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Chapte rr  6. The agin g of paper and the influenc e of 

gelatin ee on the degradatio n process , a stud y usin g 

SEC/MALS,, pH and colou r measurement s 

Abstract Abstract 

TheThe analysis method of cellulose dissolved in lithium chloride/N,N-dimethylacetamide 
(LiCl/DMAc)(LiCl/DMAc) by size-exclusion chromatography (SEC) using multiangle light scattering 
(MALS)(MALS) and differential refractive index (DRI) detection is applied to the study of the 
cellulosecellulose of model papers and naturally aged papers. Firstly, the degradation of pure 
cellulosecellulose papers upon heat and humidity aging is characterised. Hydrolytic scissions 
seemseem to occur more or less randomly on the cellulose chains. The role of the gelatine 
sizingsizing in the aging-induced degradation of the papers is evaluated, whether these are 
laboratorylaboratory sized, commercially sized or historic samples. Although not always in a 
significantsignificant manner, the presence of gelatine in the paper is shown to be beneficial to the 
papers,papers, as evidenced by the lower rate of aging-induced depolymerisation of the 
cellulose,cellulose, especially in the case of the high molar mass molecules. However upon aging, 
thethe gelatine induced some discolouration of the papers as well as a decrease in their pH, 
whichwhich varied with the type of gelatine, its purity and its concentration in the papers. It 
waswas found that the purest grade gelatine, i.e. the photographic gelatine type B made from 
cattlecattle bones, induced less yellowing and less acidification of the paper than the 
food/pharmaceuticalfood/pharmaceutical grade gelatine type A made from fish, and of lowest quality. 

6.11 Introductio n 

Washingg paper documents is a common conservation practice but can result in the 
dissolutionn of the size in the water, especially in warm water. A survey conducted in 1982 
amongg American paper and book conservators on issues like sizing and resizing 
followingg aqueous treatments showed that resizing practices were quite varied and 
evidencedd the littl e consensus there was about the function and benefit of such 
procedures.. The outcome was an enormous interest in the subject and a need for research 
onn the implications of washing and resizing [1]. However, twenty years later, very few 
studiess have been dedicated to the size in paper and thus far the contribution of sizing to 
thee durability of paper has been largely ignored. In particular the role of a traditional 
sizingg agent like gelatine in the longevity of historical papers is unknown. 
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Chapterr 6 

Thee aim of this study was to investigate the role of gelatine sizing in the aging behaviour 
off  paper. Cellulose was characterised in order to investigate possible correlations between 
thee changes in molar mass (MT) induced by the aging process and by the presence of 
gelatinee in the paper as Mt is reported as a good indicator of polymer integrity. 

Thee paper was dissolved in lithium chloride/A ,̂ jV-dimethylacetamide (LiCl/DMAc) , and 
wass analysed by size-exclusion chromatography (SEC) with on-line multi-angle light 
scatteringg (MALS) and differential refractive index (DRI) detection. SEC is an extremely 
sensitivee technique for the detection of early changes and hence, is widely used to 
characterisee polymers and follow their degradation. SEC chromatograms provide 
informationn on the molar mass distribution (MMD) of a polymer, a clear advantage over 
viscometry,, a method widely used in paper research that yields only the viscosity-average 
molarr mass (Mv). With MALS, absolute values of Mr averages (Mn, Mw, Mz) are 
determinedd without the need for calibration with polymer standards. Polydispersity, size 
distributionn and additional parameters such as the root mean square (rms) radius, which 
informss on the conformation of the polymer in solution, are also computed during online 
MAL SS experiments (see Chapter 4). As chemical structure relates to physical properties, 
thesee parameters correlate with all key physical characteristics of polymers such as tensile 
strength,, elongation, flexibility , and brittleness. 

Otherr physical and chemical properties of the papers such as the trichromatic values CIE 
L*a*b**  [2] and cold extraction pH [3] were measured in order to investigate possible 
correlationss with the Mx of cellulose, as these characteristics are easily measured, and are 
oftenn available to non-specialised laboratories and conservation workshops in museums, 
archivess and libraries. 

6.22 Descriptio n of th e paper s studie d 

6.2.16.2.1 Model  papers 

6.2.1.11 Preparatio n of the sample s 

Thee model papers selected for this study were gelatine sized modern papers. These 
includedd Whatman No. 1 filter paper, which contains nothing else than pure cellulose, that 
weree sized manually in the laboratory, and Arches paper (Canson) cold pressed, which is 
100%% cotton. 

Archess paper does not contain any optical brighteners and is sized to saturation by the 
manufacturerr after the sheet formation (surface sizing) with a type B gelatine1. A 
microscopicc fibre analysis confirmed the composition of Arches to be pure cotton rag 
paper.. Arches papers are henceforth abbreviated as "Ar" . 

Informationn provided by Canson (now Arjo-Wiggins). 
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Gelatinee sizing of paper 

Thee other model paper chosen, Whatman No. 1, was sized with two types of gelatine. One 
wass a photographic grade type B gelatine (Gelita Type 8039, Lot 1, Kind and Knox, Inc.) 
producedd from alkali treated cattle bones - later referred as 'K' - and the second, a 
pharmaceutical/foodd grade type A gelatine (High Molecular Weight Gelatin batch No. 
7345,, Norland products, Inc.) produced from acid treated fish skin - which shall be called 
'N'.. The technical data sheets of the gelatines provided by the suppliers can be found in 
Appendixx 6-1. 

Typee B gelatine is closer in composition to the gelatine used historically. Recipes from 
thee eighteenth century refer to the use of leather, hides, ears, tripes, feet, parchment 
clippings,, and other littl e bits from four-footed animals available from tanners or 
butchers,, except pig [4]. Dutch paper of the same period, reported to be the best quality 
paperr in Europe, was sized with sturgeon gelatine [5]. Because fish gelatine has a lower 
amountt of proline and hydroxyproline amino acids, its gel point is lower (10°C) than that 
off  mammals (40°C). At room temperature fish gelatine forms solutions while mammal's 
gelatinee forms gels and needs to be heated for sizing purposes. 

Thee sizing was carried out by immersing paper sheets (150 mm x 190 mm) one by one in 
aqueouss solutions of gelatine, kept at 40°C in a temperature-controlled water bath. The 
waterr used throughout the experiment was milli-Q 18.2 MQ cm (RiOs Ellx, Millipore). 
Afterr sizing, the papers were air-dried at ambient conditions by hanging. Tub-sizing and 
individuall  sheet drying were chosen as they were current practices in 18th century paper 
millss as described by Diderot [4] and De Lalande [5]. Figure 6.2-1 shows the sizing 
thermostatedd bath and the drying of the papers in the scientific research laboratory at the 
Nationall  Gallery of Art (Washington, DC). 

Whatmann No. 1 -
paperr sized 

drying g 

Thermostated d 
waterr bath (40°C) 

Gelatinee size 
container r 

Figuree 6.2-1. Sizing and dryin g process of model papers. 

Forr the purpose of the present study, the varying amounts of gelatine that were absorbed 
inn the model papers needed to be controlled and known while closely reflecting historic 
andd modern sizing practices. However, one of the problems of early recipes is the lack of 
informationn sources and the very littl e data available concerning gelatine content of early 
Europeann papers. The study by Barrett and Mosier [6] of over 40 historic papers dating 
fromm 15th to 18th centuries reports gelatine contents ranging from 0.013% to 7.6% (wt/wt). 
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Schaefferr [7] reports that Whatman commercial artist's paper made in 1956 has a gelatine 
contentt of 6.1%. 

Thee dry weight uptakes of gelatine in the model papers, of 0.5%, 2% and 8% (dry 
gelatinee weight / dry paper weight) were therefore chosen as they were representative of 
light,, mid and heavy sizing as indicated in the above mentioned studies [6,7] as well as in 
historicc 17th-18th century recipes, and early industrial 20th century gelatine sizing 
proceduress [4,5,8,9,10,11,12]. The required concentrations of the aqueous size solutions 
weree 2.3, 8.3 and 32.3 g L"1 of K, and 2.1, 8.9 and 36.1 g L"1 of N. The gelatine used to 
preparee these solutions was equilibrated according to TAPPI standard T 412 om-94 at 
50%% relative humidity (rH) and 23°C [13]. The samples were called K0.5, K2, K8 and 
NO.5,, N2, N8 respectively. The experiments and calculations that allowed to establish the 
relationshipp between gelatine solution concentration and actual gelatine uptake in the 
paperr are reported in Appendix 6-2. 

6.2.1.22 Artificia l agin g 

Sizedd model papers and unsized control papers (C) were artificially aged at 80°C and 
50%% rH for thirty-five and ninety-four days (t35, t94) by hanging the sheets individually in 
aa climate chamber SE-600-3 (Thermotron Industries). The aging conditions were chosen 
inn order to remain below the glass transition temperature of gelatine, Tg [14,15]. At Tgi 

gelatinee undergoes physical and chemical changes inducing a denaturation of the protein, 
whichh needed to be avoided in order to prevent reactions from occurring during 
acceleratedd aging that do not take place under natural aging conditions. Tg strongly 
dependss on the moisture content (MC). According to McCormick-Goodhart [14], at 80°C 
andd 50% rH, the MC of gelatine is about 11% and at such conditions, Tg is not reached. In 
thee present experiment, MC was found of 12.1% for both K and N gelatines at 23°C, 50% 
rHH (see Appendix 6-2). This means that at 80°C and 50% rH, MC was well below 12% 
andd confirms that the aging conditions chosen for the present study were not denaturing 
conditionss for the protein. 

Becausee of the significant number of samples produced for the present study, two 
differentt climate chambers were needed to artificially age them simultaneously (including 
thee samples containing alum described and studied in Chapter 7). Therefore a second set 
off  control samples (unsized) was aged in the same manner under the same conditions in a 
Versatennn heat/humidity chamber (Tenney Engineering, Inc). In each category, a set of 
paperss was kept in the dark at 23°C, 50% rH [13] as the unaged reference. 

6.2.26.2.2 Naturally  aged papers 

Inn order to evaluate the applicability of the SEC/MALS method to historic documents, 
differentt naturally aged papers were analysed. Historic papers from the seventeenth and 
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eighteenthh centuries and early twentieth century papers from Strathmore Paper C'e (West 
Springfield,, Mass., USA) were chosen to represent naturally aged papers. The 17th-! 8th 

centuryy papers were rag papers of apparent varying quality, composition, and 
conservationn condition. They are referred as NAT1, NAT2, NAT3 and NAT4'. 

Strathmoree papers, which are chemical wood pulp papers, were chosen for the following 
reasons:: their fabrication date was known (1932), and they were precisely referenced in 
compositionn and fabrication batch. They represented a unique pool of naturally aged 
paperss (70 years) that had been kept together and therefore, were homogeneous with 
respectt to their conservation history. The Strathmore papers are hereafter abbreviated 
S140,, S160, S220 and S320 (the numbers correspond to the grammage: 140 to 320 g m"2). 
Eachh group was composed of two types of papers with identical fabrication batch number, 
onee labelled "Aqua-set (unsized)" (referred as S140U to S320U), and one sized with 
photographicc gelatine (unknown origin), labelled "Photo-Gelatin (Sized)"(referred as 
S140SS to S320S)2. These naturally aged papers were not subjected to artificial aging. 

