15534 wi th 

a molecular wei ght of about 20 , 000. 

Th e chemi cal structu:r.e of the hernicel luloses haD 

not been final l y eluci dated. vlher eas cellulose yields 

only glucose upon hydr olysis , hemi celluloses hydrol yze 

to a variety of saccharide uni ts such as glucose, mannose, 

galactose, xylose, a r abinose and glucuronic aci d and its 

methylated derivatives34• (See Figur e 5). Hemicelluloses 

in hardwoods consist mainly of xylose uni ts wher eas 

i n softwood hemi cellulose , mannose i s the most j_mpo:r. tant 

monomer. 

(2) Changes in aver age DP as an indicator of paper deterio­

r ati on 

(a) Gener al 

As outlined above cel l u l ose molecules consi st of 

linear chai ns of anhydr og]_ucose uni ts and the 

mol ecular s i ze may h e expressed as the number of 

these uni t s i n the ch a in, nrunely the DP . 

Meth ods f or dete:!.."rni n i ng molecul a: · wei ghts of 
. ·a . h . 3 1 cel lul ose can b e d1v .1. ed i nto t ·ree ma1n groups , 

namel y: 

( i ) methods 11ased on hyd odynami c analyses 

e.g. v i scosity , sedimentation velocity and 

diffusi on; 

(i i ) methods base<.l on thermodynamic analyses 

e.g. osmot i c pressure, equilibrium ultr a­

centr.ifugi ng and light scattering, and 

(ii i) ot l e:. measur ements such as analysi s of end 

groups . 
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Viscosity measurement found the widest applica­

t i on and was also used .i.n this investigation 
. 56 57 employ1_ng cadoxen • , a soluti on of cadmi um oxide 

in ethylene d i amine, as sol vent for the cellulose. 

The .intri nsi c viscosity of a solution of a 

polymer has been r elated to the size of the solute 

mol ecul e 'but it is not yet feas ible to determine 

mol ecular wei ght di rectly f r om viscosity measur e-
3·1 

ments ·-. It i s determi ned by an indirect method 

based on the Staudi nger equation31 whi ch r elates 

intrinsic viscosi ty to molecul ar weight as follows: 

[nJ = KmM --------------------- (19) 
where [n] i s the i ntr insic viscosity, 

Km .i s a constant dependi ng on the nature of the 

pol ymer and the sol vent and i s determined by an 

i ndependent meth od such as osmotic pressure , 

light scattering or sedi mentat i on in the ultr a­

centrifuge, and 

M is t h e molecul ar wei ght. 

Equation (19) may b e expr essed in terms of DP 

as fo l lows : 

[nJ = Kap· DP or DP = K[n] --------- (20) 

wher e K = 1/ K = 75 dp 

and t h e int r i nsi c v i scosity 

[ n] = (~16. 
Cl\ 

+\11) sp 

N sp' the speci f i c v i scosi ty is given b y 

(N - No)/No= nr - 1 

wher e nr i s the v i scosi ty of the sol ution r elative 

to t h a t of t h e s olvent. C is t he concentration 

measur ed i n g per 100 ml of soluti on and k i s a 

constant whi ch i s 0.35 i n the case of cellul ose 

nitrate31 and 0. 1 5 in t he case of cellulose56 • 57 • 
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I I 

(b ) Discussion 

As indicated previously, the average DP is an 
i ndicator of the number of anhydroglucose units 

in the cel l u l ose mol ecule. In addition, it was 

a l so indicated that generally fibre and paper 

strength increases with increasing DP . This is 

further i l lustrated in Figure 6 which shows the 

linear relationship between tearing strength and 

average DP, for the conditions of this work. 

Likewise the DP correlated well with other strength 

properties e.g. 

(i} Burst factor= 28.89 + 0.0075x ------- (21) 

r = o. 95; 

(ii ) Fol ding strength= -246 + 0.75x ------ (22) 

r = 0.93 ; 

( i ii) Edge tear ing strength= 4.9 + 0.0009x (23) 

r. = 0.93 , and 

( i v) Zero-span tensile strength= 3.98+0.006x (24) 

r = 0 .9 5 

where x = DP 

The correlation coeffi c i ents, r, for the 

rel ationships b etwee n DP on the one hand and 

tearing str ength, burst factor, fo l ding- , edge 

teari ng- and zero-span tensile strength on the 

other hand , were a l l significant at the 0.01 

l evel . 

As shown in F i gur e 7, DP correlates linear ly 

and negat i vely with aging temperatur e wi thi n the 

range 50 to 9o0 c, the cor relation coeffi cient, r, 

for thi s r elat i onshi p b eing s i gnificant at the 

O.Ol l evel. 

For reasons d i scussed previously , the trans­

formed e ponential functions {equati ons 4 , 5 and 6) 
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were fitted to the observations, again expressing 

aging temperature as °Kand assuming that no 

aging would occur at 273°K. The following linear 

regression equations were obtained : 

Logy= 4.0028 - 0.0075x --------- (25) 
with r = -0. 88; 

Logy= 8.76 - 2.317 log x ------- (26) 
wi th r = -0.86, and 

Logy= 4.003 - 0.0033x ---------- (27) 
with r = -o. 88. 

The correlation coefficients for these 

relationships were significant at the o.os level, 

thus again suppor ting the validity of these 

exponential functions i n describing the influence 

of temperature over a wide range on paper aging. 

Decreases in DP are caused by hydrolysis but 

can also be caused by severe oxidation. The only 

source of oxidation in the present case was 

atmospheric oxygen and it seems unlikely that this 

could have had any significant effect. Alter­

natively, decreases in DP can be caused by shor.twave 

radiation (photolysis} or microbiological action 

both of which wer e excluded in this work. 

Hydrolysis can take place in acid as well as in 

alkaline medi um93 ; the rate of hydrolys i s increasing 
both with increasing acidity and alkalinity93 

with a mi nimum at the neutral point. Acid hydro­

lysis can pr oceed at appreciable rates even below 

100°c while the r ate of alkaline hydrolysis is 

much lower93 . 

It appears probable that acid hydrolysis was 

the mai n contributor to decreases in DP i n the 

present case; its rate having been increased by 
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the increase in temperature. 

An increase in the percentage relative 

humidity of the aging atmosphere from Oto 75 per 

cent, did not show any ~elationship with DP 

under the condit .i..ons of this expe1:iment (see 

Table 4 ). However, it appeared (Table 4 , Exp. 
no. 9} that aging at 95 pe~ cent !Ul produced a 

sharp decrease in DP as compared to aging at 

lower ::Ui's. It is therefore possible that per­

centage RH of the aging atmosphere could have an 

effect on hydrolysis of the cellulose in paper 

and this part of the investigation will have to 

be extended to include more drastic aging con­

ditions e.g. longer per i ods or higher temper atures. 

Oxygen content of the aging atmosphere 

(between and 92 per cent) had no influence on 

the aging of paper as indicated by the DP. 

(Table 7) • 

Sulphur dioxi de h ad no influence on DP even 

at the h ·.gh concentration of 315 mg/m3 whi ch is 

ab out 10 , 000 time s higher than that pr esent i n 

industrial atmospheres. In actual fact suJ phur 

dioxide was not absorbed at all by the paper as 

shown by its cons tant pH values and by the fact 

that i ts sulphate content did not increase. 

Likewi se no sulph:i.te s were present. 

The period of agi ng was prob ably too short 

to allow absorpt :i.on of measur able quantities of 

su).phu:c diox i de. The absorption of sulphur dioxide 

may also have b e e n retarded by the low relative 

humi d i ty used , namely 25 per cent, and by the high 
0 

temperatur e used, namely 50 C. 
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Although the decreases in DP as a result of 

increasing the agi ng period from l to 10 days were 

smalJ. , the corre l ation coe fficient, r , for thi s 

r.elationship was s i gnificant at the 0.05 level, 

i ndi cat i ng that the DP i s an extremely sensi tive 

measure of deg:-cee of agj_ng of paper (see Figure 8). 

It will b e of i mpor tance to ascertain whether this 

relationship stays line ar fo:i:- longer periods of 

aging . 

The i nfl uence of acid content of the paper 

samples on the percentage reduction of the DP 

r esul t i ng from agi ng .i. s illustr ated i n Figur e 9. 

The percentage r educti on in DP on agi ng decreases 

shar ply with decreas i ng ac i d content unt il a zero 

ac .:i.d content i s r eached whereafter the reduction 

of DP prog~cessively i ncr eases agai n. Although the 

r educt i ons illustr ated i n F:i.gu:i'." e 9 are rel.at:i.vely 

sma l l they conform to the theor y or hydr olysi s 

of ce1Lu l ose93 . 

If thi s f.'.nd.ing i s cor r ect q it casts some 

doubt on report s i n .1.it eratur e that paper }.:,uffer ed 

to a pH of 8 .6 to 9 .0 , e.g. wi th calcium carbonate, 

i s the most s ta::,l e. The buffer i n such paper i s 

claimed to neutral i ze aci ds formed i n the paper by 

catalytic oxidat.:i.on of su l phur dioxide. The same 

pu.:-pose , howeve~c r can be achieved by usi ng 

chelating agents to i nact i vate the metal catal ysts 

normally pr esent i n paper , and thereby pr eventi ng 

oxidat iqn of su l phur d i oxi de and consequently the 

for mation o f su l phuric acid . 

The i nfluence of s i ze content and of lignin 

content of the paper sheets on the r eduction i n 

DP was i ns i gnf f i cant at the 0.10 level. 
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It is evident from the values listed in Table 

5 for experiments 30 to 33 that the purificati on 

treatments resulted in pulps with lower aver age 

DP's compared to that of the unpuJ:ified samples. 

It is gener ally hel i ev~d·
1
·
07 that paper prepared 

from a low DP pulp is more liable to deteriorate 

than paper from h i gh DP pulps. The fact that 

the percentage reduction i n DP for the above 

mentioned 4 experiments was generally higher 

than those obtai ned from the experiments in groups 

6 and 7 (see Tab le 5) may be an i ndication that 

th.is bel ief i s valid . However , other factors, 

e.g. purity of the f ibres and sizing of the paper 

samples were also introduced and consequent l y 

the :i.nfluence of DP on deterio:cat i on of paper 

needs furthe:c clarificat ion . 

(3) Changes in alkaline solubil i ty as an indicator of 

paper deteriorati on 

(a) General 

Cel lulose i s i nsolubl e i n alkaline solutions; this 

being the pr i nci p le applied .:i.n alkal i ne pulpi ng 

procedures. Su~:;stances such as 1.ignin and low 

mol ecular weight non-cellu l osi c sub stances are 

d i ssolved f r om wood resulting in a pulp mass con­

sisting mai nly of cellu l ose f ibres. A high per ­

centage of the hemicelluloses in wood are also 

dissolved :-::iy v irtue of their low DP and the pre­

sence of carboxyl gr oups . 

Hydr o l ysi s and oxidat i on of cellulose leads 

to the for mati on of products soluble in alkal i 

owi ng to a reduct.~.on j_ n DP and .introduction of 

carbonyl and/or car:.-,oxyJ. groups which enhance 

sol ubil i ty in a lkaline solutions. 



Alkaline solubility methods find general 

application in the evaluation of cellulose p r e­

parations. The tests are empirical since the 

substances dissol ved can vary widely in chemical 

composit i on , but i t can b e .indi cative of deterio­

ration. 

(b } Di scussion 

A linear relat i onship between a l kaline sol ubility 

and aging temperature within the range 50 to 9o0 c 
is i llustrated i n •?igur e 10. The correlation 

coeffi c i ent, r, i s s i gni ficant at the 0.05 level. 

However, exan1.inati on of the values shown 

suggest the possibility that t h e influence of 

temperature on a lkal i ne sol ubility wi thin the 

r ange i nvest i gated may b e b etter descri~ed b y a 

curvilinear r elat i onshi p. For reasons described 

previously the t r ansfor med e xponential functions 

described earlie r we r e f i tted to the obser vations 

and an assumed value of zer o deterioration at 
0 273 K. The following l i n e ar regression equations 

were o i:::>tai n e d : 

Logy= -1.504 + O.OlSx ---------- (2 8 ) 
with r = O. 90; 

Logy= 4.67 - 11.103 log x ------ (29} 

with r = 0 .88 , and 

Logy= -1.503 + 0.0066x --------- (30} 

with r = 0. 90. 

The c orre l ati on coefficients, r, are s ign i f i ­

cant at the 0. 05 l evel a nd suggest that the assump­

t i on ( see section 5.a. (l} (a}} made l ed to a 

r e l a t i onshi p whi ch ma y De a true approxi mat i on of 

agi ng at lower temperatures. .. 
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However,. it is not. possible at this stage to 

state whether the increased alkaline solubil i ty 

was caused solely by decre,ases in DP (whi ch were 

significant as alr eady shmm ) , and 'by concomi tant 

aldehyde groups or whethe~: k eton:i.c carbonyl groups 

whi ch for med as a resul t of oxidation of the 

polysaccharides contr:i.~Juted to the i ncr eased 

sol ubility i n alkali. 

Contr ary to the fact that the percentage 

relative humidity (between O and 95 per cent) of 

the agi ng atmospher e did not influence the strength 

pr oper ties of the paper sampl es or the DP of the 

cel lul ose i t cor :celnted well with the alkaline 

sol ubility of the pulp as illustr ated i n Figure 11. 

The correJ.ation coeffi c i ent , r, for thi s relation­

ship is s i gn.i.f icant at the o. 05 level. The fact 

that a relationship does exi st between alkaline 

sol u}Jility and I.ti{, suggests that alk a line solubil i ty 

of the pul p may b e even more sensi tive than DP 

as an i ndicator of agi ng. 

Oxygen and sul phur d i ox:i.de content of the 

agi ng atmospher e did not i nfluence the a lkal .:i.ne 

sol ubility under the conditions of th:i. s expe:r. iment. 

On i ncreas i ng t he agi ng per. iod f'Com one t o 

10 days, t he a lkal i ne solubility increased from 

3.0 to 3.6 per cent as il lustrated i n Figure 12. 

Although the i ncr ease was much smal l er than that 

obtained by increas i ng the agi ng temperatur e f r om 

50 to 9o0 c the corre lat i on coeffi c i ent, r, was 

signi ficant at the 0.05 leve l. 

It would ~)e o f importance to ascertai n the 

shape o f the cur ves corre lating a lkal i ne solub i lity 

with extended pe:ciods o f ag.i.ng s.:i.nce the r ate of 
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aging will prob ab ly change with increasing aging 

per iod. 

The relationshi p between percentage i ncrease 

in alkaline solub ility of paper as a resu l t o f 

aging and c:i.cid content of the paper is shown 

in Figu;_ e 13. This relationship is similar to 

that between DP and acid content. 

Contra~cy to the above mentioned findings the 

decreases in strength val ues of paper b ecause of 

aging showed a linear correlation with acid content 

and no mi nima occurr ed at the neutral poi nt. It 

ther efore appears that DP and aJ.kal i ne solubility 

a:r.e more sensit i ve i ndi cators of aging than 

strength val ues i n gener al. 

The r eJ.ationship between s i z i ng content {x) 

and percentage i ncrease in alkaline solubility on 

agi ng {y) is given by the equation 

y = 16.15 - 0.39x and is i llustrated in Figure 14. 

The cor relation coefficient, r , is significant 

at the 0.10 level . This substantiates the previous 

f i nding that sizing itself actually stab ilizes 

paper . 

Fr om a comparison of the reference samples 

in group 8 (see Tab le 5) it appears that pur ifi­

cation of the pulp resulted in a slight .incr ease 

in percentage a J.kaline sol ub ility p r o:oab ly b ecause 

of the decreased DP that r esul ted from the puri­

f i cat i on t :::-eatments. 

The relationship between the per centage 

increase in alk a line soJ.ul1ility on aging and the 

l i gni n content of the paper samples is illustrated 

i n Figur e 1 5. The corr elation coeffi c i ent, r, for 
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this relationship was s i gnificant at the 0.05 

level. 

(4) Infl uence of agi ng on the pH o f paper 

The pH o f paper was, wi thou·t except i on, i nsensitive 

as an i ndicator of agi ng. 

(5} Influence of aging on the copper number of paper 

(a} General 

The reducing natur e of cellulose i s caused b y the 

presence of carbonyl gr oups. For t he g r eater par t 
34 

the se g :coups a r e p r ob ably aldehydic end-gr oups 

arising from hydr olysi s of the pol ysaccharide 

chai ns. For thi s r eason hydr o l ysi s of cellul ose 

inc reas es it s reducing power by shorteni ng the 

chain l ength and i ncreas i ng the number of aldehydic 

end-gr oups. 

The determi nation o f reduci ng p roper t ies of 

polysa ccharides is b ased on oxi dation . reduction 

or t he for mat ion of der i vat i ves. In the present 

case the damage done to the poJ.ysacchar ides on 

agi ng has been assessed b y oxi dation of carbonyl 

groups to carboxy.l groups uti1. i z i ng cupric (Cu2+) 

ions according to the Hagglund method. 

o_ idat i on w:Lth cu2+- i ons take s place in alka­

line medium and t he r eacti on may b e expressed as 

~ -CHO + 2 cu2+ + 2H
2
o -➔ :~-COOH + Cu2o + 4H+. 

2+ Fr.om the amount of Cu -ions reduce d , the copper 

number, defi ned as the number o f g r ams of copper 

reduced f r om the cu2+ t o the Cu+ state 1:)y 100 g 

of dry paper is cal cul ated. The r eaction }-.;e-tween 
2+ d b 1 . . h' · 31 Cu an car ony groups i s nonstoic i ometric 

and t h erefor e g i ves only relative values for the 

reduc i ng capacity of poJ.ysaccharides. Never theless, 
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these values have been widely applied in the 

evaluation of cel lul ose. 

(b) Copper number as an indi cator of paper 

deteriorat i on 

The numer i cal change in copper num.ber i .e. f r om 

0. 74 in unaged paper to 1 . 5 :t_ i n paper aged at 

90°c for 10 days (Gr oup 1 , Tabl e 4) was small . 

However, the correlati on coef f .ic.ient, r , f oJ:- t he 

re:i.ati onshi p bet'l.-,een copper number and agi ng 

temperatur e (see Figure 16) was s i gnifi cant at 

the 0.01 l evel . I t i s accurate and easy to 

deter mi ne and may t he r efore serve as a useful 

i ndj_cato.r. of the re l ative incr ease in carbonyl 

content of pape:.:- on agi ng. 

c. Mechani sm of paper deterioration 

(1) Gener al 

In an attempt to obtai n further indi cati ons and evi dence 

as r egards the mechani sm of pape~ agi ng, two fur ther 

sampl es (pr epared according to Group l , Tab le 1) wer e 

sever ely aged by exposing them to 100°c fo.c 30 days, 

i n the one case at zer o i1H and in the othe}. at 55 per 

cent RH. These two samples , together wi th other 

sel ected samples were used for the fo l lowi ng deter mina­

tions accord:i.ng to the methods ment i oned in section 2. c. 

(i ) Physi cal str ength. 

(ii ) 

(iii ) 

( .iv) 

(v) 

(vi) 

(vii ) 

Infrared absorption spectra. 

Water sol uble sugars. 

.Aver age :OP. 

Fr actionated DP. 

Car})onyl groups. 

Car boxyl gr oups. 

The val ues obtai ned fr om the four samples (A to 

D) and detai l s ab out agi ng ar e listed i n Tab les 6 and 7. 
Infrared absorption spect£a are illustrated i n 
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Figures 17 nnd 18. 

(2) Paper strength 

It i s evident f r om Tab1e 6 that the strength of 

samples C and D decreased to a ver y low level , that of 

sampl e D bei ng the lowest . Samples C and D were aged 

under i dentical conditions except that sample D was 

aged i n a humid atmosphere. It ther efore appears that 

the moisture in the aging atmosphere can be an impor tant 

factor contributing towards aging. 

(3) Infrared absorption spectra 

I nfrared ab sorption spectra in the frequency range 

4,000 to 200 cm-l (2.5 to 50 micron) of samples A to 

D were determined on a Beckman doub le beam infrared 

spectr ometer I::l 12 employing the potassi um b r omi de 

d i sc techn ·.que. 

Pr epar ation of sampl es entai l s i ntimate mixing of 

dr y: f i nely milled paper sampl es with anal a r gr ade dry 

potassium bromide (2 mg paper to 250 mg KBr) and 

pr essing of the mixtur e under vacuum {1 mm Hg) in a 

d i e at 50 ton/in2 for 1 min . 

The spectr a of samples A, Band C wer e identical 

and ar e il lustrated in Figur e 17 . The spectr um of 

sampl e D (F i gu:i:-e 18 ) shows i ncipient changes in the 

carbony l stretching ;Jand at approximately 1 710 cm - l . 

Nor mally the car bonyl stretching v ibrations of various 

carb onyl gr oups absorb in the region 1900 to 1600 cm-l 

1-1,.or e speci£icall y 82 , ketonic carbonyls ab sorb at 
- l -1 171 5 cm - a)_dehydic carbonyls at 1725 cm , aci d 

monomers at 1760 cm-1 , aci d d.i.mer s at 1710 cm-J. and 

esters at 1735 cm-l The pr esence of i ntr a-molecul a r 

hydr ogen bonds may cause ab sor pti on b ands to shi ft to 

J. ower f r equency wi th a cer tai n amount dependi ng on the 
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H-b ond strength82 1122 • Thi s could have happened i n the 

present case and .i.t is ther efor e impossible to state 

with cer tainty to whi ch type o f carbonyl groups this 

absorption is due. It appea:i:-s likely that the a·bsorp­

tion noti ced is due to aldehychc carbonyls r esulting 

from breakdown of the celJulose chai ns as r efl ected by 

the l ow DP (see 'l'able 6}. 

The i ntensity of the carbonyl str etchi ng b and at 
- 1 1710 cm ·- (F i gm::- e 18) is very low. Considering that 

thi s sampl e showed large changes wi th respect to 

strengt h and aver age DP (see Table 9} i t must b e con­

c l uded that infrared spectr oscopy is too insensit i ve 

to study changes r esul ting from aging of paper and 

fur ther :i.nvestigat i on by means of thi s technique was 

ther efore abandoned. 

(4) Sol u.hJ.e sugar s 

Samples A t o ~) were extracted over night with cold water , 

f iltered and the fi .1. trates concentr ated to about !2 ml 
0 1:;y evaporation at 40 C under r educed pr essur.e. The 

sol ution obtai ned was appl ied to v1hatman no. 1 chr omato­

graphic paper. and the components wer e separ.at ed using 

~-Yha~.ey' s so1vent (butanol 300 pa:-c ts , water 240 par ts , 

py .. id j_ne 200 par ts, acetic aci d 60 par ts , all by 

volume). 'l'he chromatograms wer e devel oped with p-
. . a· - d hl . d 37 d ' h . 1 . t t SO anisi ine ny r oe or .:i. e an wit, s i_ver ni r a e . 

'l'he l atte. sol ution was the most sensi t i ve. 

The chr omatogrmns of sample A wer e negat i ve , that 

of sample B showed onl y t r aces of oligosacch arides while 

t hos e of sampl es C and D showed the presence of l a r ge 

amounts o f oligosaccharides which appeared as streaks 

on the paper . It i s therefore evi dent thc1t <lepol y­

merizat i on of the ce~.lulose in paper as a r esult of 

agi ng , i s not a "pee l ing" r eacti on i n which sugar units 
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are stripped off the ends of cellulose chains. The 

chai ns are probably shor tened at random and may be 

attacked in any spot. The fact that sample A contained 

no oligosaccharides while sample B showed the presence 

of traces only, indicates that deterior ation must 

pr ogress to an advanced stage lik e that of samples C 

and D b efore part of i t becomes water soluble. 

In order to obta.:.. n mo:;:-e information about t he 

or i g i n of the oligosaccha:d.des , the concentr ates of 

samples C and D were hydTol yzed in acid medium and the 

chr omatograms were repeated i n the same manner. The 

'best separation ,;.-ms o~Jta.i.ned after 36 hour s. 

In both cases (see Figur e 19) xylose , glucose, 

arabinose and glucuron:i. c acid wer e i dentifi ed, with 

the highest concentrat i on .i.n sample:;). Figure 19 is 

a reproducti on of one of the paper chromatograms deve­

loped wi th s i lver ni t r ate. The hydrolysates o f samples 

C and D wer e applied i n d i ffer ent amounts - the 

applicat i ons on the left of the f :i. gu:ce being doub le that 

of the applications nca:c the centr e. Spectrophoto­

metr ic determination of ·these elementar y sugars accord­

ing to 1\STM D 1915-61T revealed that these sugar s wer e 

pr esent i n the appr oximate r at i o of 3: 2: l :0. 5 :;~·espec-
, 

tively. 