6.33 Degradatio n of cellulos e characterise d by SEC/MALS 

6.3.16.3.1 Experimental:  sample  preparation  and SEC 
procedureprocedure  in  LiCIIDMAc 

Thee samples for SEC/MALS were prepared by defibrillating the paper in a two-blade 
cuttingg mill as described in section 3.2.1.2 of Chapter 3. 

Thee preparation of the solvent, mobile phase, and sample, as well as the methods for 
cellulosee activation and dissolution in LiCl/DMA c are reported in section 3.2.4 of 
Chapterr 3. The instrumentation, the SEC/MALS set-up, and the method in LiCl/DMA c 
aree reported in section 4.2.3 of Chapter 4. 

Eachh sample type was dissolved once or twice and each cellulose solution was analysed at 
leastt in duplicate runs. Only the average values are reported here. For aged and unaged 
controll  papers two to three sets of dissolutions were carried out, and each dissolved 
samplee was analysed in duplicate or triplicate runs. The relative standard deviation (RSD) 
onn number-average, weight-average and z-average molar mass (Mn, Mw and Mz) of the 
referencee papers, are reported in Table 6.3-1. The RSD% on the mass of cellulose 
injectedd as calculated by the ASTRA software (Wyatt Technologies) for all the control 
paperss was 4.2%. This RSD refers to the statistical fluctuations in the MALS and RI 
detectors,, i.e. to consistency in the data, and not to possible systematic errors due to 
samplee preparation and separation method. The latter are the subject of a separate study in 
Chapterr 5. Only four of the Strathmore papers were analysed by SEC/MALS, and these 
are:: S160U, SI 60S, S320U and S320S. 

Naturallyy aged 17th-18th c. papers provided by the museum Boijmans Van Beuningen, Rotterdam, The Netherlands. 
Strathmoree papers are part of the twentieth century paper collection of the National Gallery of Art, Washington, DC. 
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6.3.26.3.2 Results  and discussion 

6.3.2.11 SEC/MALS applie d to the stud y of mode l papers 

6.3.2.1.16.3.2.1.1 The aging  of  pure  cellulose  paper 

Tablee 6.3-1 reports the average MT obtained for Cto - Whatman No.1 unsized control (C) 
att time zero (to). Mn was 3.96xl05 g mol"1, Mw was 6.68xl05 g mol"1, and Mz was 
10.09x1055 g mol"1. The peak molar mass (Mp) was 6.24x105 g mol"1 and the polydispersity 
PDD (PD = MJMn) was 1.70, which indicated a polydisperse sample where about half the 
moleculess are distributed fairly close around A/p, and a smaller proportion of molecules 
havee very low or very high molar mass. This low polydispersity is typical of pure 
cellulose.. For wood cellulose the molar mass distribution (MMD) is usually broader, 
mainlyy due to the presence of lignins and hemicelluloses, and PD of 7 and higher is not 
uncommonn [16]. 

Thee control papers aged in the two climate chambers showed no difference in Mx (Table 
6.3-2).. Therefore for the rest of the study, the data obtained for the aged control samples 
(C)) was averaged regardless of the aging chamber used. 

Afterr artificial aging, Mw for Ct35 and Ct94 was 5.55xl05 g mol"1 and 3.87xl05 g mol"1 

respectively.. The decrease as compared with Ct0 was 17% for Ct35 and 42% for Ct94. Mp 

decreasedd by 15% and 45% for Ct35 and Ct94, to 5.28xl05 g mol"1 and 3.45xl05 g mol"1. 
Tablee 6.3-3 reports these percent differences in the Mv averages before and after aging. 

Betweenn to and t35 the decrease in all the Mx averages A/„, Mw and Mz of C was identical 
(Tablee 6.3-3). This indicated that cleavage of the polymer chains during the first 35 days 
off  aging occurred randomly and equally in the low-A/r and in the high-A/r molecules. 
Betweenn to and t94 the decrease in Mx averages for C followed the sequence AMn% > 
AMP%% > AMW% > AMZ%. This indicated enhanced production of low-A/r molecules from 
t355 to t94. Upon prolonged aging low-Mr fractions outnumbered high-A/r fractions. It has to 
bee noted that the mass of the degradation products formed during aging such as small 
organicc acids, and other small molecules have a negligible effect on the mass of the bulk 
cellulose.. These molecules are too small to be visible on the MALS signal, and they were 
excludedd from the selected integration limits on the DRI signal. Hence the value of Mn, 
whichh is the molar mass average that better represents low-Mr molecules, was not affected 
byy these degradation products and reflected exclusively the polymer itself. 

Thee decrease in Mn, Mw and Mz is illustrated in Figure 6.3-1 and in the shift towards low-
MMTT which is visible in the overlaid differential molar mass graphs of Cto, Ct35 and Ct94 in 
Figuree 6.3-2. Differential molar mass graphs (or MMD graphs) indicate how much 
materiall  (differential weight fraction) is contained in any molar mass interval. The 
polydispersityy increased by 8% between Cto and Ct94 but this is insignificant considering 
thee RSD% on these PD values. 

118 8 



Gelatinee sizing of paper 

Thee shape of the peaks in the MMD profiles for Cto, Q35 and Q94 are almost Gaussian 
(Figuree 6.3-2). This is quite remarkable since Gaussian peaks are not a usual feature in 
SEC.. The sharpness of the apex of the peaks eroded from Cto to Ct94 indicating that the 
fractionn of mid-size molecules in the MMD decreased with aging. 

Differentiall Molar Mass 

Figur ee 6.3-1. Change in M r averages of 
Cto,, Ct35 and Ct94 wit h aging time. 
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Tablee 6.3-1. Mr averages and polydispersity indices of the model papers aged and unaged: control (C) 
andd sized samples (K2, K8, N2, N8 and Ar) . 

Ct0 0 

c t 3 5 5 

Ct94 4 

K2t „ „ 
K2t 3S S 

K2t 94 4 

K8t „ „ 

K8 t „ „ 

Kot94 4 

N2t„ „ 

N2t3S S 

N2t94 4 

N8t„ „ 

N8t,5 5 

N8t94 4 

Art „ „ 

Art 35 5 

Art 94 4 

AV GG A/„xl0- ' 

gg mol" 1 

3.96 6 

3.33 3 

2.17 7 

4.04 4 
3.19 9 

2.16 6 

--
3.94 4 

2.70 0 

--
3.46 6 

2.04 4 

--
3.30 0 

2.26 6 

2.84 4 

2.12 2 

1.55 5 

RSDD % 

M„ „ 

7.8 8 

6.2 2 

8.1 1 

6.9 9 

2.4 4 

10.4 4 

--
8.8 8 

N/A' ' 

--
N/A A 

N/A A 

--
10.8 8 

N/A A 

3.7 7 

N/A A 

5.8 8 

AVGM„xl<r 5 5 

gg mol" 1 

6.68 8 

5.55 5 

3.87 7 

6.86 6 
5.80 0 

3.97 7 

_ _ 
6.29 9 
4.64 4 

--
6.10 0 

3.99 9 

--
6.63 3 

5.18 8 

5.59 9 

4.61 1 

3.68 8 

RSDD % 

M . . 

2.0 0 

3.5 5 

3.7 7 

3.3 3 

2.0 0 

3.8 8 

. . 
2.4 4 

N/A A 

--
N/A A 

N/A A 

--
3.4 4 

N/A A 

2.6 6 

N/A A 

7.5 5 

AV GG M.X10-' 

gg mol" 1 

10.09 9 
8.42 2 

6.06 6 

10.53 3 
9.50 0 

6.36 6 

. . 
9.08 8 

7.02 2 

--
9.75 5 

6.50 0 

--
10.63 3 

9.33 3 

9.91 1 

8.52 2 

7.60 0 

RSDD % 

M, M, 

4.5 5 

7.2 2 

5.9 9 

0.9 9 

7.7 7 

4.2 2 

--
1.4 4 

N/A A 

--
N/A A 

N/A A 

--
4.2 2 

N/A A 

5.1 1 

N/A A 

18.2 2 

A V GG MpXlO s 

gg mol" 1 

6.24 4 

5.28 8 

3.45 5 

6.08 8 
5.33 3 

3.47 7 

. . 
6.17 7 

4.26 6 

--
5.56 6 
3.41 1 

--
6.39 9 

4.39 9 

4.90 0 

3.29 9 

2.60 0 

RSDD % 

M p p 

5.5 5 

5.0 0 

6.2 2 

9.7 7 

3.3 3 

5.2 2 

--
4.7 7 

N/A A 

--
N/A A 

N/A A 

--
7.3 3 

N/A A 

2.0 0 

N/A A 

0.4 4 

AV G G 

PDD (MJM„ 

1.70 0 

1.68 8 

1.79 9 

1.70 0 
1.82 2 

1.85 5 

. . 
1.60 0 

1.73 3 

--
1.77 7 

1.96 6 

. . 
1.95 5 

2.30 0 

1.97 7 

2.18 8 

2.38 8 

RSDD % 

PD D 

7.1 1 

4.5 5 

7.0 0 

3.7 7 

1.3 3 

6.3 3 

--
7.0 0 

N/A A 

--
N/A A 

N/A A 

--
8.2 2 

N/A A 

6.4 4 

N/A A 

10.5 5 

AV G G 

MM-MM-

1.51 1 
1.52 2 

1.57 7 

1.54 4 
1.64 4 

1.60 0 

. . 
1.44 4 

1.52 2 

--
1.60 0 

1.63 3 

--
1.61 1 

1.80 0 

1.77 7 

1.85 5 

2.06 6 

RSDD % 

M/M„ M/M„ 

4 4 

6.0 0 

4.2 2 

2.5 5 

5.8 8 

5.4 4 

--
3.8 8 

N/A A 

--
N/A A 

N/A A 

--
5.5 5 

N/A A 

2.6 6 

N/A A 

12.6 6 

N/AA is reported when only two analyses were done 
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Tablee 6.3-2. Mr averages of the control papers aged in the SE-600-3 and in the Versatenn climate 
chambers. . 