The xylose and a ra}:)inose or:i.g i nated f r om the hemi ­

cel lul oses pr esent i n t h e paper. Glucur onic aci d is 

a normal const i t uent of hemiceJ. lul oses }::mt can also be 

o'btained f r om c e llulose by sever e hydrol ysi s followed 

by oxi dation. Non-cel lulosi c glucose is common i n wood 

but g:i.ucose can a lso }:)e ob tai ned thr ough hydr olys.i.s of 

cel l u l ose. However, since the average DP of cellulose 

is aJ;)out J.0 to 20 times h .igher than that of hemi cellulose, 

t h e cel lulose must b e degr aded to a greater extent than 

the hemi cel lul ose before it would become water solub le. 
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It i s ther e f or e l ike l y that pract i cal ly all the 

e l ementary sugar s found after hydr o l ysis of the extr acts 

orig i nated from the h erni cell u l oses p r e sent in the paper. 

Thi s f i ndi ng, however , d oes not exc ].ude t h e f act that 

t he cel l u l ose i tseJ. f was s e v e :,:e l y d e gr a de d as evidenced 

b y t he low aver age DP val ues o f s amp l es C and D. (See 

Table 6 ). 

( 5) Chai n l e ngth f r act i onat -· on 

In or de:c to ob tai n i n f o:i:-mation on t h e relat i ve stab i l i ty 

o f var :i.ous chain l ength f r act i ons of the p o ] ysaccharides, 

paper samples A, C and D wer e n i trated , dis s olved i n 

acetone/water, fr a c t i onal ly p r eci p i tated and the DP 

of each f r action determined v i scornetr i cal ly (see Tappi 

meth od T238su-63 ). Th e val u e s ob tai n e d are l i sted in 

Tab l e 7. The weigh ted a ver age DP of each f r act i on (W) 

was a l s o calculated . It i s evi dent that t h e sum total 

of the ·weighted aver age DP ' s ( see W i n Tab l e 7) agr eed 

we l l with the aver age val ues ob tained by t h e cadoxen 

me thod (list.ed j_n Tab l e 6). Recover y o f t h e cellulose 

n i t r ate was sati sfactor y , b etween 100 and 102 per cent 

b e i n g recover ed (s ee Tabl e 7). 

F i gur e 20 illustr a tes t h e ch a in l ength d i str ibut i on 

o f t he unaged sampl e , _, which had a n aver age DP of 1 1 68. 

The DP o f t he cellulos e i n t hi s sampl e i s d i str ibute d 

b e twee n 750 a nd 2 , 0 00 wi t h a maximum b etween 1 , 3 0 0 and 

l , 40 0 . I t fu~c t h e r app ear s that the DP o f the cel lulose 

in t h i s sampl e did not exte nd f ar b elow 750 sinc e the 

next f :cact i on appea red at. a n aver age DP of 266. Th e 

r egi.on 300 to 700 DP was v ery weakly r epresented and 

p r ob ably .:i_ndi cates t he t r ansition b etween h i gh DP 

cel l u l ose and l ow DP hemi cel l uloses . 

Ex ami nat i on of Fi gur e 2 J. a nd TaJ::ile 7 i nd· cates 

that t he chain l ength o f sampl e C e x tended f r om 50 to 
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760 while t hat of sample D extended from 16 to 245. 

The appar ent t r ansit i on b etween t he cel lul ose and hemi ­

cellulose fract i ons occur:ced a t 19 0 and 120 DP r espec­

t i vel y. However , i t i. s not po s s .i.ble to state wheth e r 

t hese l ow DP fr act i ons conta::.ned degraded cel lul ose. 

It nl so appear s i:i:-re l evant to k now wh ethe:r: degr aded 

c e l lu .. o s e contributed to the se fract i ons s i nce t he pr o­

g:cessi ve decr eas e i n t h e chai n l ength of t he most 

i mportant const i tuent of paper , namel y cellul ose , i s 

evident . Th i s is fur t h er il l ustrated i n Figur e 22 

Coased on Table 7) whi ch sh ows the rel ationshi ps b etween 

wei ghted aver age DP and the cumulat i ve percentage })y 

we.-i ght of t he pol ysacch arides. The pronounced decrease 

i n t h e we i ghted aver age DP upon agi ng is ver y clear . It 

appear s that j_ f agi ng i s extended far enough, pr act i cally 

onl y e l ementar y sugar uni "i: s wi l l r emain wi th compl e t e 

destruct i on of t h e f i".ore structure and paper strength . 

(6) Carbonyl gr oups 

I n or der t o f urther t he knowledge about the mech ani sm 

of pape~r: agi ng it i s i mpor tant t o know wheth er ox · dation 

of t h e polysacch ar i des took p l ace i n additi on to 

hydrolysi s. 

Carbonyl gr oups i n cel l ulose can for.mas a r esult of 

( i ) hydr ol ysi s which wil l result i n aldehyde end­

gr oups ; 

(i~ ) mi l d oxi dat i on which can cause for mat i on of 

k etone gr oups i n the cel lul ose r i ng posi t i.ons 

2 and 3 ; 

(iii ) 

( i v) 

more s evere oxidation whi ch can cause ring 

c i ssi on bet\•.reen c
2 

and c
3 

resulting i n a l dehyde 

groups, and 

even mor e severe oxi dati on which can resul t i n 

f or mat i on of carboxyl gr oups. 
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The most satisfactor y method to d i stinguish b e-­

tween a J.dehydic and ketonic car})onyl gr.cups appear s to 

?)e sel ective oxi dation of aJ.dehyde g r oups wi th chlor ous 

aci d 31 . The carbonyl gr oups r emai ning a ~e c l a i med to 

be k etones onl y. Re duction with sodium b or ohydride 

(Na.t:.,:H4 ) on t he other hnn ·, reduces }:ioth aldehyde and 

ketone g:i:-oups3 J. 

Consequently r epr esentative f i neJ.y d i v i ded. por t i ons 

o f sampJ.es :t-~, C and D were oxi dized w:L th chl o.rous aci d 

and the ca:i:-0onyJ. content of ox.~dized and unoxi d i zed 

por t j_ons was dete:cmi ned b y r educti on wi th alk al i ne 

N ,.,I- J l '""' 1 t ,_t ' d 1 ' t d . T " l 6 a L• :1
4

• .n1e resu __ s 0 1. , a .ne . a r e .. i s e i n a D_e • 

Exami nation of Ta}:;J.e 6 shows that t h e amount of 

ketoni c gr oups stayed constant while aldehydi c g r oups 

i ncr eased wi th i ncreas j_ng severity of agi ng. If the 

ab ove r easoni ng , namely that oxidati on would :result i n 

format ion of k etone g. oups is corr.ect, i t can :::-,e stated 

with con:e3.dence that ox idat i on d:i.d not take place 

unde:r- t h e cond.:.tions o f this experiment. 

( 7) CarYOJ,.:YJ. gr oups 

Car::ioxy1ic groups wer e dete r mined acco:cding to Tap:,i 

method T237su-63. I n thi s method the cat.ion exchange 

capaci ty of t he ceJ_l,-1 1ose i s ut ilized as foJ.Jows : 

RCOOH + NaI-ICO:, 
..) 

Th e amount of ca:.:-'boxyl i c gr oups oh tai ned a r e l i sted 

i n Ta:.11e 6. If oxi dat i on had taJcen pla ce dl1ring agi ng 

an i nc ease in car .0oxylic content should have b een 

o:bse :;::ved. The fact that the amount of carboxyl3. c 

gJ: oups r ema i ned constant , .i. s a furth e:.:- conf:i.:t. mat i on that 

ox i dat i on d i d not occur even wi th severe agi ng. 
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TABLE 1 

Experimental plan for preparation and aging of samples 

Exp. No . T RH o, S0
2 

I' A R L 

-
1 50 25 20 0 10 10 0 3.5 

Group 1 2 60 II " II " II " II 

Variation in tempe- 3 70 II II II II II II II 

rature (T°C) 4 80 II II II II II II " 
5 90 II II II " " " II 

Group 2 6 50 0 II II II II II II 

Variation in RH (5i) 7 " 50 II II " " " " 
8 " 75 II II " II II II 

9 " 95 II II " II II " 
Group 3 10 II 25 1 II II 11 II II 

Variation in oxygen 11 II II 50 II II II II II 

content (0 27{;) 12 II II 75 II " II II II 

13 II II 92 II II II II II 

Group 4 14 " II 20 23 II II " II 

Variation in sulphur 15 II II " 42 II II II " 
dioxide (so 2 mg/m3) 16 II " II 103 II " " " 

17 11 11 II 315 II 11 11 ti 

Group 5 18 II 11 11 0 1 II " ti 

Variation in aging 19 II ti " II 3 " II " 
period (P days) 20 II II ti II 5 II II II 

21 ti II " II 7 ti II II 

Group 6 22 ti II II II 10 7 " " 
Variation in acid l:On- 23 ti " " ti ti 0 II ti 

tent (A m.eq,./1000 g) 24 11 11 ti II II -12 II 11 

25 11 II II 11 11 -65 11 II 

Group 7 26 II 11 II II II 10 1 11 

Variation in rosin 27 ti 11 11 II 11 11 2 11 

sizing content (R'/4) 28 " II 11 II II 11 3 11 

29 11 11 " 11 11 II 5 II 

Group 8 
I Variation in lignin 1 30 11 II " 11 11 11 0 1.4 

content (cy~) 31 11 11 11 ti ti 11 11 0.7 
32 ti 11 ti 11 11 ti ti 0.4 
33 II II 11 II 11 II II 0 

* Exp. No . 1 is common to all groups. 



TABLE 2 

Average strength values of identical s amples aged under various ambient conditions 

Exp. No. Tear Breaking Burst Folding Edge t earing Zero-span 
factor length (Km) factor strength strength (Kg) tensile strength (Kg) 

Reference 142 6.02 37.2 604 6.o 10.38 
--·- ·-

Group 1 1 132 5.71 36.6 470 5.a 10.12 
Influence of 2 128 5.52 35,8 449 5.7 9.,38 
temperature 3 126 5.7o 34.9 445 5.7 8,45 

4 101 5,82 34.5 306 5.6 8.08 
5 76 5,54 32.7 111 5.3 7.13 

Groun 2 6 132 5.68 38,l 490 5.a s.51 
Influence of 1 132 5.71 36.6 470 5.a 10.12 
percentage 1 128 5.54 35.4 576 5.5 8,97 
relative 8 127 5.37 36.2 576 5.2 9.60 
humidity 9 128 5. 70 42.a 648 5.2 9.26 

--
Gro~ 10 130 5.28 34.1 481 5.0 10.22 
Influence of 1 132 5.71 36.6 470 5.a 10.12 
oxygen 11 134 5.79 39.5 400 6.o 10.33 

12 133 5.59 36.0 567 5.6 10.58 
13 132 5.62 37.6 465 5.8 10.29 

Q.;:_C?EP_A 1 132 5.71 36.6 470 5,8 10.12 
Influence of 14 126 5.65 36.6 464 6.o 9.63 
sulphur dioxide 15 128 5.36 34.2 403 5.7 9.83 

16 121 5.41 35.7 353 5.6 9. 70 
17 121 5.22 36.0 320 5.4 9.82 

-
Group 5 18 139 5,58 37.o 492 6.o 10.66 
Influence of 19 142 6.08 38.8 487 5.7 9.71 
aging period 20 132 6.08 39.0 541 6.o 9.50 

21 136 5.84 38.l 503 6.o 9.11 
1 132 5.71 36.6 470 5,8 10.12 

-



Group 6 
Influence 
of acid 
content 

Group 7 
Influence 
of siz:fng 
content 

Group 8 
Influence 
of lignin 
content 

- ag, 

TABLE 2 

Average strength values of samples which differed in chemical composition and 
were aged under identical ambient conditions. 