Clt35' ' 

Clt,4 4 

C2t3S
2 2 

C2t,4 4 

AV GG A/.X10-* 

gg mol ' 

3.39 3.39 
2.28 8 

3.24 4 
2.07 7 

RSDD % 

M„ M„ 

7.3 3 

4.9 9 

4.6 6 

7.6 6 

AVGAf„xl0 5 5 

gg mol' 

5.65 5 
3.97 7 

5.45 5 
3.81 1 

RSDD % 

A/» » 

3.7 7 

3.5 5 

2.7 7 

3.5 5 

AV GG M,Xl O 5 

gg mol'1 

8.42 2 
6.20 0 

8.42 2 
6.06 6 

RSDD % 

MMz z 

2.5 5 

5.5 5 

10.7 7 

5.6 6 

AVGMpXlO 5 5 

gg mol"' 

5.32 2 
3.41 1 

5.23 3 
3.48 8 

RSDD % 

Mp p 

4.8 8 

6.8 8 

5.7 7 

6.2 2 

AV G G 

PDD {MJM„) 

1.67 7 
1.74 4 

1.68 8 
1.85 5 

RSD D 

% % 
PD D 

4.2 2 

3.7 7 

5.3 3 

7.0 0 

Tablee 6.3-3. Percent difference in MT averages between aged and unaged, unsized (C) and sized (K2, 
K8,, N2, N8 and Ar) samples. 

Row w sampless A M„  % A M„ % A Mz % A M, % 
1 1 
2 2 

3 3 
4 4 

Ctoo - Ct35 

Ctoo — Ct94 

-Ct355 + K2t3S 

—^1944 "  Iv2t94 

16.3 3 
45.2 2 

-3.8 8 
-0.5 5 

16.9 9 
42.1 1 

4.3 3 
2.6 6 

16.6 6 
39.9 9 

11.4 4 
4.6 6 

15.4 4 
44.7 7 

1.1 1 
0.8 8 

55 -Ct35 + K8t3S 15.8 11.8 7.3 14.5 
66 -CtM + KStw 19.7 16.6 13.7 19 

77 -Ct35 + N2t3S 4.1 9.0 13.6 5.1 
88 -Ct94 + N2t94 -5.9 3.0 6.8 -1.1 

99 -Ct3S + N8t35 -0.4 16.3 20.8 17.5 
100 -Ct94 + N8t94 3.9 25.3 35.0 21.5 

111 Ct0-K2 t 35 19.5 13.2 5.8 14.5 
122 C t0 - K 2 t M 45.5 40.5 37.0 44.3 

133 Cto-K8t35 0.5 5.8 10.0 1.1 
144 Cto-K8t94 31.8 30.6 30.8 31.8 

15 5 
16 6 

17 7 
18 8 

19 9 

20 0 

CUCU - N2t3s 

Ct00 - N2t94 

Ct00 - N8t3S 

Ct00 - N8t<>4 

Artoo - Art35 

Artoo — Art94 

12.7 7 
48.4 4 

16.6 6 
43.0 0 

25.1 1 

45.4 4 

8.7 7 
40.3 3 

0.7 7 
22.4 4 

17.5 5 

34.1 1 

3.4 4 
35.5 5 

-5.1 1 
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Figuree 6.3-3 and Figure 6.3-4 are the signals of the LS (90° angle photodiode) and the 
DRII  detectors as a function of elution volume (Ve) respectively. On both graphs a slight 
tailingg in the low-Mr portion (large Ve) is visible. As adsorption on the columns does not 
occurr (see section 5.4.1.1.2 in Chapter 5), this tailing is more likely due to the presence of 
very-low-A/rr components. 

C11 corresponds to the control papers series aged in the chamber SE-600-3 (Thermotron) 
C22 corresponds to the control paper series aged in the Versatenn chamber (Tenney). 
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Thee signals do not show particularly steep slopes in the high-Mr fractions, which 
indicatedd that even the higher-Mr molecules were within the separation range and 
confirmedd the suitability of the column set. The trend lines across the chromatograms 
representt the distribution of molar mass across Ve. The actual molar masses are 
representedd by the dots and show dispersion from the trend lines at the extreme values of 
Ve,, especially at the low-Mr end. This represents the limit of the detection in the low 
concentrationss (low DRI signal) for the very-high- and very-low-Afr molecules, and 
reflectss also the Mr limits of the separation. 

Fromm the signals, it can be concluded that no aggregation occurred in the solvent system. 
Aggregationn would result in the formation of very high-Mr molecules, which would 
translatee at the detectors level in a signal with a very steep slope at low Ve, especially 
significantt in the LS signals of the higher angles photodiodes. 
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Figuree 6.3-3. Overlaid 90° angle photodiode LS signals of Ct0, Ct35 and Ct94. 
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Figuree 6.3-4. Overlaid DRI  signals of Ct0, Ct3S and Ct94. 
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Informationn on the properties of the polymer in solution is contained in the relationship 
betweenn polymer dimensions and M, that can be established by a scaling law of the type 
[17,18,19,20]: : 

Thee exponent q is related to the shape of the chains, i.e. to polymer-solvent interactions 
andd macromolecular conformation of the polymer (section 4.2.4. of Chapter 4). The value 
qq is given by the slope in a log-log plot of rms radius as a function of MT, as shown in 
Figuree 6.3-5 for the control papers aged and unaged. Table 6.3-4 reports the values of q 
forr these model papers. For Ct0, q = 0.59 , for Ct35, q = 0.57 , and for Ct94, q 
==  0.54 . All these values are comprised between 0.5 and 0.6, which is characteristic 
off  a polymer in random coil conformation in the solvent. The slight decrease in q with 
agingg seems to indicate that when aged, cellulose in the solvent comes closer to theta 
conditions.. This could be due to a higher solvation power of LiCl/DMA c for high-Mr than 
forr low-Mr molecules. However, the reason lies more likely in the fact that with aging, the 
numberr of hydroxyl groups on the cellulose chains decreases due to oxidation and 
formationn of carboxyl and carbonyl groups, inducing a lower complexation level between 
solventt molecules and cellulose molecules, hence slightly lower solvation capacity of 
LiCl/DMAc .. The solvation mechanism is detailed in section 2.2.2.3.1 of Chapter 2. 

Customm Plot 

1.0x10**  LOxlO5 LOxltf 1.0x1(7 1.0X109 

Molarr Mass 

Figuree 6.3-5. Overlaid average rms radii versus Mr (log-log scale) for  Ct0. Ct35 and Ct94. 

Tablee 6.3-4 reports also the average values obtained for the root mean square radii (rms) 
averagee numbers r„,  rw and r, for aged and unaged Whatman No. 1. The actual rms radius 
measuredd by the MALS, rz, was of 80.3 nm, 71.6 nm and 56.3 nm for Ct0, Q35 and Ct94 

respectively.. These values correspond to a decrease in rz of 11% between Cto and Q35 and 
30%% between Cto and Q94. A similar percent decrease in rn and rw of C with aging time 
wass found. This is represented in Figure 6.3-6. 
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Itt must be noted that the decrease observed for MT averages between Cto and Q35 (17%) 
andd between Cto and Q94 (40%-45%) was slightly larger (Table 6.3-3). Such result was 
nott unexpected and tended to confirm the findings on random coil conformation of 
cellulosee in solution in LiCl/DMAc. As rms radii are a representation of the distribution 
off  the mass within the molecule, only a fully extended conformation would yield equal 
changess in Mr averages and in rms radii. 

Tablee 6.3-4. Average rms radii averages and values of q of the model papers aged and unaged: 
controll  (C) and sized samples (K2. K8, N2, N8 and Ar) . 

AV GG r„  (nm) RSD % rn AVG rw (nm) RSD % rw AV G rz (nm) RSD % rz AVG q RSD%  q 

0.599 46 
0.577 5.0 
0.544 7.3 

0.600 2.6 
0.570.57 5.4 
0.500 5.0 

0.555 8.6 
0.533 N/A 

0.544 N/A 
0.488 N/A 

0.511 5.2 
0.499 N/A 

0.622 6 1 
0.466 N/A 

0.444 N/A 

90 0 

ww 60 
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Figuree 6.3-6. rms radii of Ct„ . Ct35 and Ct,)4 as a function of aging time. 

N/AA is reported when only two analyses were done 
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6.3.2.1.26.3.2.1.2 Kinetics  of  the degradation  of  pure  cellulose  paper 

Degradationn of cellulose from aging accelerated by the effects of heat and humidity is 
describedd in the literature as a process governed by random scissions of the polymer 
chainss due to acid-catalysed hydrolysis [21,22,23]. Whitmore and Bogaard [24] have 
describedd acid hydrolysis as the main degradation pathway occurring during both the 
humidd and dry-heat aging of cellulose. 

Thee kinetic model for degradation of linear polymer molecules developed by Ekamstam 
inn 1936 [25] based on first order kinetics (Appendix 6-3) is usually applied to explain the 
degradationn of cellulose under a variety of different conditions. The equation of 
Ekamstamm yields: 

Thee slope k in the plot (l/Mw, — \IMwW) as a function of time t is the rate constant of the 
reaction,, i.e. the rate of glycosidic bond breakage. Although this model is unlikely to be 
fullyy applicable to the case of cellulose, it has been widely used to describe cellulose 
degradation.. According to this model, the relationship between (1/A/wt - 1/Mwto) and 
agingg time t should be linear [26,27], and a constant k for glycosidic bond breaking can be 
calculated.. However, deviation from linearity has been experimentally observed and 
characterisedd [28]. 

Inn the present work, the plot {\IMwl — \IMwlo) (mol g"1) versus aging time (days) (Figure 
6.3-7)) displayed a determination coefficient R2 of 0.990, with a slope that was slightly 
steeperr on the second half portion of the plot. This indicated a degradation process that 
wass not purely random over the whole aging period. More data points would be required 
too ascertain this result as other variables such as for instance variables related to the SEC 
behaviourr of cellulose related to column packing properties could play a role. However, 
thee fact that polydispersity slightly increased after 94 days of aging tended to confirm this 
resultt (Table 6.3-1). 

Thee average slope yielded a constant k of 1.17x10"8 ) mol g"1 days"1. Multiplying k 
byy the molar mass of an anhydroglucose unit (162 g mol"1), the rate constant obtained for 
glycosidicc bond breaking k' is 1.90x10"6 ) days"1. A constant calculated on each 
segmentt of the curve yields &'to->t35 = 1.41xl0"6 days"1 and £05-^94 = 2.14xl0"6 days"1. 
Thiss would indicate acceleration of the bond breaking on the second half of the aging 
periodd by about 1.5 times. However, this result must be cautiously interpreted, as the 
numberr of data points for such extrapolation is quite small. 

Thee value of k' found was more than 10 times lower than k' for cotton linters aged at 
90°CC and 80 % rH as determined by Zou et al. [27]. This difference could be explained 
byy the fact that the authors used a different cellulose source and more drastic aging 
conditionss than those in the present study. 
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AA slightly different way of processing the data can be achieved by following the kinetic 
modell  for chain scission as proposed by Hill et al [29], which is derived from zero order 
considerations.. This model (Appendix 6-3) defines the number of polymer chains per 
gramm of sample Nc as: 

NNcc=NIM=NIM n n 

Wheree N is the Avogadro number. 

Thee slope of the plot of Nc as a function of aging time t (Figure 6.3-8) is the bond scission 

constantt k". Our results yield k" = 1.58xlOn chains g"1 s"1, and a lower determination 

coefficientt than calculated earlier, with R2 = 0.978. For each segment of the plot, >t "to->t35 

== 9.77xl010chainsg"1 s"1 and£"t35->t94 = 1.88x10" chainsg*1 sl. 

Bothh models tended to show that the number of chains cleaved was probably not constant 
overr the whole aging period but increased upon prolonged aging time. Despite the limited 
numberr of data points, it has to be noted that our value of k" was not far from the k" of 
l.SxlO111 chains g"1 s"1 determined by Hill et al, which they found for Kraft pulp cellulose 
agedd at 129°C over a period of 28 days, without oxygen and under vacuum (in order to 
preventt oxidation from air and hydrolysis by the water initially present). 

Zouu et al. [27] suggested the ratio DPZ/DPW as a good guide to determine the homogeneity 
off  the degradation process. They called this ratio the homogeneity index. They found a 
DPZ/DPWW ratio of 1.95 which remained constant over a seven-day period, then decreased 
too 1.70 by twenty days at 90°C and 80% rH for Whatman No.40 (100% cotton), while 
remainingg at its initial value of 1.95 for cotton linters paper. From the latter result the 
authorss concluded that for cotton, degradation proceeded homogeneously with random 
cleavagee of the cellulose chains in the high-Mr and in the low-Mr. 

Figuree 6.3-9 shows both polydispersity indices MJMW and MJMn as a function of M„.  Mn 

wass chosen as the abscissa in the polydispersity plots instead of aging time, as its changes 
weree shown to closely reflect the rate of bond scission [29]. The polydispersity indices 
didd not remain constant, but tended to drift up slightly with decreasing Mn, although not 
significantly.. Initially around 1.51, MJM  ̂ increased to 1.57 (i.e. +3.8%) upon prolonged 
aging,, and MJMB increased from 1.70 to 1.79 (i.e. +5%), which falls within the RSD% 
(Tablee 6.3-1). 

Wee shall stress again that three data points are not enough to rely on for precise 
information,, but short of a more comprehensive study, this result would indicate that 
Whatmann No.1 paper displayed a rather homogeneous aging process: it seems that the 
cellulosee chains underwent more or less random scissions. This is in contrast with the 
findingss by Emsley et al [28,30]. The authors found that polydispersity ratios of cotton 
linterss drifted up during aging from 20% to 40% in heavily aged samples. They 
interpretedd this by the occurrence of preferential scissions yielding small fragments, and 
proposedd a model of a continuously changing degradation rate. 
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Figuree 6.3-7. Plot yielding the glycosidic bond 
breakingg constant k in mol g~' days1. 
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Figuree 6.3-8. Plot yielding the glycosidic 
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Figuree 6.3-9. Change in the polydispersity indices of C as a function of M„  upon aging. 

6.3.2.1.36.3.2.1.3 The aging of gelatine sized pure cellulose paper 

Molarr mass averages of sized and aged papers are reported in Table 6.3-1. Mn, Mw and Mz 

weree slightly higher for K2tn than for Ct0, by 2%, 2.7% and 4.2%, respectively, but these 
differencess are negligible as they fall within the RSD%. 

Itt was noted that gelatine precipitated out of solution above a certain concentration: littl e 
gelatinee specks were visible on the sides of the dissolution vial for K.8 and N8, while K2 
andd N2 remained clear and well dissolved. Although most of the gelatine was washed 
awayy during the swelling phase in water (activation), some protein residues could still be 
present.. The impact that the presence of gelatine would have on the calculated Mr 

averagess of cellulose is somewhat unpredictable but given the respective Mr average of 
bothh polymers (around 105 g mol"1 for gelatine, see Chapter 8), and the fact that any 
proteinn left would be residual (low concentration), the high-Mr fractions and the dn/dc of 
cellulosee should not be affected. 
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Inn order to reproduce the washing process subsequent to the swelling phase during the 

firstfirst step of activation, a sample of K2to was washed in warm water and analysed by 

Fourierr Transform Infrared spectroscopy using an Attenuated Total Reflectance probe 

(Nicolett Avatar 360 FTIR) to check for a possible gelatine residue. The result was not 

totallyy conclusive probably due to the lack of sensitivity of the technique, but protein 

bandss were not evidenced. 

Figuree 6.3-10, Figure 6.3-11, Figure 6.3-12, and Figure 6.3-13 show the overlaid 

differentiall  molar mass graphs of papers aged and imaged sized with K and N gelatines. 

Differentiall Molar Mass 

1x104 4 
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Figuree 6.3-10. Overlaid differential molar mass graphs of K2 samples aged and unaged, compared to 
CC samples aged and unaged. 
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Figuree 6.3-11. Overlaid differential molar mass graphs of K8 samples aged compared to C samples 
agedd and unaged. 
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Differentiall Molar Mass 
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Figuree 6.3-12. Overlaid differential molar mass graphs of N2 samples aged compared to C samples 
aged. . 

Differentiall Molar Mass 

U U 

1x10' ' 1x107 7 
1x1033 1x10° 

Molarr Mass (g/mol) 
Figuree 6.3-13. Overlaid differential molar mass graphs of N8 samples aged compared to C samples 
agedd and unaged. 

Att first sight it was difficult to find a general trend in the MT variations upon aging of the 
sizedd papers compared to the control papers. Overall the shape of the apex of the MMD 
profiless for the K, N and C papers were similar at each respective aging time. However, 
alll  the papers sized had to different extents a MMD shifted to higher-Mr compared to the 
unsizedd control papers. The papers containing 8% gelatine (K and N) seemed to have 
degradedd less than the papers containing 2% gelatine (Table 6.3-3,Figure 6.3-14, Figure 
6.3-15). . 

Thee changes upon aging in Mw indicated that in the initial stages of aging (from to to t35) 
alll  sized papers had a lower decay in Mw than the control papers (Figure 6.3-16) but that 
onlyy for the papers containing 8% gelatine the decay remained lower in the long run 

(fromm t35 to f94). 
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Polydispersityy increased slightly upon aging and more markedly for N papers (PD of 
N8t944 = 2.3) (Table 6.3-1). 

Forr K2t35 and K2t$4, albeit slightly higher, the Mx averages were not significantly 
differentt from those of Q35 and Ct94 (Table 6.3-3, rows 3 and 4). For this reason it was 
decidedd not to analyse the samples containing 0.5% gelatine. The changes in Mx averages 
uponn aging for K2 followed the same sequence as C, with AMn% > AMV% > AMW% > 
AA/z°/oo (Table 6.3-3, rows 11 and 12) indicating enhanced production of low-A/r fractions. 

Thee decrease in Mx averages for K8 upon aging was more peculiar: after 35 days, a 

reversedd sequence was observed with a AMZ% highest of all, while after 94 days, all 

AMAMXX%% were similar (Table 6.3-3, rows 13 and 14). 

Overall,, for a given aging time, the Mx averages of K8 were consistently higher than those 
off  the control papers (Table 6.3-3, rows 5 and 6). This indicated that the impact of 
gelatinee during aging was to reduce the rate of cleavage. However, at each given time, 
thiss difference was larger for Mn, followed by Mw and Mz. The effect was therefore not 
homogeneouss for low-A/r and high-Mr cellulose molecules but the trend in the cleavage 
wass opposite to that observed for the other sized samples. This unexpected effect could 
nott be explained. 

Forr both N2 and N8, the decrease in Mx averages upon aging was significantly lower than 
forr the control papers (Table 6.3-3, rows 7 to 10). The difference was more pronounced in 
thee high-Mr fractions, with a larger difference in A/z, followed by A/w and Mn (especially 
forr N8). This indicated that the impact of the N gelatine in the paper was to decrease the 
cleavagee rate in the highest-A/r fractions more efficiently. The changes in Mx averages 
uponn aging for N2 and N8 followed the same sequence as for C and K2, which was 
AM„ %% > AMP% > AMW% > AMZ% (Table 6.3-3, rows 17 to 20), thereby also indicating 
enhancedd production of low-Afr fractions. 

Thee average root mean square radii averages rny rw and rz of the sized model papers are 
reportedd in Table 6.3-4 and represented in Figure 6.3-17. These values followed roughly 
thee same trend with aging time as the average Mx. 

Thee slope q in the log-log plot of rms radii versus Mx for sized papers is reported in Table 
6.3-4.. Increasing gelatine content (especially N gelatine) resulted in lower values of q 
(slightlyy below 0.5 for N2t94 and N8t94). These values indicated that the cellulose chains 
weree in random coil conformation in solution but closer to theta conditions than the 
controll  paper (section 6.3.2.1.1), i.e. below optimal conditions. This is probably due to a 
slightlyy more compact conformation of the molecules. If any, the presence of residual 
gelatinee could interact - although only weakly - with the cellulose coils by limiting 
solventt molecules to freely access the cellulose hydroxyl groups, by physical steric 
hindrancee or by charge repulsion (gelatine being amphoteric, it is potentially ionisable in 
solution).. Another possibility is that the measurement of Mx and/or rms radii are 
convoluted,, (e.g. because of a slightly different dn/dc). Anyhow, it can be concluded that 
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gelatinee did not stiffen the cellulose to rigid rod conformation in solution but on the 
contraryy seemed to provoke a slight coil contraction resulting in a more compact 
conformationn in solution. 

AA phenomenon of coil contraction was observed by Picton et al. [31] with cellulose 
derivativess where increasing hydrophobicity (achieved by alkyl chain grafting) resulted in 
poorerpoorer solvent strength, reflected by a lower second virial coefficent A2 and smaller rms 
radius.. A deviation from the Mark-Houwink-Sakurada relationship, with smaller values 
off  intrinsic viscosity, showed also the contribution of hydrophobic interactions to the rms 
radius.. According to the authors, it was, however, difficult to attribute the decrease in rms 
radiuss to the decrease in Mw alone or to a combination of a decrease in Mw and coil 
contraction. . 

-MzKt35 5 

-- Mz Nt35 

22 \ 

0 0 

00 2 4 6 

gelatin ee conten t % (wt/wt ) 
00 2 4 6 

gelatin ee conten t % (wt/wt ) 

Figuree 6.3-14. M r averages as a function of 
gelatinee content for  K and N samples aged 35 
days. . 

Figuree 6.3-15. Mr averages as a function of 
gelatinee content for  K and N samples aged 94 
days. . 

Figuree 6.3-16. Changes in M„  with aging of C 
andd sized samples (K2, K8, N2 and N8). 

Figuree 6.3-17. Change in rms radii averages with 
agingg of C and sized samples (K2, K8, N2 and 
N8). . 