Exp. No. Tear Breaking Burst Fol ding Edge tearing Zero-span ten-
factor length(Km) f actor strength strength(Kg) sile strength(Kg) 

1 Ref* 142 6.02 37 .2 604 6.0 10.38 
1 Aged 132 4.90 36.6 470 5.8 10.12 
22 Ref 125 3.19 16.3 20 3.2 8.65 
22 Aged 130 3.07 15.9 19 3.3 8.54 
23 Ref 120 6.46 41.0 569 6.2 10.55 
23 Aged 121 6.30 41. 4 559 6-3 11.19 
24 Ref 133 5.32 35.7 433 2.2 s .95 
24 Aged 137 5. 90 36.6 446 2.6 9.38 25 Ref 90 2.04 9.9 44 5.8 10. 74 
25 Aged 97 2.19 10.8 57 6.o 10,23 

1 Ref 142 6.02 37.2 604 6.o 10.38 
1 Aged 132 5.71 36.6 470 5.8 10.12 
26 Ref 122 5.66 35.0 483 5.9 9.28 
26 Aged 122 5. 50 34. 4 487 6,1 8.95 
27 R~f 133 5,18 30.6 294 5.6 9.62 
27 Aged 145 5.03 30 . 7 275 5.6 : 9.89 
28 Ref 138 5.28 30 .6 368 5.4 9.75 28 Aged 130 5,33 31,9 348 5. 4 9.76 
29 Ref 151 5.76 36.5 470 6.3 10. 75 29 Aged 142 5.68 31.8 554 6,3 10.06 

1 Ref 142 6.02 37.2 604 6.0 10. 38 1 Aged 132 5,71 36,6 470 5,8 10.12 
30 Ref 107 5,99 46 ,3 446 6.2 9.87 30 Aged 102 5.95 45 .0 448 6.5 9. 89 31 Ref 104 6.20 49,3 526 6.7 9.67 31 Aged 105 6.22 47 .0 519 7.0 8.86 
32 Ref 108 5.84 41.2 591 6.2 8. 22 
32 Aged 107 5,68 38,9 498 6.3 8.72 
33 Ref 62 1.07 5,1 9.0 1.2 4. 43 
33 Aged 64 1.10 4.8 8.6 1.0 3.39 

:p 



---
GrouE 1 
Influence 
ture 

TABLE 4 

Chemical analyses of identical samples aged under various 
ambient conditions 

Average de- Alkaline Copper Exp. No. gree of po- solu-
lymeriza- bility number 

tion % (g/l00g) 

1 1040 3.60 0. 84 
of tempera- 2 861 4.25 1.01 

3 868 4.30 1.14 
4 683 6.60 1.26 
5 555 11.00 1.51 

pH 

4.5 
4.6 
( .5 
4.6 
~- -5 

·- ----1 
Groun 2 6 1008 3. 45 4.6 I ND 
Influence of percen- 1 1040 3.60 " 4.5 I 
tage r el ative humidi- 7 1018 3.95 II 4.6 
ty 8 1024 4.46 II 4.6 

b:1 9 841 5.50 " 4.6 

10 1083 3. 30 ND 4.5 
Influence of oxygen ~l I 1040 3.60 " 4.5 

13 1073 3.25 " 4.6 
--· 

Group 4 1 1040 3.60 ND 4.5 
Influence of sulphur 14 1122 4.22 " 4.5 
dioxide 15 950 4. 45 " 4.5 

I 16 996 4.28 " 4.5 
I 17 1108 /1, . '1,5 " I f;- a6 
I i 

I I 

Group 5 18 1100 3.01 ND 4.6 
Influence of aging 19 1100 3.12 I " 4.6 
tperiod 20 1072 3.21 ! " 4.6 

21 1080 3. 45 t 

" Lr • 6 

I 3.60 
I 

1 1040 I " 11r . 5 
~ 

Note: ND denotes "Not donen. 



Table 5 

Chemical analyses of samples which differed i n chemical composition and 
were aged under identical ambient conditions 

Group 6 
Influence 
of 
acid 
content 

Exp . lfo . 

1 Ref 
1 Aged 

22 Ref 
22 Aged 

23 Ref 
23 Aged 

24 Ref 
24 Aged 

25 Ref 
25 Aged 

Degree of poly­
merizati on 

Ave­
rage 
va­
lues 

* Percentage 
of 

r eference 

Alkaline solubility 

Ave­
rage 
va­
lues 

** Percentage 
of 

reference 

pH 

1168 
09.1(10 . 9) 3•

11 
115. 6(15 . 6) 4•6 

1040 3.60 4.5 

i~i~ 94 .0 ( 6.0 ) ~: ~~ 111.6(11 . 6) ~:~ 
1180 

90 .0 (2 .0) 
2

•65 110 . 5(10 .5) 7•
2 

1158 2. 78 7~1 

ii6~ 95 . 6(4 . 4) ~:fg 111 . 4(11 . 4) ~:I 
i;~~ 94. 2(5 . s) ~ : ~~ 112 . 5(12. 5) ;:g 

----+--------- --- •- t---------·---- ----

Groun 7 
Influence 
of 
sizing 
content 

1 Ref 
1 Aged 

26 Ref 
26 Aged 

27 Ref 
27 Aged 

28 Ref 
28 Aged 

29 Ref 
' 29 Aged 

1168 89 . 1(10 . 9) 3•11 115 . 6(15 . 6) 4•6 
1040 3. 60 4.5 

1077 
1047 

1057 
l 1020 

I 1098 
' 993 

1015 
957 

99 .0( 1.0) 

96 . 6(3 . 6) 

94. 4( 5. f) 

2. 88 
3. 35 

3.02 
3.46 

3. 48 , 
4 .0 2 I 

3. 12 
3. 55 

116 . 6(16 . 6) 

114. 0(14. s ) 

113 . 9(13. 9) 

4. 5 
4. 4 

4. 5 
4. 5 

4.5 
4. 5 

4.5 
4.5 

1- ----- --~1--... ... ---------------·~-- -- -.. -- ---- ,-, --- - ----- - ---

Group 8 
Influence 
of 

ju gnin 
:cont ent 

1 Ref 1168 89 . l(lo . 9) 3. n i 115 _6(15 _6) I 4. 6 
1 Aged 1040 3. 60 , 4. 5 

! 

§g ~;!d ~~g 92 .o (e .o ) §:~~ l 112 . 0 (12 .0 ) !:l 
I 

31 Ref 666 87 .0 (l3.0 ) 3.51 , lll . 6(ll. 6) 4. 4 
31 Aged , 580 I 3. 92 . 4.4 

I J i 
l' 3322 RAefd 65017 ; 90 . 1( 9. 9) 44 .0102 I 103.0 (3 .0) 44 . 44 

ge L.71 • ! • 

! 33 Ref I 762 : 87.4(12 . 6) 4. 18 '. 102, 7(2 . 7) 4. 6 , 
j ___ ~_3_3_A_g_ed __ j _66_5_1 _____ ,-L-._4._30--'1 ___ ____ 4_,6__,I 

* Values in br ackets denote percentage reduc t ion on agi ng. 

** Values i n brackets denote percentage increase on aging. 



TABLE 6 

Strengt h propert ies and chemical anal yses of an unaged and t hr ee severel y aged paper samples 

Sample I :Method I Tear I Foldi ng l Zero- I Edge Br eaki n~T ~ v:rage I A~ali 
of . fac - ! strengt h ' span I tear i ng length - 1 DP i sol ubil 

ne Al de-
i ty hyde* 

i groups 

A 

B 

i agi ng ; tor i t ensile I strengt h (Km) t I (%) 

! --1-:-----~~t_r_c:r1.-.. (Kg)-l- - i.. . +-----
Unaged 1142 604 ! 10 . 38 6.0 .

1

1 6.02 I!, 1168 3. 1 1 -t 3. 70 

90°c, I 
25% RH,! 76 111 7.13 5. 3 [ 5.54 
10 days! I 

C 

D 

100°c , 
zero '-;~ 31 
R..T-I , 30 I 

f days 

100°c , 
5'.:f%RH , 17 
30 days 

9 

1 

* Express ed as m. moles/lOOg 

I 
! , 

4. 3 4. 44 

2. 77 1.5 1.25 

I 
! 

555 11 .0 0 I 4.97 

373 0 13.4 7. 91 

I 
I 
i 
' 153 18. 2 0 [ 10. 95 

I 

Ketone* 
groups 

-· 

3.04 

2. 93 

I 
I 
I 

' 3.10 

I 3.05 
I 

I 

Car-
boxyl* 
groups 

5.28 

5. 37 

5. 23 

5. 39 



TABLE 7 

Fractionated DP values of samples A, C and D 

Sample 

I 

I 
I 

A 
l 
i 
l 

I 
l j 

l 

I I 
j i 

' I I I 
i I 

C 
I 

i 

i I 
j 
j 

1 

i 

I 
l I 

I 
; 

j 
D ! J ' l j 

I 

! 
!, 

Frac-
tion Cumulative 1i (% by 

weight 

11.50 11.5 
4.47 16.0 
1.81 17.8 
3.20 21.0 
5.09 26.1 

22.06 48 . 2 
31 .12 79.3 
12.54 91. 8 
8.20 100 .0 

10 . 82 10 . 8 
9.26 20 .2 
6.34 26.5 
3. 74 30 . 3 
5.28 35.5 
8.86 44.4 
6. 00 I 51.3 
7. 42 I 58 . 7 

10.00 68 .7 
12. 30 81.0 
13. 50 94.5 

7. 50 102.0 

14.22 14.2 
8. 50 22.7 
6. 50 29 .2 
1.37 30 .6 
5. 33 36 .1 
9. 86 46.0 

10 . 78 56.7 
11.10 67. 0 
16. 80 84. 6 
17 .06 101.6 

.. 

DP Weighted 
of average DP 

r actio, of 
, fraction (W) 
i 

I 
l 

I 

l 

I 

I 
I 
! 

l 
! 

j 

I 
i 

i 
l 

64 
121 
266 
751 
881 

1121 
1300 
1842 
1992 

50 
80 

124 
186 
228 
232 
300 
481 
550 
610 
700 
760 

16 
61 
80 

121 
125 
153 
195 
215 
232 
245 

i 

I 
I 
i 

' I 
I ; 

I 
l 

7 
5 
5 

24 
45 

248 
404 
231 
163 

5 
7 
8 
7 

12 
21 
21 
36 
55 
75 
94 
60 

2 
5 
5 
2 
7 

15 
21 
24 
39 
42 

Note Samples were aged as i ndicated in Table 6. 

! 
l 

l 
I 

I 
I 

I 

Cumulative 
weighted 
average DP 

(f w) 

7 
12 
17 
41 
86 

334 
738 
969 

1132 

5 
12 
20 
27 
39 
60 
01 

117 
172 
247 
341 
401 

2 
7 

12 
14 
21 
;6 
57 
81 

120 
162 

I 
I 
I 

I 

I 

; 

l 
I 
l 

i 
t 

I 
I 
I 



TABLE 8 

Relationshi ps of the type y =a+ bx* between strength properties of identical sa.I!lples aged 
tmder various ambient conditions ( Groups 1 to 5) 

----------· - ----- --- -- ---...___ . I ;~L Temperature (
0

c~t----RH_ (_%_)_ 

-:;e.:,.-~:::~ = 209 , 9 - l. 39x i y = l ,:l,8 - 0,04x 

Oxygen ¢ontent i Sul phur dioxide I Aging period 
(%) ! content (mg/m3) I (day~ 

... --·--·--·---- -------··-t - -- -----·-·:- ·---·--·-·-
I I f 
f Breaking l 

y = 131.4 + 0 . 02x IY = 128 . 6 - o . 03x fY = 140 .5 - 0.85x 

length (Km) y = 5. 70 + 0 . 0005x ! y = 5 . 67 - 0 .0014 . y = 5 .49 + 0 . 002x i y = 5 . 60 - O. OOlx y = 5 . 87 - 0 .002x 
. ' I 

Burst factor 

Folding 
strength 

Edge te,lring 
strength 

* 

(Kg) 

Zero-span 
t ensile 
strength(Kg) 

I y = 36 . 10 + o .04x I y = 35.46 + 0.03x ! y = 35.so - O. OOlx y = 30-35 - 0 .009 
i r I 
I : . I 

!y = 959 . 9 - 8 . 62x I y = 466 . 3 + 1.75x I y = 462 . 0 + 0 . 30x t y = 445 . 6 - o . 45x !Y = 50 7.2 - l.66x 
f i l i i I i ! 

i Y = 6 . ~0 - O. Olx ! y = 5. 88 - O. OOBx i y = 5 . 84 - O. OO lx I y = 5 . 85 - O. OO lx y = 5 . 94 - 0 . 008x 
! I I 

Y = 41.1 - o . 0 9x 

' 

I ! 
' ; f • .ly = 13.7 _ o . 0 7x y = 9.08 + o . 004x I y = 10 . 17 + 0 . 00 31 y = 9 . 04 _ o . 002x ty = 10 .15 _ o . o6x 

____ ___ ___._I _ I __________ ______ ! ________ I _ 

y represents the s pecif ic strength property 
x 'i 11 11 aging factor 
a and bare constants 



TABLE 9 

Correlation coefficients, r, and s i gnificance l evels, L, for t he relationship given 
in Tabl e 8 between strength properties and aging f actors. 