130 0 



Gelatinee sizing of paper 

Figuree 6.3-18 and Figure 6.3-19 show the polydispersity indices Mz/Mw and MJMn as a 
functionn of Mn. Both indices tended to increase to different degrees with time (decreasing 
Mn),, although most of these changes are in the limits of the RSD%. For N2 and N8 
especially,, the polydispersity indices increased slightly more than for the other samples, 
fromfrom 10% to 15%. It was noted here also that the case of K8 in the initial aging stage was 
inn contrast to the other samples, with a decrease in polydispersity indices. This indicates 
thatt in papers sized with gelatine, as in control papers, the cleavage of the cellulose chains 
iss mostly random, with a slight tendency of enhanced cleavage in the high-Mr fractions. 

Thee plots (l/Mw, - \IMWW) (mol g"1) as a function of aging time (days) (Figure 6.3-20) 
evidencee more clearly that all sized papers had a lower degradation rate upon aging than 
thee unsized control papers. Only K2 samples had a similar degradation rate as the controls 
overr the entire aging period. In all cases, as in the case of the unsized papers, the 
degradationn rate was not constant from to to t94. The slope of each aging time-frame 
indicatedd that the degradation rate was essentially lowered from to to h,$, and from then 
untill  t94 increased. For the papers with 8% gelatine, the degradation rate in the second 
agingg period (t35 to t94) was still well below that of the control papers while for the papers 
withh 2% gelatine, the degradation rate increased rapidly to match that of the control 
paperss around t94. 

Figuree 6.3-18. Polydispersity index MJMa of C, 
K2,, K8, N2 and N8 as a function of M„. 

Figuree 6.3-19. Polydispersity index MJM„  of C, 
K2,, K8, N2 and N8 as a function of M„ . 

200 40 60 SO 
agin gg at 80C, 50%RH (days ) 

Figuree 6.3-20. Plot yielding the glycosidic bond breaking constant k (mol g"1 days') of the samples C, 
K2,, K8, N2 and N8 (k is the slope of the plot). 
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Thiss series of experiments showed that the two types of gelatine used had a similar effect 
onn cellulose from the molecular point of view and that the impact of gelatine depended on 
itss content in the paper. Up to 2%, although not clearly beneficial for cellulose, gelatine 
wass certainly not detrimental. For higher gelatine contents the results showed a clear 
beneficiall  effect in lowering the degradation rate of the cellulose molecules. 

6.3.2.1.46.3.2.1.4 The aging  of  Arches  paper 

Thee Arches (Ar) papers did not completely dissolve, as some fibres suspended in solution 
weree visible even after 15 days in 8%LiCl/DMAc. The Mt averages of the Ar papers are 
reportedd in Table 6.3-1, and the rms radii averages in Table 6.3-4. The overlaid curves of 
differentiall  molar mass (Figure 6.3-21) show the changes in the MMD profiles of Arches 
paperss with aging. The PD of the imaged Ar paper (1.97 ) was slightly higher than 
thatt of the imaged Whatman No.1 (1.70 , but was still in the typical range of a pure 
cellulosee paper (Table 6.3-1). 

Thee decrease in the various Mr averages upon aging follows the same sequence as for the 

Whatmann No.1 sized papers with AMn% > AMW% > AMZ% (Table 6.3-3), indicating an 

enhancedd production of low-A/r fractions. However, AMP% was higher than AA/n% while 

forr Whatman paper, AMP% was between AMn% and AMW%. This corresponded to an 

increasee in PD of Ar from 1.97 at to to 2.38 at 194. 

Unlikee Whatman No.1, the MMD profiles of Ar were slightly asymmetric. The 
chromatogramm of Arto presented a small shoulder near the apex on the low-Mr side, and 
thee chromatogram of Art94 a small shoulder near the apex on the high-Mr side (indicated 
byy arrows in Figure 6.3-21). The chromatogram of Art35 also had a small shoulder on the 
samee side as Art94 but the apex of the peak was quite flat as opposed to Arto and A1I94 
peakss which both had a relatively sharp apex. The asymmetry of the peaks of Art35 and 
A1I944 was also visible on the LS signals of the three Arches papers (as indicated by the 
arrowss in Figure 6.3-22). 

Suchh asymmetry in the MMD profiles of aged cellulose was also reported by Elmsley et 
al.al. [30] during dry-oven aging of pure cotton linters. The authors described a series of 
complexx MMD profiles, from monomodal to bimodal in the different stages of aging. 
Thiss particular feature of the MMD was more pronounced at the accelerated aging 
processs caused by higher temperatures. At 120°C the MMD showed merely small 
shoulderss while at 160°C, the MMD was clearly bimodal. The authors' interpretation was 
thatt degradation occurred preferentially at chain centres, such that an initially monomodal 
MMDD became bimodal during aging, before returning to monomodal at the low-Mr. The 
MMDD profiles in Figure 6.3-21 and Figure 6.3-22 tended to confirm this hypothesis. 
However,, the aging conditions in the present study being much milder than those used by 
thesee authors, the asymmetry was not as pronounced. Additionally, it must be recall that 
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thee present study does not claim to be a study on the kinetics of the degradation; it is 
thereforee difficult to ascertain a conclusion using only three data points as aging times. 

Thee values of rz were 80.3 nm for Arto (same as for Cto), 64.8 nm for Art-35 and 55.3 ran 
forr Art94 (Table 6.3-4). These values corresponded for Atfe and Art.94 to a decrease in rz 

off  19% and 31% with respect to Arto-

Thee plot of log rms radius versus Ve showed a regular linear decrease (Figure 6.3-23). 
Tablee 6.3-4 reports the values of the slope q and Figure 6.3-24 shows the log-log plot of 
rmss radius versus Mr for the Ar samples. For Arto, the slope was typical of a random coil 
polymerr in a good solvent. However, for the aged Ar samples, as was observed for the 
sizedd Whatman No.1 papers, the value of q decreased below 0.5, which indicated 
conditionss below theta of the polymer in solution. 

Differentiall Molar Mass Molar Mass vs. Volume 

1.2,—— —1 1.0x10V 

1.0x107 7 

1x1044 1x10s 1x10B 1x107 
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Figuree 6.3-21. Overlaid differential molar  mass 
graphss of aged and imaged Ar  samples. 
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Figuree 6.3-25 shows that the decay in Mw of Ar upon aging from to to t-35 was similar to 
thatt of unsized Whatman No. 1 paper (same slope), and then decreased in the time interval 
fromm t35 to 194. Figure 6.3-26 shows that the drop in rz of Ar upon aging was quite similar 
too the drop in Mw. The polydispersity indices Mz/Mw and MJMn are represented as a 
functionn of Mn in Figure 6.3-27. The increase in both polydispersity indices of Ar with 
agingg time was more pronounced than in the case of the Whatman No.1 papers, and fell 
outt of the RSD%, with MJM  ̂ increasing by 14% and MJMn by 17%. This would tend to 
indicatee that the degradation of the Arches papers was not homogeneous over time, but 
thatt a cleavage of the longest molecules (high-Mr) seems to occur preferentially. 

Thee results show that for Arches papers as for sized Whatman No.1 paper, the 
degradationn rate was slowed by the presence of gelatine. 
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Figuree 6.3-25. Change in Mw upon aging time for 
Arr  samples compared to C and N8 samples. 

Figuree 6.3-26. Change in rms radii upon aging 
timee for  Ar  samples compared to C and N8 
samples. . 
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6.3.2.22 SEC/MALS applie d to the stud y of naturall y aged histori c 
papers s 

6.3.2.2.16.3.2.2.1 Seventeenth  and eighteenth  century  papers 

Tablee 6.3-5 summarises provenance, composition of the papers (fibre and pulp type, 
presencee of gelatine and/or alum) and efficiency of dissolution in 8% LiCl/DMAc. The 
presencee of gelatine was tested by the Biuret spot test method1 [32] and the presence of 
aluminiumm was tested using the aluminon spot test2 [33]. Analysis with scanning electron 
microscopy/energyy dispersive X ray (SEM/EDX) (JEOL JSM 5410 LV SEM / Oxford 
EDSS system) confirmed the presence of aluminium in NAT1, NAT2, NAT3, and its 
absencee in NAT4. The fibre composition of the papers was determined by a microscopic 
fibrefibre analysis using the staining method with Lofton-Merritt and Herzberg solutions [34]. 

Thee four historic papers were made of rag. NAT1, NAT3 and NAT4 were pure linen and 
NAT22 was a mix of cotton and linen. According to the results of the spot tests, only 
NAT33 seemed to contain no gelatine but yet contained aluminium (Table 6.3-5). 

Tablee 6.3-6 reports the values of the MT averages and Figure 6.3-28 shows the overlaid 
differentiall  molar mass curves of NAT 1, NAT2, NAT3 and NAT4. 

Tablee 6.3-5. Specifications of the naturally aged papers and efficiency of the dissolution in 8% 
LiCl/DMAc. . 

,, ^ , fibre and pulp . . . .. dissolution dissolution 
samplee provenance gelatine alum t\ fabrication . 

NAT1 1 
NAT2 2 

NAT3 3 
NAT4 4 

SxU4 4 

SxS4 4 

BvB3 3 

BvB B 
BvB B 
BvB B 

NGA5 5 

NGA A 

+ + 
+ + 

--
+ + 

Aqua-set t 
Photo-Gelatin n 

+ + 
+ + 
+ + 

--

+ + 
+ + 

ragg linen 
ragg cotton, linen 

ragg linen 
ragg linen 

softwood d 
softwood d 

handsheet t 

handsheet t 
handsheet t 

handsheet t 

industrial l 
industrial l 

6 6 
4 4 

6 6 

13 3 

4 4 

4 4 

somee undissolved 

total l 
total l 

somee undissolved 

totall  and fast 
totall  and fast 

11 The Biuret test is based on the violet colour yielded by the reaction of protein with copper sulfate and sodium 
hydroxidee solutions. As a spot test it is applied directly to the material tested by wetting it with 2% copper sulfate 
solution,, blotting off the excess liquid, and adding a 5% sodium hydroxide [32, p. 103]. 
22 Aluminon (aurintricarboxylic acid) test allows for the determination of Al3+ ions, as these form a red precipitate when 
reactingg with aluminon. A drop of solution of aluminon prepared at 0.1% in water is applied to the sample, a red or pink 
colourr indicates the presence of Al3+[33, p.35]. 
33 Museum Boijmans Van Beuningen, Rotterdam, The Netherlands. 
44 In SxU and SxS, the x refers to the paper grammage (140, 160, 180, 220, and 320 g m"2). 
55 National Gallery of Art, Washington DC, US. 
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Tablee 6.3-6. Mr averages and polydispersity indices of the naturall y aged 17t)> and 18th century papers, 
andd Strathmore papers. 

NAT1 1 
NAT2 2 
NAT3 3 
NAT4 4 

S160U U 
SII  60S 
S320U U 
S320S S 

AV GG A/„xl O * 

gmol" 1 1 

1.81 1 
2.50 0 
1.11 1 
2.93 3 

1.03 3 
1.18 8 
0.82 2 
1.31 1 

RSD% % 

A/„ „ 

N/A' ' 

9.1 1 

7.6 6 

15.2 2 

N/A A 

N/A A 

N/A A 

N/A A 

AV GG M„xi0 " 5 

gmol" ' ' 

3.80 0 
5.11 1 
2.60 0 
6.45 5 

5.19 9 
5.23 3 
4.74 4 
5.37 7 

RSDD % 

M». . 

N/A A 

1.6 6 

5.5 5 

7.7 7 

N/A A 

N/A A 

N/A A 

N/A A 

AV GG J ^ X I O 5 

gmol'1 1 

6.61 1 
8.99 9 
4.86 6 
11.23 3 

14.43 3 
14.31 1 
15.15 5 
13.84 4 

RSD% % 

MM 77. . 

N/A A 

9.3 3 

13.9 9 

6.6 6 

N/A A 

N/A A 

N/A A 

N/A A 

AV GG MpXlO 5 

gmol" 1 1 

2.84 4 
4.56 6 
2.20 0 
5.77 7 

2.82 2 
3.05 5 
2.60 0 
3.02 2 

RSD% % 

M„ M„ 

N/A A 

9.8 8 

6.2 2 

5.6 6 

N/A A 

N/A A 

N/A A 

N/A A 

AV G G 

PDD (MJMJ 

2.1 1 
2.06 6 
2.34 4 
2.22 2 

5.04 4 
4.45 5 
5.84 4 
4.10 0 

RSD% % 

PD D 

N/A A 

9.2 2 

3.7 7 

10.3 3 

N/A A 

N/A A 

N/A A 

N/A A 

AV G G 

J»/^»f» » 

1.74 4 
1.76 6 
1.87 7 
1.74 4 

2.77 7 
2.73 3 
3.19 9 
2.58 8 

RSD% % 

M/M. M/M. 

N/A A 

8.8 8 

9.8 8 

4.8 8 

N/A A 

N/A A 

N/A A 

N/A A 

Thee cellulose in the four papers appeared to be in a different state of degradation. This 
wass not unexpected as on the one hand the papers can have over 100 years age difference 
andd on the other, there are multiple other causes for different degradation rate of papers, 
suchh as for instance fibrous and non-fibrous composition and conservation history. All 
thingss else being equal, it is logical to expect papers kept in good conservation conditions 
too be in better shape than those kept in inadequate conditions. 

Fromm Table 6.3-6 and Figure 6.3-28 it appears that the paper with lowest-Mr average was 
NAT3,, which was also the only paper that tested negative for protein as well as positive 
forr aluminium. The paper with highest MT cellulose was NAT4, which was the only paper 
thatt tested positive for protein but negative for aluminium. Aluminium is present in alum, 
aa source of acidity in the papers, which induces accrued degradation. Chapter 7 is 
dedicatedd to alum-containing papers and to the impact of gelatine/alum sizing in paper, 
andd Chapter 8 studies the effect of the alum on the degradation of the gelatine. However, 
itt must be noted that the aluminon test also gives positive results with kaolin (aluminium 
silicate),, a mineral filler widely used in papermaking throughout history. 

Forr all the papers, except for NAT2, the MMD profile tended to tail in the low-Mr end. 
Thee amount of tailing was not linked to lower Mr averages of the cellulose. For instance 
NAT44 was the paper that showed more tailing, with the formation of a small peak at low-
Mrr that produced an almost bimodal MMD, and was nevertheless the paper with the 
highestt Mt of all the naturally aged papers (Table 6.3-6). Tailing can be due to the 
presencee of hemicelluloses. Hemicelluloses are branched heteropolysaccharides of low-
Mrr (between 2xl04 and 4xl04 g mol"1) which are present in wood and in most plants used 
inn the fabrication of paper. Linen contains small quantities of hemicelluloses (2 to 6%). 
Cottonn is the only fibre source plant that does not contain hemicelluloses. The sample 
exhibitingg no tailing, NAT2, is most probably the paper with the lowest hemicelluloses 
contentt since it contains cotton fibres in addition to linen fibres. 

N/A:: only two SEC runs were carried out, no standard deviation can be calculated. 
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Thee impact of this tailing in the low-Mr end is possibly more important on the value of 
MMBB,, and one possible consequence of this is the underestimation of the average Mn of the 
cellulose,, as well as the overestimation of the polydispersity. Indeed NAT3 and NAT4, 
whichh were the two papers tailing the most, were also the papers with the largest PD 
(Tablee 6.3-6). 

Differentiall Molar Mass 

Molarr Mass (g/mol) 

Figuree 6.3-28. Overlaid differential molar  mass graphs of 17' and 18' centuries papers and Ct94. 

Figuree 6.3-29 shows the LS signals for NAT1, NAT3 and NAT4. The tailing at low-Mr 

(highh Ve) is better seen (and quite pronounced) on these three chromatograms. The steep 
slopee of the signal in the high-Mr end for NAT4 indicated the presence of very high-Mr 

molecules.. For NAT3 especially, and to a lesser extent for NAT1, the MMD was almost 
bimodall  (indicated by the arrow): the asymmetry of the signals is visible, with these small 
shoulderss in the low-Mr region. This can be due either to the presence of hemicelluloses 
ass stated above or to the fact that the naturally aged paper is in an intermediary stage of 
degradation,, as was suggested in section 6.3.2.1.4 and supported by the theory of Elmsley 
etet al [30]. 

Molarr Mass vs. Volume 
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Figuree 6.3-29. Overlaid 90° angle photodiode LS signals of NAT1, NAT3 and NAT4. 
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Figuree 6.3-30 shows the log-log plot of rms radii versus Mr for the four naturally aged 
papers.. The values of the slopes q and the average rms radii averages are reported in 
Tablee 6.3-7. As for the model papers, the cellulose of the naturally aged historic papers 
wass found to be in random coil conformation in the solvent, with values of q ranging 
fromm 0.48 to 0.63. Here, q was also smaller for lower MT cellulose. A parallel can be 
drawnn with the observations made for the model papers, where q was smaller for samples 
agedd longer, therefore those having lower MT. This could support the explanation put 
forwardd in section 6.3.2.1.1 that the average number of hydroxyl groups per 
anhydroglucosee unit on the cellulose chains falling below three, due to the formation of 
carboxyll  and carbonyl groups along the cellulose chain, the solvent molecules and 
cellulosee molecules are less complexed, which results in a lower solvation capacity. 
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Figuree 6.3-30. Overlaid average rms radii as a function of Mr for NAT1, NAT2, NAT3 and NAT4. 

Tablee 6.3-7. Average rms radii averages and values of q of naturally aged 17th and 18th century's 
papers,, and Strathmore papers. 

AV GG r„  (nm) RSD % rn AV G rw(nm) RSD % rw AV G r7(nm) RSD % rz AV G q 

NAT1 1 
NAT2 2 
NAT3 3 
NAT4 4 

S160U U 
S160S S 
S320U U 
S320S S 

26.4 4 
32.3 3 
20.1 1 
37.2 2 

17.2 2 
18.0 0 
15.3 3 
19.5 5 

N/A1 1 

3.9 9 

7.1 1 

9.4 4 

N/A A 

N/A A 

N/A A 

N/A A 

40.2 2 
51.0 0 
32.8 8 
61.5 5 

47.2 2 
46.5 5 
43.4 4 
47.7 7 

N/A A 

2.5 5 

5.9 9 

5.8 8 

N/A A 

N/A A 

N/A A 

N/A A 

55.0 0 
73.0 0 
47.5 5 
87.7 7 

88.6 6 
86.8 8 
84.7 7 
85.5 5 

N/A A 

6.6 6 

12.7 7 

4.8 8 

N/A A 

N/A A 

N/A A 

N/A A 

0.51 1 
0.58 8 
0.48 8 
0.63 3 

0.69 9 
0.72 2 
0.59 9 
0.67 7 

N/A:: only two runs were done 
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Figuree 6.3-31 shows the polydispersity indices Mz/Mw and MJMa as a function of Mn for 
NAT1,, NAT2, NAT3 and NAT4. The trend of MJMn was not uniformly upward, 
probablyy due to the erroneous Mn ass a consequence of tailing of the MMD as pointed out 
above.. As for Mz/Mw, it appeared fairly constant for the three papers with higher Mr, i.e. 
inn the higher portion of Mn (from 3xl05 to 2xl05 g mol"1) but increased slightly for the 
paperr with lowest Mn. However, this last data point could probably be disregarded, being 
thatt of NAT3, for which erroneous Mn was suspected. A constant value of Mz/Mw 

indicatess a homogeneous group of degraded papers. This means that albeit degraded to 
differentt degrees, the mechanism of the degradation of cellulose of the four papers was 
mostt probably governed by the same mechanism. 

 Mz/Mw 
AA Mw/Mn 

NAT4" " 

NA NA tT22 NAT1 
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Figuree 6.3-31. Polydispersity indices as a function of M„  of NAT1, NAT2, NAT3 and NAT4 (RSD% 
couldd not be calculated for  NAT1, as only two SEC runs were carried out). 

Forr these naturally aged papers a direct correlation between the values of the molar mass 
averagess and the amount of gelatine present in the papers (section 8.3.3 of Chapter 8), is 
ratherr difficult to draw, since as seen above, the values of Mr averages can be subject to 
possiblee misestimating due the presence of the tailing in the low-Mr of the 
chromatograms.. However, the overall tendency observed was that the samples from 
whichh the higher quantity of gelatine could be extracted (Chapter 8) were also those with 
higherr Mt averages (NAT1, NAT2, NAT4), while the sample from which almost no 
gelatinee was extracted (NAT3) corresponded to the sample with the lower Mr averages. 
Moreover,, the sample with no aluminium (NAT4) appeared to be the one with the highest 
MMrr averages. 

6.3.2.2.26.3.2.2.2 Strathmore papers 

Thee Strathmore papers dissolved in 8% LiCl/DMA c much faster than any of the pure 
cellulosee model papers (Whatman No.1 and Arches) and any of the 17th - 18th century 
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papers,, with a total clearing of the solutions occurring in littl e more than a couple of 

hours.. Microscopic fibre analysis using the staining method with Lofton-Merritt and 

Herzbergg solutions [34] showed that all the Strathmore papers were made of 100% 

bleachedd softwood chemical pulp (Table 6.3-5). This fast dissolution of softwood papers 

iss consistent with observations in the literature [35]. 