....___ __ Aging 
Strengtl'r-- ~tor 
proper ty --

Temperature 

r L 

R..B: 

r 

Oxygen 
con t en t 

Sul phur 
dioxide 
content 

r L 

Aging period 

r L 
--------------

Tear Factor 

Breaking l ength 

Burs t fact or 

Fol di ne s t rength 

-0 . 90 

- 0 .01 

- 0 .23 

- 0 . 60 

sss 

I 

s 

sss 

Zero-span tensile -0 . 86 SSS 
strengt h 

-0 . 09 

-0 .09 

0 .21 

0 . 27 

-0 .46 

I 

I 

I 

I 

s 

0 .08 

- 0 .17 

0 .18 

0 .05 

- 0 . 06 

I 

I 

I 

I 

I 

- 0 . 51 

- 0 . 33 

- 0 . 001 

- 0 . 29 

- 0 . 36 

-0.0 4 

I 

I 

I 

I 

I 

I 

sss : 
I 

-0 .01 I 

- 0 .06 I 

- 0 .02 I 

-0.06 I 

- 0 . 22 s 

Edge teari ng strengthj-0.29 SS 

--- ~ ----· -- - - ------ -- -----------
Note: SSS i ndicat es a s i gnificant influence at t he 0 .01 probabi l i ty level (or 99 per cent confi dence 

l evel) of the agi ng fac t or x (in the e~uation y =a+ bx) on the strength property y . 

SS indicat es a significa~t i nfluence of x on y at the 0 .0 5 probability l evel . 

S i ndi cates a sigDificant i nfluence of x on y at t he 0 .10 probabili ty level . 

I i ndicates an insigoificant influence of x on y a t the 0 .10 probabi lity level . 



TABLE 10 

* Average s t rength values of sampl es which di ffered i n chemical composi t ion and were 
aged under i dent ical ambient conditions . 

-- - -· --·-r ·- ··---- ----·· -- -:-·· 
Tear Breaking ~ rst Fol ding l Edge tearing ! Zero- span ten-

fact or l engt h (Km) fac_t~r strength t _:_t r engt h (Kg) I sile str.ength(Kg) 

93 ( 7< 81 (19) · 98 (2) 78 (22 ) 97 (3) ! 98 (2) 

igi !=ii . ;~ i1l 1&~ <~ii I §§ rn I tgi i=il I 16~ <~~l 
103 (- 3) ·1 111 (- 11) 103 ( - 3) 103 (- 3) 118 (- 18) i 105 ( - 5) 
108 (- 8) 107 (- 7) 109 (- 9) 129 ( - 29) r 104 (-4) l 95 (5) 

-~- -- - -- ----'--- - ·-~- ~- -- ... ~ ~----- ~"---- - ·- - --· -- - · ----- -~ - ----~ .. -- ----- ··-·-
93 <1) I 95 ( 5) 9s c2) 10 c22) n (3) 90 c2) 

100 (o) I 97 ( 3) 90 (2) 101 (-li 103 (-3) ! 97 ( 3) 
109 (-9) \ 97 ( 3) 100 (o) 94 (6 ~ 100 (o) : 102 (- 2) 

94 (6) 101 ( - 1) 104 (-
1

4
3

) ' 95 ( 5 100 (o ) : 100 (o) 

------t---:-:--:-::--1-::-::; :: \2; 1:: <;::) ·1 _1:~ ---::; I :: ::-;--
95 (5) I 99 (1) 99 (1) 100 (o) 105 ( - 5) 100 (o ) 

101 ( -1 ) 100 (0) 97 (3) 98 ( 2) I 10 5 ( - 5) 1 92 ( 8) 
99 c1) I 91 , C3) 94 (6 ) 04 (16) 1 101 c-1) j 106 c- 6) 

10 3 c - 3 ~ ~ L !_4_ -~-6) 96 c ~~- L _~_c 11 )__ - - ~1 c 2 3) 

Exp . !fo . 

Group 6 1 
Influence of 22 

1

acid con- 23 
t ent 24 

[ 25 
I 
' IGroup .1 1 
ti nfluence 26 
lof s i zi ng 27 
!content 28 

29 

G~o~--~ 1 
Influence 30 
of lignin 31 
content 32 

33 

* Expres sed a s percentages of t he unaged s t r engt h . 
Values i n bracke t s denote t he percent9.£:"e r educt ion in s trengt h on aging. 



TABLE 11 

* Rel a t i onshi ps of t he type y = a + bx be tween s t r ength proper t ies of sa 1ples whi ch differ ed in 
chemi cal compos i t i on and were aged under ident i cal ambient condi tions ( Gr oups 6 t o 8) 

-- • ..._______ X 

Acid content m. eq . / l OOOg Sizing content f Ligni n content 7~ 
IY --------~ - .... --· --- -

Tear fac t or y = -0 , !LO + 0 . 12x y = 0 . 78 + o . t: 9x y C - 1.31 + 2. 48x 

Breaking y = 4. 29 + o . 24x y = 4.02 - 0 . 8l x y = - 1.02 + l. 7lx 
l engt h (Km) 

:3ur st factor y = 0 , 10 + o . 14x y = - 1. 43 + 1. 77x y = 4. 76 - l.04x 

Fol di r,g stren:7.th y = 6.0 5 + 0 . 58x y C: 17 . 27 - 6. 41x y = 3. 59 + 4. 23x 
I 

:Cdge tear i ne 
y = 3. 69 + 0 ,05x strength (Kg) 

y = - 0 • 4 9 + 0 • l 3x y = 1. 20 - 0 . 16x 

Zero- span 
tens i l e y = - 1.29 - o . o6x y = 0 . 63 + c . 59x y = 9.06 - 2. 86x 
s t r ength (Kg) 

.,.__ _ ____ ~ ·-- ---- - ·· - -·------ .. -- · 

* y r eprese:its t hEi specif i c s trengt h property 
x " " " agi ng .fac t or 
a and bare cons tants 



TABLE 12 

Correlat ion coeffici ents , r, and s i gnificance levels, L, of the relationships given 
i n Table 11 between percentage reduction in strength and aging 

factors 

-~ - - -

~ 
Acid content Sizing content Ligni n content 

r L r L r L E P y 

Tear factor o. 70 s 0 .14 I 0 . 92 ss 

Breaking length 0 . 63 I -0 . 69 s 0 . 00 ss 

Burst factor 0 . 98 sss 0 . 54 I -0 . 67 I 

Folding strength 0 . 94 sss - 0 . 85 ss 0 . 59 I 

Edge tearing strength 0 . 18 I 
I 

0 .00 I - 0 .04 I 

Zero- span t ensile - 0 . 41 I I 0 . 32 I 

I 
- 0 . 35 I I 

strength I 
' 

-· _ _J_ - . ----

-- -

r.ote: SSS i ndicates a s i gnificant i nfl uence at the 0.01 probability level of the aging factor , x , on 
the strength property , Y, in the equation y = a + bx. 

SS i ndicates a s ignificant influence of x on y at the 0 .0 5 probability level. 
S indicates a significant influence of x on y at the 0 . 10 probability level. 
I i ndicates an insignificant influence of x on y at the 0 . 10 pr obability level . 



PART 2 

H.EVIEW OF LITERATURE 



1. I NTRODUCTORY REMA.:."U<S ON THE MANUFACTURE OF 

PULP P. ... ND PAPER 

a. General 

b . 

I n South Africa pu lp i s manufactur ed f r om wood and 

b agasse b y d iffe r ent p r ocesses dependi ng on its end­

use as s ho~m b elow: 

Raw Mat­
. 1 e r J.a .. _ 

11Jood 

Wood 

Wood 

Ba gasse 

Pr oc ess 

Sulphate 

End-use 

Fine p aper and 
pack a ging papei: 
g:c ades 

Mechani cal Newsprint 

Col d soda Pack agi ng paper 
g r ades 

Co l d sod a Pack agi ng paper 
grades 

Pe r centag e 

45 

30 

15 

10 

Since t h e p roble m of longevity ap p lies mai n l y to 

f i ne paper, fur t h e r d i scuss i on i n t h i s sect i on wil l b e 

rest ricted to su l phate pulp whi ch i s the princi pal 

type used l ocally for these gr ades of paper . 

The f ibrous raw materia l consi sts o f various p i ne 

( l ong fibre) , eucal ypt us and watt J. e (sh o :ct f.'_bre) 

spe c i es. The long and shor t f ihce speci es a r e k ept 

sep a r ate thr oughou t a ll the i n t ermediate stages o f 

p r oce s s i ng until the ir pulps a r e u l t i matel y "blended in 

the pap e r makin g stage t o impar t the desired str ength 

and s 1r face prope r t ie s to t he paper gr a des manu f actur ed. 

Deligni f i cation o f wood 

The object o f pulp i ng i s to set t he f i:bres free from 

the lign i n matrix i n wood. 

Wood i s r ecei ved at the mill i n deb a rked log for m. 

Th e l ogs a re mechani cally r e duced t o chi ps wh:i_ ch a r e 

approximate l y 1 i n long x 1 i n wide x ½i n t hick and 

36 



c. 

digested i n autoclaves with a mixtur e of sodi um 

sulphide and sodium hydroxi de under the following 

condi t :i.ons : 

Act i ve a lkal i char ge : 17-19 pe:•: cent on oven-dr y wood 

basis 

SuJ.phi d.ity . 17-22 per cent . 
Liquor-to-wood r ati o 3.5/1 ml/g 
Temper atur e : l. 70°C 

Peri od . 1.5 to 2 hours . 

The ab ove condit :i.ons ar e a comp:i:-omise b etween 

economi cal and techn:i. cal consider ati ons r economy .in 

the use of steam and chemi cals i s achi eved , delignif:i. ­

cat i on of the wood p:,:-oceeds at a sat:i.sfacto~cy rate and 

sel ectivity of r eact .i.on is achi eved to a large extent. 

The y ield of the unbleached pulp i s appr oxi mate l y 

45 per cent by weight o f oven-dr y wood and contai ns 

a:.Jout 85 to 90 pei: cent alpha cellul ose, 2 to 4 per 

cent ligni n and smal l amounts of non-cellu l os.ic pol y­

saccharides consi.st i ng mainl y of h emiceJ. lu l ose. 

Bleaching of pulp 

Pur i f i cati on of the unbleached pulp i s carried out in 

a series of bleaching stages in whi ch the l i gn.i.n and 

part of the non-cellulosi.c polysacchari des a r e r emoved .. 

Bleaching of sulphate pulp for pr oducti on of f i ne 

w.citing and p:-i:-int i ng paper is conventional.Jy carr.ied 

out i n six carefully controJ_led stages, as fo l lows : 

37 



d. 

e. 

Stage Tr eatment A:epr ox. Stock Tem:Qera- Period 
with amount concen- ture 0c (hours) - } * . (per cent t r ation 

(:eer cent) 

1 c1
2 5 3 25 0.5 

2 Na0H 3 10 60 0.5 

3 Ca (0C1)
2 2 6 40 2 

4 Cl02 0. 8 10 65 3 

5 Na0H 1.5 10 65 0 . 5 

6 Clo2 0.5 10 65-70 2 

* Based on oven-dr y pulp weight . 

The final b r ightness of the pulp is appr oxi matel y 

8 5 per cent GE. 

Beat i ng of pulp 

Bonding in paper r esults from i nter-fihre hydrogen 

bond:i.ng. A prer equi s :.i.te for these b onds to fa.cm i s 

that the fibres must b e _-i_n intimate contact wi th each 

other and ther efor e have to b e conformab l e. In orde r 

to enhance softness and thus confo:cmability of the 

f i :;)re s , the pulp is sub jected to mechanical act i on 

between metal surfaces commonl y cal led beating o-.c 

refin i ng, which results in defibrilat i on , softening 

and swelling of the f ibres unt i J. a given degr ee of 

wetness has b een reached. 

Papermaking 

Prior to paper mak ing the i::>eaten stock is s i zed and 

filling materials are added. The mixtur e then fl ows 

onto a f i ne movi ng wire mesh screen at a stock concen­

tration o f approximat.ely 0.1 per cent. Draining of the 

water leaves a fibrous mat on the screen. This mat 

i s couched , pressed and dried b y means o f steamheated 

_olle:c s and f i nal ly emer ges f r om the machi ne as an 

endless s h eet of paper . The hydrogen })onds b etween 

fib r es a r e for med dur :Lng the dr y i ng stage. 
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2. NATUP~~J. AGING OF PAPER 

a. Measurement of degree of deterioration 

The i mpermanence of paper is a pro~ lem recognized as 

long ago as the end of the 19th century. It is a 

pro( l em that has become of i ncreas.ing importance to 

archi v i sts , l i brarians and scientists. The magnitude 

of the p:r.o:,lem is i ndicated by the fa-ct that if no 

pr event i ve measures are taken , most library books 

printed i n the f irst haJ.f of the 20th centur y, will b e 

in an unusable , britt1e condition earl y i n the next 
24 centur y. Undoubtedly this argument a l so applies to 

most of the documents prepar ed from standard modern 

paper . 