Tablee 6.3-6 reports the values of the Mr averages and Figure 6.3-32 represents the 

overlaidd differential molar mass graphs of the four papers analysed (S160U, SI 60S, 

S320UU and S320S). Figure 6.3-33 shows the overlaid plots of rms radii versus Ve. The 

linearityy of the plots indicated a normal elution with no column adsorption. 
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Figuree 6.3-32. Overlaid differential molar mass graphs of S160U, S160S, S320U and S320S. 
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Ass expected for wood pulp paper, the MMD was much broader than for pure cellulose 
papers.. The four Strathmore papers showed a quasi-bimodal MMD with the smaller peak 
inn the low-Mr end, probably due to the hemicelluloses. Considering the date of 
fabrication,, the process of the softwood pulp of the Strathmore papers was probably 
sulphite.. Such pulps typically contain no lignin (if bleached), or traces amounts (if 
unbleached),, and a maximum of 10 to 15% hemicelluloses, the remaining part being 
cellulose.. The phloroglucinol spot test1 [32] showed that the Strathmore papers were 
indeedd totally exempt of lignins (the stain remained yellow). Here, more than in the case 
off  the 17th-18th century papers, the composition had a significant impact on Mn. The 
MMDD of softwood pulp is usually very broad because it contains low-Mr material but also 
cellulosee molecules of very high-Mr. This resulted in larger polydispersities than for pure 
cellulosee papers, with PD > 4 in all cases. Among all Strathmore papers, the highest Mz 

wass found for S320U (1.515xl06g mof1). 

Itt was also observed that the MMD was not symmetrical, with the presence of a small 
shoulderr near the apex on the high-A/r side of the peak (Figure 6.3-32), similarly as that 
observedd for the aged Arches papers. This small shoulder was more pronounced for SI60 
(UU and S) than for S320 (U and S). 

Tablee 6.3-7 reports the rms radii averages. The values of rz were higher than for any of 
thee papers previously tested: between 84.7 nm and 88.6 nm, which confirmed the 
presencee of very high-Mr molecules. The LS signals for the four Strathmore papers 
(Figuree 6.3-34) showed a much steeper slope in the high-Mr portion than in the case of the 
modell  papers. This again corroborates the presence of very high-Mr molecules, which 
approachh the exclusion limit of the column set. 
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Figuree 6.3-34. Overlaid 90° angle photodiode LS signals of S160U, S160S, S320U and S320S. 

11 Phloroglucinol (hydrochloric solution), prepared according to standard NFQ 03.001 (Prolabo) yields a bright red or 
magentaa colour by reactingg with groundwood and lignin-containing fibres. The depth of the colour is proportional to the 
amountt of lignin present. A drop of the reagent is directly poured on the paper sample [32,p.72]. 
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Thee Mw of the four papers is represented in Figure 6.3-35. The papers sized with gelatine 
showedd slightly higher Afw than the unsized papers. Because the presence of the smaller 
peakk in the low-A/r resulted in a significant error in the calculated MT, the impact of 
gelatinee was better assessed by comparing the MMD profiles than by comparing the Mr 

averagess values. However, as this affects Mw less than Mn, the difference in Mw alone can 
stilll  be indicative. Between S320 sized and unsized this difference in Mw was 12%, and 
onlyy 2% between SI60 sized and unsized. Considering the average precision of the 
method,, this difference in the case of S320 is significant, while for SI60, it falls within 
thee RSD. 

Unfortunately,, no information could be obtained on the mode of sizing of the Strathmore 
papers.. However, it is assumed to be surface sizing, i.e. sizing by immersion after the 
sheett formation (as for the model papers) rather than internal sizing, i.e. by adding size to 
thee pulp before the sheet formation. These two types of sizing were used in papermaking 
factoriess at the time of fabrication of these papers but while the former was used for 
sizingg with gelatine, the latter was most often applied to synthetic polymer sizing. Under 
thee assumption of surface sizing with gelatine, the papers with higher grammage (S320) 
cann absorb a greater quantity of gelatine and will therefore have higher gelatine content 
thann the lower grammage papers (SI60). Indeed, and as reported in the previous 
paragraph,, S320S showed a MMD slightly more weighted in the high-Mr fractions than 
itss unsized counterpart (AMW = 12%), which for SI60 was also observed but non-
significantlyy (AMW = 2%). 
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Figuree 6.3-35. Mw of S160U, S160S, S320U and S320S. 

Figuree 6.3-36 shows overlaid log-log plots of rras radii versus Mr for the four Strathmore 
papers.. The values of q were found between 0.58 and 0.74 (Table 6.3-7). This indicated 
that,, as was observed for pure cotton and linen cellulose, chemical pulp cellulose also 
adoptedd a random coil conformation in solution in LiCl/DMAc. However values of 0.69 
andd 0.72 for the samples SI60 (U and S) were quite high and indicated a slightly more 
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rigidrigid conformation than typical random coil. This could be due to aggregation, either 
betweenn cellulose molecules or between cellulose and the hemicelluloses. 
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Figuree 6.3-36. Overlaid average rms radii as a function of M r of S160U, S160S, S320U and S320S. 

Figuree 6.3-37 shows the polydispersity indices Mz/Mw and MJM„  as a function of Mn 

betweenn sized and unsized Strathmore papers. Both polydispersity indices increased 
remarkablyy with decreasing Mn. This tendency was more pronounced for S320. Only 
Mz/Mww for SI60 was almost constant whether sized or unsized. 
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Figuree 6.3-37. Polydisperdity indices as a function of M„  of S160U, S160S, S320U and S320S. 

Withh the above results, it seems reasonable to conclude from the analysis of the 
Strathmoree papers that the effect of gelatine, as in the case of the model papers, was to 
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decreasee the degradation rate of the cellulose upon aging. However, this has to be 
consideredd merely as a tendency, as 70 years of natural aging appears not to be enough to 
extrapolatee with absolute certainty. 

6.3.36.3.3 Conclusions  on SECIMALS 

Thee results of SEC/MALS experiments showed that pure cellulose paper undergoes more 
orr less random cleavage with accelerated aging. A slightly higher production of low-Mr 

moleculess is noted, although this was just on the verge of being significant in most cases. 
Therefore,, the aging process is rather homogeneous over the aging period, except for the 
Archess papers, in which the cellulose chains seem to undergo scissions preferentially in 
thee longest chains. 

Thee presence of gelatine was generally beneficial for cellulose facing hydrolytic attack 
uponn aging. Not always in a significant manner, but in all cases, the MT averages and rms 
radiii  of the sized model papers were higher than the MT averages and rms radii of their 
unsizedd counterpart at comparable aging time. The protection seemed to be slightly more 
efficientt in lowering the depolymerisation rate in the high-Mr molecules than in the low-
Mrr molecules, except for one model paper (K8), for which no reason could be found. If 
thee above-mentioned effect was not always clearly evidenced for naturally aged papers, it 
wass nevertheless totally ascertained that gelatine had no detrimental effect on the 
degradationn of the cellulose upon aging. 

Whenn studying naturally aged papers the difficulty in evaluating the effects of gelatine is 
mostlyy due to their unknown conservation history, and to the fact that unsized references 
too compare these samples to are not available. In that respect the Strathmore papers were 
aa precious source of information by providing sized and reference papers of the same age 
andd type, and comparable conservation history. Despite the limited number of historic 
paperss analysed, the results corroborated the findings from the model papers, although 
theyy should be interpreted cautiously. 

SEC/MALSS proved to be an extremely sensitive technique allowing for very precise 
informationn on Mr averages, MMD, rms radii averages and conformation of cellulose 
fromm diverse origin and from diversely prepared papers. The method of analysis of 
cellulosee in LiCl/DMA c was found totally appropriate to this research, and could be 
appliedd to the study of model papers as well as naturally aged papers. No aggregation 
occurredd in the solvent, except maybe in the case of the Strathmore papers SI60. 
LiCl/DMA cc was confirmed to be a good solvent for unaged cellulose, while in the case of 
agedd cellulose solvation came closer to theta conditions probably due to the presence of 
oxidisedd groups along the molecule. Cellulose displayed a random coil conformation in 
solution.. However upon aging, some of the model papers (N and Arches) seemed to adopt 
aa more compact conformation in solution, which was attributed both to the presence of 
oxidisedd groups and to possible residual gelatine. 
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6.44 Colour monitoring of unsized and sized papers 
duringg aging 

Gelatinee sized papers are generally bel ieved to yel low significantly upon aging. In order 

too investigate further this aspect of the aging behaviour, colour measurements were done 

onn the model papers and naturally aged papers. The colour changes were evaluated in 

correlationn with the other measurements and analyses, i.e. pH and especially SEC/MALS. 

6.4.16.4.1 Experimental 

Colourr measurements were done in the trichromatic system CIE L*a*b*  [2], and total 
chromaticc differences (AE*) between unsized/sized and unaged/aged papers were 
calculated.. Additionally, indices such as Yellowness (E313-96), Whiteness (E 313-96), 
andd R457 ISO brightness (reflectance at 457 nm), as well as the total hue difference 
(AH*) ,, were measured. The equations of CIE L*a*b*  values and other measured indices 
ass well as their significance with respect to visual appreciation can be found in Appendix 
6-4. . 

AA spectrophotometer UltraScan XE (Hunter Associates Laboratory, Inc.) was used 
(specificationss in Appendix 6-4). The measurements were carried out in diffuse 
reflectance,, the specular component included (RSIN) with illuminant D65, 10° standard 
observer,, using the 25mm diameter measuring area, at five different locations of a sheet 
off  paper as represented in Figure 6.4-1. 

Forr the model papers, five different sheets of each sample type were measured. The 
valuess reported in the tables are the average of 25 measurements per sample type. For 
Strathmoree papers only one sheet per sample type was available, therefore the reported 
valuess are averages of 5 measurements. The historic papers NAT1, NAT2, NAT3, and 
NAT44 could not be used because their size was too small for colour measurements. 
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Figuree 6.4-1. Locations of the colour measurements on a paper sheet. 
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6.4.26.4.2 Results and discussion 

6.4.2.11 Pure cellulose paper 

Tablee 6.4-1 reports the CIE L*a*b*  values of the Whatman No.1 aged and unaged control 
papers.. Figure 6.4-2 and Figure 6.4-3 show the changes in b*  and AE* upon aging time. 
Thee amplitude of the change in these two parameters appeared closely related. 

Itt was noted that the papers aged in the SE-600-3 chamber (Thermotron Industries) and 
thosee aged in the Versatenn chamber (Tenney Environmental) did not exhibit the same 
discolouration.. The former yellowed more with larger relative standard deviation (RSD) 
onn the values than the latter. The reason for this discrepancy could not be determined with 
certainty.. Since the SEC/MALS experiments showed that control samples aged in the two 
chamberss have same MT averages and MMD profiles, this difference in discolouration is 
thereforee not correlated to accrued hydrolysis of the cellulose. Oxidation in turn has been 
oftenn pointed out as responsible for the yellowing of paper. It can therefore be speculated 
thatt this yellowing is rather due to oxidation. Low molecular weight carboxylic acids such 
ass formic, acetic, lactic, malonic, malic, succinic and oc-ketoglucaric acid have been 
identifiedd as degradation products off-gassing from the papers during the aging 
[36,37,38,39,40].. These volatile organic compounds (VOCs) mostly arise from end-group 
oxidation,, and their formation does not affect the molar mass of the polymer, but they can 
inn turn catalyse further the oxidation of the cellulose. Different ventilation in the two 
chamberss that would lead to a different dissipation rate of these VOCs could therefore be 
responsiblee for the different yellowing rate of the papers in the two aging chambers. 