Vj_ sua1_ exami nat .i_ on gives some i ndication of the 

embrittlement that occurs i n paper as a result o f 

s toring i t for a l ong period , but comparative data 

can only ', e obta i ned from sc :i.entif:i. c tests. 

Deterioration of paper as a r esult of aging can 

be detected and determi ned by numerous physi cal and 

chemi caJ. tests. The most i mportant physi cal tests are 

fo 7.d :i.ng str ength, internal tear·' ng strength, tensile 

strength , bursting str ength, edge tearing strength 

and fibre strength while the most impor tant chemical 

tests are pH, reduci ng capacity , v i scosity, aver age 

degr ee of polymerization, hot water solu?-)ility, solu-

1)i lity in 1 per cent sodium hydroxide, and alpha 

cellulose content. 

The stresses involved when paper is h andled, appear 

to be mai nly those of :.Jend:i.ng and tearing. It i s there­

for e not su._p.r:i s i ng that most investigators25 • 39 ·· 8 7 , 11 2 • 
113 ' 12J., 122 th , f ld. t th . th t agree at:. ·-o 1.ng s :i:.- eng 1s e mos 

sensi.t i ve par ameter f or comparing the agi ng charac­

teristi cs of different paper s. In order to increase 

t h e sensitiv i ty of thi s test, the major i ty of investi -
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gators modified the Tappi standard method and used a 

½ Kg tens i on on the paper S&ilp J. e i nstead of 1 Kg as 

prescr.i.bed. 

According to some invest igators25 •39 , 42 , 47 ,1J.5, 
116 125 · ' the tear test r anks lower than the fold i ng 

strength test for measuring agi ng character i stics of 

paper. 

Like plastics and g l ass paper is a notch-sensitive 

material , i.e. the force required to continue a tear in 

these materials i s significantly less than the force 

r equi red to start it. The tear test as ordinarily 

per for med on paper measures the internal tearing strengtp, 

:i.n other words the force required to continue an 

a J.ready existing tear. Thi s test is valuab le i n the 

case of packaging paper gr ades , but in the case of 

wr i t i ng and printi ng paper gr ades it appears mor e 

important to measur e the edge tearing r es i stance. 

However, in the l i ter atur e , there are no repor ts 

referr ing to this test regar ding agi ng of paper . 

The tensile and ]:iursting strengths depend primarily 

on the degree of f i bre bonding. Although these tests 

g i ve an indication o f aging of paper , they are l ess 

sensi tive than folding strength and tearing strength. 
25 , 39 , 90, 1 16,124,125 Deter mi nation of rupture energy 

i s nor mally car r i ed out on:i.y on packaging paper grades 

and ~- t has not been considered as an indicator of 

agi ng of paper . 

It i s l ikely that the pr imary chemical attack on 

paper wou l d b e on the most i mpor tant component namely 

celJ.u l ose. One would the:cefor e expect to find decr easel:i 

i n v i sco s 3. ty , degr ee of pol ymer izati on of t h e cellulose , 

alpha-cellulose content and pH and i ncr eases i n alkal i ne 

40 



water sol ubility and copper number of solubility , 

the paper . 
42, 47 , 90, 

This v iew is amply supported i n lit erature 
124 

but i t has al s o been found that val ues 

obtai ned for the ab ove phe nomena can be i nconsis-

t t 
25 , 116 en. 

The onl y cri tic i sm agai nst the use o f chemi cal 

methods for measurement of agi ng of paper i s that 

e x cept fo:c pH measurement , they are r ather l ab or i ous 

compared to phys ical tests. 

The fundamenta l mechani sm of deterior at ion of 

paper wi th time i s p ro'babJ.y of a chemica J. nature and 

the phys i cal manifestati ons of paper agi ng such as 

decreases in paper str ength a r e apparent l y second a r y 

phenomena. •rher efore, the use o f chemical par ameters 

to measur e and compare agi ng char acterist i.cs of paper 

i s of prime i mportance and prob ably essential. 

b . Ac i d degr adat.i.on 

(1) I nfluence of acid 

Most i nve sti gator s seem t o agr ee that acidity i s an 
· f d , , . h 19 , 21, J.mpo r tant cause o pape:r. eterior atJ.ng w:t t age. 
22 , 25 , 5J., 67 , 68,98,110,l20 The i mpor tance o:E the con-

tribution of acid to the deter i oration of paper i s 

iJ.lust:cated b y the fact that paper made f r om chemica l 

wood pulp fibres at a pH o f 5 .0 lost half of its ori­

ginal s trength withi n 5 to 8 years, i ndica ting a use­

fuJ lifespan of not more than 50 y ears, whi le paper 

made at a p H of 9.5 was clai med to r etain 95 per cent 

of its orig i nal strenqth after 25 y e a r s of agi ng. 109 

The latter cJ.aim i s :oased on the assumption that 

a rtificia l agi ng of paper at 100°c for 72 hour s is 

equiv alen t t o 25 y ears "natu r a l " agi ng . 5 • 8 • 1 17 '
1 2 4

· 
19 It was aJ.so found that papers manufactured at pH 1 s 
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of 5.2 and 4.5, aJ. l other factors being ident i cal , 

and aged at 100°c for 72 hours, will respective l y 

retai n 58 and 14 per cent of their original strengths 

whe n aged under the same conditions as ment ion e d ab ove. 

The presence of acids i n the paper p r ob ably 

re sults i n acid hydr o l ysis and c onsequently i n depol y-.,_ 
mer i zat i on of the cel l ulose " in paper but it appe a r s 

that thi s aspect of paper deteriorat i on has h i ther to 

r eceived little attent i on. 

(2) Source of acid 

Paper i s sized a l most universally wi th sodium roz i nate 

a t a pH of approximately 5 . 0 in the pr ese nce of tri­

valent a l umi n i um ions; the latter two factors being 

essential for sat i sfactor y operation. The low pH i s 

o::>ta.:i. ned b y addi t i on of a l umi nium sulphate which 

hydr olyzes to form, amongst others , f ree su l ph uric 

acid. M.ost i nvestigator s 6 • 9 • 23 • 27 • 90 •120 •126 agree 

that this free acid is the rea l cause of impermanence 

i n modei n paper . However, many i nvest i gators repor t on 

the effect of "al um and r ozi n sizi ng" without dis­

t i ngu i shing b etween the individual contribution of 

l f t S . . 3 9 , 66, 89 l . e ac_1 ac· or. , ome i nvestJ.gator s at an ear ier 

stage eve n negated any i nfluence o f acid from this 

source. Never theless, it stands to r eason that cellulose 

would hydrolyze i n the p resence of strong ac ids , the 

rate of hyd:colys i s b eing determined amongst others b y 

the c onc entr ation of the acid present and a .1. so by the 

temperatur e and available mo .:i. sture. It appears 

Str i ctly speaking th:i.s term should read "polysaccharides" 

hut since ceJ.lulose is the mai n component of the p o l y­

sacchari des, the t erm cel lul ose i s used thr oughout 

thi s repor t . 
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reasonable to believe that pH's i n paper as high as 5 

will still be destructive over prolonged per i ods. 

Another impor tant sou.cce of acid in paper is the 

sulphur dioxi de present in the atmosphere . Sulphur 

dioxide is claimed to be ab sor bed by the pape._ wher e 

its oxidation to sulphur trioxi de is catalysed by traces 

f t 1 ) . . . . tl f . . 52 , 53 , 65 , 66 , 69 o me a __ .1c i mpur. .1. t i es , mos y err ic ions. 

These ions ar e introduced i nto the paper as i mpurities 

pr esent i n the fibrous ra\·1 materials and in the 

chemicals used in modern papermaking or are dissolved 

from the machinery. The sulphur trioxide so fm.·med, 

dissolves in the 5 to 10 per cent moisture normal ly 

present i n the paper to form sulphuric acid. owing 

to the use of coal as a fuel, contamination of the at­

mosphere by sulphurous fumes is widespread and many 
i nvest igators14 , Sl,53,55 ,65,66 , 69,72,120, claimed 

th.i.s to b e the primary cause of chemi cal deter io.l'.."ation 

in pape:i:-. The concentration of sulphur dioxi de i n 

industrial atmospheres can be as high as 0.5 PPM. As 

long ago as J. 953 it was estimated69 that the equivalent 

of f i ve miJ. l ion tons of su l phuric aci d is liberated 

i nto the atmosphere of S:ceat ';r i tain each year . The 

aver age annual concent rat ion o f sulphur d i oxide measured 

i n the centr e o f Pr etoria over the past five years was 
62 . 30 mi c :r:ograrns pe:c cub.ic metre corresponding to 

app:coxi mateJ.y 0.03 PPM. 

The infl uence of i ndustrial atmospheres is further 

b or ne out by the fact that b ooks in city librar .i_es 

were found to have a high0r acid content than books in 
1 1 . . . 7 , 109 , 1 . h h . h rura. i Drar J.es ~ presurnaD y owing to t e i g e r 

su J_phur dioxide c ontent of c i ty atmospheres. Book s 

stor ed in contami nated atmospher es for approximately 

20 year s contai ned 0.8 per cent mor e sulphate at the 

edges than at the centres of the pages, indicating the 
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absorption of sul phurous constituents from the atmos­

phere at the edges. 69 • 71 Apparently many papers absor b 

up to O. 2 per cent s ulphate du:c i ng the f irst year of 

storage and less t h ereafter, b ut it i s claimed that 

there a re wi de variations in the tendency of d ifferent 

papers to absorb sulphur d ioxide. 96 

It appear s logical to assume that ab sorpt i on of 

sulphurous fumes and their subsequent oxi dat i on to 

sulphur t rioxide i n the paper shoul d be deleter i ous. 

However , no publicati on could be t r aced in whi ch the 

clai ms regarding the il l effects of sulphur ous atmos­

pheres have been substanti ated by contr o l l e d test s 

revealing their influence on e ither t h e str ength of 

paper or on the cellul ose i n t he paper. Assumi ng that 

these degradative i n fluences of sulphurous gases a re 

r eal, their removal from the atmosphere61 or deactiva­

t i on of catal ysts i n the paper65 • 66 • 72 b y the use of 

chelating agents appears desirable. 

(3) Mig r ation o f impurities 

It has been noticed that the sul phur i c a c i d p r esent 

i n iron gall i nks7 • 20 and sulphates and chlorides 
. . . . k 18 . d. . . h p r esent i n wr i ting 1.n s mi gr ate to a Joi n J.ng s eets. 

Many compounds, includi ng residuals from the paper ­

making process and non-ce.l l uJ.osic compounds from the 

f ibres migrate from one paper to a nother over an 

extended period o f time. 18 Fi bre b oards prepared 

from acidi c puJ.p and used for mount i ng documents u l t i ­

mately c r umble away , but what is of vitaJ. concern i s 

the chemica l i njur y to the document as a result of 

mi gration of ac i d f r om the b oard to the document. The 

f o l d e r s and mounting b oards f o_ a rchival documents 

s h ould therefore be f :;:-ee from harmful i mpurities. 1 7 ' 861 

99 Undesirable resul ts may a lso be expected if docu ­

ments a re f iled i n contact wi th newspaper c lipp i ngs, 
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photocopies , cell ulose nitrate f ilm, paper c lips made 

f r om ferrous metals and rubber bands. 18 

c . Influence of r elat i ve humi d i ty and temperature 

(1) Direct effect on some str ength p r operties 

Folding strength is g r eatly affected by changes i n 

r elative humidi ty (RH) and can i ncrease b y as much 

as 10 per cent for each l per cent increase i n RH. 36 

The i ncr ease in fo l d i ng str ength i s especially sharp 

at RH's ab ove 60 to 65 per cent. Weaker paper s such 

as p r inting paper prepared f r om mechani cal pulp tend 

to achieve a maximum at approximatel y 60 per cent RH. 

Fo lding strength shows a marked decrease wi th i ncreas-
36 i.ng temperature at a constant RH. 

Tear i ng strength is di r ectl y propor tional to RH. 36 , 41 

The total change in tearing strength over the RH 
36 

range of 20 to 90 per cent, is about 50 per cent. 

Temper ature has no apprec i able effect on tear i ng 

strength. 36 

Tensile strength decr ease s with i ncr easi ng TU1's , wi th 

the rate of change i ncreasi ng pr ogr e ssi vely as the RH 

rises . 36 The average total change i n t e nsile str ength 

over the range 20 to 90 per cent RH i s appr oximately 

55 per cent. A 15°F i ncrease i n temperature reduces 

the t e nsile strength b y appr oximatel y 5 per cent . 36 

A high moisture content i s assoc i ated with high RH's 
3 6 a nd l ow temper atur es. The equilibrium moi sture 

content of paper i s sub ject to hyster esi s. 

Since the p roperties o f paper are significantl y 

influenced b y moi sture , i t is imperat i ve to condi t i on 

paper samples b y a standard method prior to testing. 
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(2) Effect of RH on the deterioration of paper 

Apar t from qualitati ve indicat i ons that : 

( i ) RH' s i n exces s o:e 65 per c ent may resul t i n the 

growth of fung i r 4 ' 14 •121 

(ii } a var i able RH effects d i mensional changes in 

paper wi th r esulting str esses and str a i ns whi ch 

may have a degr adi ng effect , 3 •19 • 104 and that 

(i i i ) J. ow RH's are associated with ternpo:cary ernbritt l e-
36 ment o.f paper, 

nothi ng appears to be known quantitat i vely about the influ-- \ 

ence of RH on the deterioration of paper. For this reason 

the)::e i s no unanirni ty about the ideal RH for paper 

stor age pur pos es , anything from 30 to 68 per cent be i ng 

d d 3 , 14 , 33 , 63,85,88 , 99 , 104 , 106,113 ,121 r ecommen e. 

I . ll d44,59,80,l00,J.l l , 124 that t i s gener a _ y agree 

the ag.ing rate of paper.· during a r tifici al aging in­

c r ease s wi th i ncr easi ng RH. Al though i t r emains to be 

pr oved, i t is logical to assume that the same principle 

i s at l east par tly appl i ca'::Jl e to natural agi ng of paper. 

Mol ds and fung i 4 • J. 4-, 12J. can })e one of the primar y 

causes of paper deterioration .in tropical cl i mates 

but thi s type of deterior at i on i s easily controlled, 15 • 
29,32 , 58 , 7o , 73 ,a5 , l 2J. and will not be dealt wi th 

fur ther. 

{3) Eff ect of temperatur e on the deterioration of paper 

M . t' t 3, J.4,59 , 60,63 , 66,85,99 , 106, 113 ,121 any ~nves i ga ors 

consi der a t emperatur e of appr oxi mately 20°c as " i deal " 

for storing paper . It appear s, howeve:c, t.hat the on .y 

considerati on hehi nd the se r ecommendations was the 

comfor t oft.he worki ng per sonnel and not the l ongevity 

of the paper . 

It i s known that the det erior ation of or gani c 

materia l.s i s r etarded Joy storage at l ow t empe:r.atur es. 
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It i s also k nown that an i ncr ease in temperature 

accelerates r eaction rates. Appl i ed to paper , these 

facts were b orne out b y t he fact that b ooks found i n 

the antar cti c 54 showed littl e deterioration compared 

with copi es of the same b ooks stored i n l i braries i n 

temperate cl i mates. It was a l so claimed19 • 48 t h at for 

a d r op in temperature of 20°c the deterioration r ate 

of paper is decreased approximately by 7.5 t imes. 

If thi s were true, the amount of deteri oration tak i ng 

place i n 25 years at 20°c wou l d r equire approximatel y 
0 1 0 , 000 years at -40 C. 

However, whether freez i ng of docume nts would be 

pract i cable and whether repeated freezing and defrost­

i ng affects paper strength adversel y, r emai ns to b e 

i nvest i gated. 

Effect of fibrous components on the deterior atipn of pag~r 
,.. ~ f · t' t 33,42,55 , 69 , 90,97 , 1 06,109 ,110 
h numr er o i nves iga o r s 

claim that highly pur i f i ed fH,res containi ng p r act i cally 

only a l pha cel l u l ose will guar antee per manence i n paper~ 

However , thi s claim cannot account for t he per manence 

of papyr us which contai ns a l a r ge proport i on of supposed~ 

ly imper manent low-polymer celluloses and hemicellu­

lose s. On the other hand, the i mper manence of paper 

containing i mpur e mechani cal pulp i s well known. 

0 h . . 9 8, l 09 . 1 d t t _er investigators agai n cou_ no corre-

l ate agi ng of paper wi th alpha cellulose content. The 

contribution of alpha cellulose content to the aging 

r ate of paper i s therefore not clear. 

The fact that books made from r ag paper f i ve hundreg 

years ago stil l exi st in an almost undeteriorated con­

dition35 •10 9 gave ri s e to the b e Jief that only pur e 

r ag paper has a h i gh degree o f per manence89 and some 

1 f . h d90,98 , 124 . a· t th resu. ts wer e u r n i s e to J.n i ca e e appa-
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e. 

rently greate:;:- chemical sta'biJ.ity of rag fibres (which 

have a high alpha cel lulose content) compared to sulphite 

wood pulp fibres, all other conditions being equal. 

Nevertheless , it now appear s that paper pr oduced 

from wood pulp exhi:,its a degr ee of permanence com-
. 25 42 109 parable with that of paper made from rag pulp ' ' 

aJ.l conditions being equal. Provided these two types 

of paper have equal or iginal strength, they should 
last for the same period9,75,76,106,109,1 J. O_ 

aag content in i tsel f is therefore not a guarantee 

of permanence and may only be preferred to wood pulp 

because of i ts h i gher i n i tial strength, whi ch under 

s 5-milar conditions , ensures a longer usable l.i.fe than 

that o f papffc made f :com wood pul p . 

Effect of light on the deteriorat i on o f paper 
The i njur ious effect of artificial and natur al light 

. ll k 8 5,91, 92,112,J.23 It on paper 1.s we. nmvn. was re-
l ported that irradiat· on of paper with ultr a-violet 

in the pr esence of oxygen: light 

(i) dest~oys and vol atilizes part of the cellulose; 

(ii ) causes yellowing o f the paper ; 

(ii i ) decreases the alpha cellulose content, and 

(i v) rapidly decr eases the streng~h of the paper . 

The decomposition continues even if the documents 

a re sub sequentJ.y stored :i.n the da,,_..k. 7 5 T 1e post­

radiation effect can b e arr ested by sto.r..ing documents 

in the dark in an atmosphere of an i ne:r.t gas such as 
·t h 1· 75 n i -r ogen or e ium. 

Documents on permanent eY..hibit .'.on therefore need 

pr otecti on against t he harmful effects o f shor t wave­

l ength light . 85 Since documents are normalJ.y sto·ed 

i n the dar k or at least not :i.n direct sunlight, th.i s 
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factor wj_ll not be considered further. 

Effect of oxygen on the deterioration of paper 

Most investigators claim that oxygen plays an almost 

negligible role in the aging of paper at temperatures 

ranging from room temperature to we l l above 100°c2 •13 •14• 
4 ~• 79 , t th . t' t 42 • 84 h d'ff DU ere are inves i ga ors w o i -er 

from the nbove v i ew. Although variations i n relative 

humidity and temperature in the latter two investiga-

t . 42, 84 · · · d · ions cause unce:i::-taJ.nt1.es, it stan s to reason 

that cell ulose can react wi th atmospheric oxygen under 

certain conditions. In addition, oxygen may be con­

sumed in the formation of sulphur trioxide as outlined 

earlier. The contr ibution of oxygen to deterioration 

of paper can ther efore not be dismi ssed. 

Yellowi ng of paper 

Apart from loss i n strength, aging of paper and pulp 

i s also accompanied by yellowing. Whereas pract i.cal.ly 

a ll kinds o :c chemi cal attack on paper are conducive to 

a l oss in strength, thi s is not universally true with 

respect to yellowing. 

Light, heat, humidity and m,.,ygen 40 ' 49 ' 90 as well as 

certai n fungi 43 contribute to yellowing but yellowi ng 

cannot ·.oe completel y avoided if these facto:rs are 

e l iminated. Peroxi.de formation has been related to 

11 · 78 d. 49 64 . ye__ ow:Lng an it was al so found ' that aging at 

high humidities results in higher contents of peroxide. 

It has been suggested that yellowing of paper 

can , e the resuJ. t of : 

( 1..) 1 t . f b "I h d 1 . . . d 7 5 , 90 reco ora i on o · .. eac e ignin resi ues: 

(ii) yellowing of sub-gamma celluloses and certain 

h . 11 J 90,100,114 emice __ u .oses; 

( ) h · l f · , 28 , 44, 
.1. 1 1. c_ anges i n co._our o · re s .1_nous extract1.ves, 

( i v) 

90 or 
90 colorat i on of s i z i ng agents. 

49 



Although the cause of yellowing of paper is still 

largely a matter of speculati on, there are certain 

points of gener al agreement. The tendency of pulp to 

yellow29 145 depends on the numbe r. of carbonyl groups 

in the cellulose chainG and on the:i.r position in the 

chain. It i s c l aimed that a l dehyd.ic carbonyl groups 

in the end uni ts of molecu l a r chains do not affect 

the yellowi ng of pulp103 although their p:-cesence is 

shown by an increase in coppe:.c number :i)ut that carbonyl 

gr oups i n other positions contribute significantly 
100 to the yel l owing tendency. It has also been found 

that cations exert a signi ficant i nfluence on the 

11 . t ::1 102,119 . h d ye _owing enaency int e or er 

Na+> Al 3+ > Mn2+> H+ > cd2+. 
The formation of carbonyl gr.cups i s largely dependent 

th F.I f h hl . • 1 h' 74,118 t• t' on - e p o ypoc orJ.te n .. eac ing: ne ac ion 

of which i s most drastic at pH's b etween 5 and 7 and 

b ecomes i ncreasingly mild at increasing or decreasing 

pH's. 

From the ab ove :i.t. is clear that although the 

influence of various factor s on yellowing has been 

recognized , the mechanism o f yellowing is not fully 

under stood yet. 

3. A~TIFICV-..L AGING OF PAPE~ 

a. Reau i rements 

The only completely satisfactory way of determining 

the life expectancy of pape_ would 'be to ob ser ve its 

deterioration in the environment of sto:l'.'age or usage 

until the point of col lapse i s reached. tl'r.c1.i.le th:i_s 

appr oach may he feas i'h.1-e for materials with a short 

.l. ifespan u i.t is hardly likely to be so in the case of 

ordinar y paper which has. a lifespan that extends over 

a number of decades. T'.nis indicates the necessity of 
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b. 

instituting an artificial aging test. 

The ideal environment f or a test of this natur e 

is one that brings about an i ncr ease i n the rate of 

deterioration of the materia l without affecting the 

natur e of the det er i orat i on. Fur ther i t sh ould be 

possible to measure the amount of deterioration that has 

taken p J. ace i n a g :' ven time and to correlate this deteriora 

t i on wi th the l ife e}..rpectancy of paper dur i ng natur a l 

aging. 

Heat agi ng 

The fundamental as sumption underlying the acceleration 

of aging by heat i s that by exposi ng paper to an 

elevated temperature the pr ocess of deter ioTation is 

speeded up and results in measur ab le changes withi n 

a sho:ct period. 

A large num~:-,e r of ar ti f ic.:i.al aging tests r anging 

from l ow to high temper atur e in different atmospheres 

at m-r • s r anging f :r.om O to 100 per cent, some of them 

combined wi t h ultr a-viol et light irradiation o·I'.." var i a­

tion i n the amount of oxygen or acidic gases i n the 
. . , , t . d J.2,42 , 65 , 69 , 83 , 109 ag1.ng env.1.r.onment, .nave -'.)een r ie • 

It seems, however , that the f i nal choice of an art i fi­

cia l agi ng test must be i nfJ.uenced by practi cal 

consi der ations. 

It has ~ een found that aging for 72 hours at 100°c 

is equi valent to appr oxi mate l y 22 year s of 11 natur a l 11 

agi ng. 5 •8 •124 Thi s i nvest i gation , however , per mi tted 

onl y qualitative concl us i ons to h e dr a'\<m s i nce t he 

testi ng of paper at the t ime of the i nvest i gat :i_on had 

not prog· e ssed far enough to per mi t pr ope:...· contr o l of 

var iab les. In addi t i on, the ter m "natur al" agi ng was 

not quali f i ed - i t stands to reason that 11 natu:cal 11 

aging i n temper at e c .l.i.mate s wil l not b e compar able to 
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"natural " aging in tropical c:i.imates. Similar. 

crit i cism applies to another independent investi-

. 115 h · l d d h . f 72 h gat i on wer e it was cone u e tat agi ng or ours 

at 100°c corr esponds to 11 natu:r.al agi ng" for 28 years 

with confidence limits of 17 and 48 year s. Sub sequent 

k th . f 5 ,8,16,108,124 b d wor on e aging o paper was ase on 

the theory that heat agi ng at 100°c simulates natur a l 

agi ng and that aging at this temperatur e for 72 hour s 

is equi valent to appr oximately 25 years of natur al 

aging. This assumpti on was further extended to aging 
o 7 116 . at 100 C for 24 and 48 days ' which is assumed to 

b e equivalent to appr oximatel y 200 and 400 years of 

natu .. a l aging r espect i vel y. 'i-'1hether these assumptions 

are right o:r. wrong, i s of no real consequence. It i s 

b oth encou:. aging and signi ficant that a correlati on 

has been found to exi st b etween heat and natur al agi ng. 

It i s i mmater ial to what period of natur al aging a 

cer tain method of heat aging i s equivalent since it 

wil l b e poss ible to compare the per manence of d iffe r ent 

gr ades of paper and to est i mate their expected lifespan 

on a common b as i s. 

Nevertheless, it appears that more work should 

be dir ected at corre l ating natur al wi th artifi cial 

agi ng , regarding both chemi cal and physical changes . 

... "l\n important factor in artific i a l a ging appears 

to be the amount of moi stur e present i n the agi ng 

t h 37, 41, 64, 80, 90, 9 5,100 It h b n found a mosp.ere. as . ee 

t hat the agi ng r ate of paper at a constant elevated 

temper ature i ncreases linearly with incr easi ng r elative 

humidit i es ab ove 25 per c e nt. 111 Although this is so , 

i t i s c laimed that aging in the presence of moi stur e 

does not differ from dry heat a ging as far as the 
44 

r espect i ve gradings of the pulp tested a re concer ned 

and t here f or e dr y heat agi ng of paper is p r efer able to 
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c. 

h . d . . . . , · 1 · 94 urni aging owing to its practicani ity. The amount 

of moisture present in the atmospher e is never theless 

a factor that can affect the corre l ation b etween 

"natural" and a J:-tifici al aging signifi cant l y and its 

i nfluence shoul d ther efor e be known quantitat i vely. 

Aging with sulphur dioxide 

It has b een claimed that the worst chemical deterior a­

tion in paper is caused by the action of sulphur 

d . . d 65, 69, 109 d h f · f · · 1 · i oxi e an t e r e ore an art i icia agi ng 

test has b een proposed based on the amount of sulphate 

that accumulates in paper after stor age i n an atmos­

phere contai ning 0.5 per cent sulphur dioxide at a 

relative humi dity of J.00 per cent for a per i od of 
69 7 days. An increased content of sulphate i n the 

paper i s c l a i med to i ndicate its liability to deterio­

r ate on agi ng. This p r oposed test has, however, not 

b een wi dely approved of. 

d. Aging wi th ultra-violet light 

The use of ultra-vi o . et J.ight to study the aging charac­

teristi cs of paper has not r ecei ved much attention, 

p r esumably because the presence of ultra-violet light 

in r epository buil dings is an easily contr ollab le 

ab normality. 

Severe degradation of cellul ose starts in the 
0 

v icin i ty of 2500A and increases with decreasing wave-

length.26•77•81 • 101 The chemical changes evidenced 

when paper is exposed to direct sunlight are i ncre ases 

in copper number and decr eases in the degree of poly­

merizat i on of the cel lulose and a 1pha cellulose content, 

4. CONCLUSIONS 

(j_) Th e usable life o f moder n paper i s limited. 

Thi s condi t:i.on p r esents g r ave prob lems espe­

cially to Archi ves and li'i)raries all over 
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the world. 

(ii ) Deterioration of paper is caused by a number 

of factors. The most important of these 

appear to be acid content , sizing mater ials , 

original chemical composition, types of 

fibrous raw materials , climate and impurities 

i n the atmosphere and paper. 

(iii ) The i nformation gained f r om lite:r.attLce is 

val uable, but i t appear s that most investiga-

tors treated t he subject qual i tativel y and 

overlooked the fact that deterioration of 

paper is pr ob ably the result of the i nteract i on 

of a number of variables. 
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APPENDIX I 

TERMINOLOGYlO ... 

Active alkali : The sum of the caustic soda and half of 

the sodi um sulphide i n sulphate pulping liquor, i.e. 

{NaOH + !2Na2s) expressed as Na
2
o. 

Alpha cellulose: That por tion of a pulp or other cellu­

l osic material that resists solut i on in 17.5 per cent 

NaOH under specifi ed conditions. 

Appi ta: Austr alian Pulp and Paper Industr y Technical 

Association. 

Bagasse: Th e c :i:-ushed stalks of sugar cane after the sugar 

h as been extr acted. 

Dasis weight: The weight of paper in g r ams per squar e meter. 

Beater : A machine consisting o f a tu}) and contai ning a 

heavy r oll ):evolving against a b edplate. A pulp suspension 

i n water c i r cul ates t hrough the b eater between the r oll and 

b edplate where the fibres are fibrilated and softened. 

Beating : Pe fi n i ng of pulp carried out in a beater. 

Beta cellulose: That por t i on of pulp or other ceJ.lul osi c 

material that d i ssolves in 17.5 per cent NaOH under specifi ed 

condi t i ons but whi ch i s r epr ecipitated on neutr al i zat i on 

of the a lka line solution. 

B.cightness: The per centage reflectivity of a sheet of 

pulp or paper for b lue light measur ed under standard con­

d i t i ons on an i nstrument desi gned and cal ibrated for the 

pur pose. 

Bu r st i ng strength : A measu:;. e o f t h e a .J.ility of a sheet 

to r es i st rupture when pressur e is applied to one of it s 

s ides 11y a specified i nst.1:·1lffient under speci f i ed conditions. 

* 1-'Iost of these definitions have b een taken over par tly 

or wholly from t he Dictionar y of Paper . 
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CeJ.lulose: The mai n solid constituent of woody plants. 

Chemically it is a linear polysaccharide consisting of 

anhydroglucose un.:i.ts joined at the 1 and 4 positions. 

Chemical pulp: A general ter m used to i ndi cate pulp pre­

par ed entirely by chemi cal puri f i cat i on of the r aw material. 

Cold soda pulE: A semi -chemical pulp gener ally p r oduced 

f r om har dwoods 'by treatment with sodium hydr oxi de at tempera­

tur es b e l ow the b oiling point of the solution fo l lowed by 

mechanical defibrati on. 

Copper number : The num1Jer of grams of copper reduced f r om 

the cupri c to the cuprous state by 100 grams oven-dry pulp 

or paper under specified conditions. 

Couch: A term referr ing to dewatering and p i cking off of 

the wet paper web from the wire on which it was formed by 

a felt cover ed r oll. 

Edge tearing strength: The resistance offered by paper to 

the onset of tearing at the edge of a sheet. 

Fibrilation : JA term indicating loosening of threadlike 

e l ements from f ibres dur ing b eat i ng or r efini ng. 

Filling material : A non-fibrous mater i al e.g. clay added 

to the fibr e fur nish of paper to enhance certain proper ties 

such as opaci ty of the paper. 

Fol ding str ength : The num~Je :i: of folds under specifi ed 

conditions i n a specifi ed i nstrument which a speci men wi ll 

withstand b efor e f ai l u r e. 

Gamma cellulose: That por tion of a pul p or other cellulosic 

materia l that :cemai ns i n sol uti on after neutr al i zation of 

the a J.kaline solut i on ob tained under the conditi ons i mposed 

i n t h e alpha cellul ose test. 

G.E. b r i ghtness: A standard of brigh tness adopted by the 

paper industr y and named after the manufactur er who made 

the ori ginal specifi ed i nstr ument. 

Hemi cellul ose: Non_cel l ulos i c polysacchar ides occurring 

i n pract i cal ly a ll vegeta~le f ibres and y i e l ding simple 

pentose and hexose sugar s, u r onic aci d and acet i c acid when 

hyd·-olyzed in aci d medi um. 
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Hysteres i s : The term refer s to the difference in value 

of a proper ty depending on whether a given value i s appr oached 

from a h i gh or a low l evel e.g. a pape:-c sheet conditioned 

at 50 per cent r elat i ve humidity ( ILB:) will h ave a h:i.gher 

moistur e content when condi tioned f r om a h i gher than f r om 

a l ower RH. 

I nter nal tearing strength: The f orce r equired to continue 

a tear i n paper under specified conditions and measur ed i n 

a specified i nstr ument. 

Ligni n: The non-carbohydr ate portion of p l ant material 

l eft as :res i due on hydr olysi s wi th str ong aci d after r emoval 

of extract i ves. It i s an amor phous material of h i gh mol e­

cular we i ght and predominantly aromat i c in ch aracter. It 

consi sts of phenyl propane uni ts and contains t h e major 

portion of t h e methoxyl gr oups present i n plant material. 

Mechanica l wood pulp: Pulp pr epar ed entir ely by mechani cal 

"defibration" of wood eith er by refining of wood chips or 

by gr:i.nding of l ogs. 

Permanence : The term, as applied to pape£, r efer s to 

chemica l sta.bi l i ty and the :cetent i on of desired handling 

p r operties over p;:-oJ.onged peri.ods as opposed to "durability" 

which r efer s to resis"i.::ance to mechanical wear and tear. 

Pulp : The fi.}:.ir ous mass o".)t a ined by r educing cellulosi c 

materials to f ibres by mechanical and/or chemical means . 

Pu l p i ng liquor: The solut i on of chemi cals used to soften 

and/ o:c p a :;~tly del ignify wood or oth er cellulosi c materia l s 

i n semi-chemical or ch emical puJ.p :i.ng operat i ons . 

. ,lag paper : ~~ term descri}:.i i ng paper containing cel lulose 

f i~:>res der i ved fr om cotton or flax. 

H.efin i n_g_ : A. ter m describing mechan :i.. caJ act i on on pulp ( in 

a water suspension) to fib:rilate and soften the fibres 

(cf. b eating). 

Schopper - ;;(iegJ.e r : See "we-ti,ess". 

Semi -chemica :i. pulp : A pulp produced lJy a mild ch emi cal 

treatment of the r aw mate 0-:i.al fo l lowed y mech anical 

def :i.~.:n:at i on. 
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Sizing: Any mateX"ial used internally o r on the sur face 

of paper to i ncrease the resistance of the pape:c against 

penetration by water and which transforms the surface to 

such a state that it can be \irr :i. t t en on. Ink II feathers" 

on uns i zed paper such as newsprj_nt gr ades and blotting 

paper . 

Stod< concentr at i on: The amount of pulp pr esent in a 

pulp-water suspensi on expr essed as a percentage of the total 

weight, e.g. 11 10 per cent stock concentr at i on 11 i ndi cates 

·that 100 weight uni ts of the pulp suspension cont a.in 10 

uni ts of pulp. 

Sulphate pulp: Chemical pulp p r oduced by pulping wood 

wi th a mixtur e of sodium hydr oxide and sodium sulphide. 

The l atter is o~Ytained f r om r eduction of sodium sulphate. 

Sulphidi ty The r at i o between the sodi um sulphide and 

the total a l kal i p r esent in sulphate cooking liquor exp:. essed 

as a per centage. It is common practice in the sulphate 

pulpi ng industry to expr ess the concentration of pulpi ng 

chemicals as g/1 Na2o. 
Sul phi te pulp: Chemical pul p produced by pulping wood 

wi th a mixtur e of sulphi te and sulphur ous aci d. T'ne -;Jase 

can JJe calci um , magnes i um, sodium or ammoni um. 

Tappi : Techni cal Associ ation of the Pulp and Paper 

Industry (Amer ican). 

Test sheets: Lab or atory sheets p r epared b atchwise in a 

specifi ed manner f r om a suspension of f i b r.es in water with 

or wi thout the addi tion of sizing, f illing or colour ing 

agents and used for testing purposes. 

Tensi le strength: The f o r ce, par allel with the p l ane of 

the paper r equired to produce failure in a sample of 

speci f i ed dimensi ons under specified conditions. 

Viscosity: Th e p r operty of cellulose pulp or other polymer 

whi ch i s expr essed 1:>y t h e v i scosi ty of a solution of the 

materia l i n a sui table sol ven t under specifi ed conditions. 
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Wetness: A measure of the rate with which water drains 

from a stock suspension through a wire mesh scr een under 

specified condit i ons and is expressed as degrees Schopper ­

Riegl e r, named after the instrument used. 

·web : The sheet of paper coming f r om the papffc machi ne 

i n its fu J. l width o f r om a r oll of paper in any converting 

operation . 

Zer o-span tensile strength : The tensi l e str ength of a 

sheet of fibrous material , measured with speci al jaws under 

specifie d conditions at an apparent i n i t i al span of zer o. 

It is an indication of the strength of the fibres of which 

t h e sample i s composed as opposed to the ordi nary tensile 

strength test which measures mainly ~:ionding strength 

between fibres. 
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