However,, considering this fact and in order to accurately follow the changes in colour of 
thee papers sized upon aging, the colorimetric parameters were only compared between 
sampless aged in the same chamber, i.e. the SE-600-3 chamber for K and N papers, and 
thee Versatenn chamber for papers containing alum (studied in Chapter 7). 
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Figuree 6.4-2. b*  as a functionn of aging time for  C 
samples. . 

Figuree 6.4-3. AE* as a function of aging time for 
CC samples. 
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Tablee 6.4-1. Trichromati c values, indices (brightness, yellowness and whiteness), total chromatic and 
totall  hue difference for  the model papers upon aging: control samples, sized samples, and Arches 
papers. . 

L**  a*  b*  AE*1 AE*1 Brightness YI  VVT AH* 3 AH* 4 

_ _ _ ^ „„  (vsCtJ (vsXtp) R457 E313-96 E313-96 (vsCtJ (vs Xtg) 

Ctoo 95.33 *  -0.57 s 0.4 9 2 0.00 0.00 4 0,51 4 7 0.00 0.00 

C t3 ss 94.75 5 -0.77 2 2.52 5 2.12 4 2.12 4 84.03 7 4.22 6 75.54  1.19 -0.78 7 -0.78 7 

C t ^^ 6 2 5 8 8 0 6 61.43 8 -1.38 9 9 

KOStoo 95.21 6 i 3 5 0.00 87.51 3 0.62+0.05 4 2 

K05t3SS 3 2 2.41 6 0.21 9 6 8 0 0 s 

KOStMM 94.05+0 13 -0.87 1 4.84 2 0.42 5 4.45 4 79.63 8 0 63.19  i.si 0.21 2 

K2too 95.19 6 -0.60 1 0.65 5 0.22 2 0.00 87.36 1 0.79 9 85.10 + 0.I6 -0.09 3 

K2t 355 94.93 5 -0.98 1 2.44 8 0.29 2 1.84 7 84.60+009 5 76.35 1 0.23 2 

K2 t ,44 94,19 5 -1,11 2 7 8 7 80.15+0.23 2 9 n 

K8too 94.85 7 -0.72 1 4 0.70 5 0.00 86.17 7 1.32 +0.O8 82.81 3 -0.21 2 

K8t 3SS 4 -1.19+0.02 2.71 6 4 1.81 6 B o i i 

K8t944 94.35 6 -1.33 3 4.24 1 8 3.55  0 12 81.15 3 7.04 0 66.64 0 0.80 1 

N05too 95.31 6 i 2 0.11 3 0.00 87.71 3 4 85.68 4 i 

N05t355 94.92 5 -1.07 2 2.84 0 s 2.35  0.0s 84.05 5 4.59+0.19 74.46 6 0.18 3 

N05t,44 8 -1.12 3 4 o s 78.71 0 6 59.39+079 3 

N2too 95.31 6 -0.62 1 3 3 0.00 o 0.83+0O6 85.27 9 2 

N2tJ55 94.89 2 -1.38 3 8 1.35+0.099 6 82.99+0.09 7 70.41+037 2 

N2t944 93.93 2 -1.45 7 6 i 6.71 s 76,67 7 12.38 7 52.03  1.34 5 

N8too 95.10 7 -0.74 2 1.11 + o.osa 2 0.00 6 1.55+0.10 82.81 1 2 

N8t355 94.81 i -1.89 2 m 2.77 5 5.43 1 81.25 0 8.08+0.23 3 0.22 3 

N8t ,44 94.17+0.045 -2.24 5 8.93 6 4 9 75.28+0.29 14.86 3 44.57 4 0.75+oo4 

Art oo 94.4] 3 -1.12 1 6 0.00 79.03 2 10.59 1 58.37 1 0.00 

A r t j 55 7 8 3 7.83+0.20 4 9 17.31 1 5 

Art944 i 9 7 11,60 8 0 30.91+0.53 -2.86 + 1.73 -1.69 7 

6.4.2.22 Gelatin e sized pure cellulos e paper 

CEEE L*a*b*  values are reported in Table 6.4-1. Figure 6.4-4 and Figure 6.4-5 show the 
changess in b*  for K and N samples respectively. The general tendency was an increase in 
b**  with aging, which translates visually by an increased yellowing. However, for K 
samples,, this increase was constant regardless of the gelatine content, whereas for N 
samples,, b*  increased also with increasing gelatine content. Figure 6.4-6 shows that this 

AE**  versus (vs) Ctx is the total chromatic change between the sample and the control unsized at 
comparablee aging time. 
22 AE* vs Xto is the total chromatic change of a given sample between time to and times t3S or tt>4. 

AH**  vs Ctx is the total hue change between the sample and the control unsized at comparable aging time. 
44 AH* vs Xto is the total hue change of a given sample between time to and times t35 or W 
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significantt increase in b*  upon aging was accompanied by a small decrease in a*, which 
correspondss visually to a decrease in the red component. 
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Figuree 6.4-4. b*  as a function of aging time for K 
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Figuree 6.4-5. b*  as a function of aging time for N 
samples. . 

Figuree 6.4-6. Changes in (a*,b*) for K, N and C samples, aged and unaged. 

Thee changes in AE* relative to the respective unaged in each sample category are shown 

inn Figure 6.4-7. Here also, AE* followed the same trend as b*. N samples underwent a 

significantlyy larger colour change upon aging than both C samples and K samples (no 

matterr the gelatine concentrations). AE* relative to Nto ranged from 5.27 for N0.5t94 to 

8.022 for N8t94. For K samples, the values of AE* relative to Kt0 were smaller. 

Remarkablyy all AE* values obtained for these samples were smaller than those of C, 

rangingg from 3.55 for K8t94 to 4.45 for K0.5t94, when for C samples, AE* of Ct94 relative 

too Cto was 4.83. The threshold value for a distinct colour change to the naked eye depends 

too a certain extent on the observer, but a general agreement is that AE* between 1.5 and 2 

representss a just noticeable change. 
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Itt is also noteworthy that the rate of discolouration was higher from to to t35 than from t35 

too t94, especially for the more discoloured samples N2 and N8. This is contrary to the 
degradationn rate, as determined by the changes in MT where an increase in the rate of 
degradationn occurred on the second portion of the aging process. 

Ass it is a relative value, AE* depends on the reference a given sample is compared to. 
Figuree 6.4-8 shows the changes in AE* of the sized papers relative to C in each 
comparablee aging category. These values of AE* roughly followed the same trend as 
observedd on Figure 6.4-7, with N samples exhibiting larger AE* than K samples. Here, 
forr both N and K samples, AE* was proportional to the gelatine content. However, it has 
too be noted that these AE* values were all relatively small, mostly below 1.5. Only N 
sampless N2t94, N8t35, and N8t94 had AE* relative to Ct94 that could be qualified as the 
expressionn of a readily noticeable colour change to the naked eye with AE* of 2.27, 2.77 
andd 4.2 respectively. 

Figuree 6.4-7. AE* for  K and N samples relative F igU r e 6.4.8. AE* for  K and N samples relative 
too the respective unaged sample in each t o c in each respective aging category, 
category. . 

Thee general information that colour measurements provided about gelatine sizing was 
thatt N gelatine resulted in considerably more discolouration of the papers than K gelatine. 
Thee reader is reminded that N is a pharmaceutical/food grade gelatine and contains more 
impuritiess than K, a photographic grade gelatine. Contaminants such as metallic residues 
orr sugars could be responsible for this difference in aging behaviour. Trace metals will 
catalysee oxidation reactions, especially under the heat/humid conditions used in 
acceleratedd aging, and proteins in the presence of sugars can lead to Maillard reactions 
(seee Appendix 3.1 and section 8.3.1.1.3 of Chapter 8). 

Forr both N and K, the discolouration was relative to the amount of size in the paper, with 
aa larger discolouration occurring for the papers with higher gelatine content with respect 
too Cto. Gelatine being naturally yellowish to light-brown, a slight yellow colouration of 
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thee paper was expected to start with. However, in the case of K gelatine, the results 
showedd that the yellowing rate that was strictly attributed to gelatine during aging was 
smallerr than the overall paper yellowing rate. In other words, the contribution of K 
gelatinee to the aging-induced discolouration of the papers was smaller than the 
contributionn of other components in the paper and reaction parameters. In the case of 
Whatmann No.1, no component other than cellulose is present. Therefore, the aging of 
cellulosee was the main factor responsible for the discolouration of paper sized with K 
gelatine.. N gelatine, as opposed to K, did significantly contribute to the aging-induced 
discolourationn of the paper. 

6.4.2.33 Arche s paper s 

CIEE L*a*b*  values are reported in Table 6.4-1. Unaged Arches papers exhibited larger b* 
valuess than most of the sized Whatman No.1 papers (both aged and unaged), and they 
yellowedd even further upon aging, as shown in Figure 6.4-9. The changes in AE* relative 
too the respective sample at to were also more pronounced than for Whatman No. 1 papers 
ass shown in Figure 6.4-10. However, the same trend with an initial high rate of 
discolourationn that tailed-off asymptotically was found. 
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Figuree 6.4-9. b*  as a function of aging time for 
Archess samples (compared to C and N8 
samples). . 

Figuree 6.4-10. AE* for  Ar  samples relative to the 
respectivee unaged sample (compared to C and 
N88 samples). 

Thee reason for this high rate of yellowing of the Arches papers can be due to the paper 
composition,, i.e. the nature of the fibre and the presence of additives that contribute to the 
yellowing.. For instance, the presence aluminium sulphate (called papermakers alum) or 
aluminiumm potassium sulphate, could be responsible for increased discolouration upon 
aging,, as alum is a source of acidity leading to degradation of the cellulose in papers. In 
historicc papermaking, alum was added in the gelatine size. The reasons for it are detailed 
inn the general introduction to this thesis, and the contribution of alum in the degradation 
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off  papers is evaluated in Chapter 7. Aluminium salts are therefore quite common in 
modernn and in historic papers, but alum is not the only source of aluminium. This element 
iss also present in some mineral fillers such as aluminium silicate (kaolin), which is widely 
usedd as filler material. 

Ann analysis of the Arches papers by scanning electron microscopy/energy dispersive X-
rayy spectroscopy (SEM/EDX) (JSM 5410 LV from JEOL, Oxford EDS) indeed 
evidencedd the presence of aluminium. 

6.4.2.44 Naturall y aged Strath more papers 

CIEE L*a*b*  values for Strathmore papers are reported in Table 6.4-2. As illustrated in 
Figuree 6.4-11, all papers sized showed larger b*  values than their unsized counterpart. 
Heree also, AE*  followed the same trend: although being mostly below visual 
discriminatingg sensitivity (AE* < 2), all sized papers resulted in a slightly higher 
discolourationn than their unsized counterpart (Figure 6.4-12). This corroborates our 
previouss results of a significant contribution of the gelatine to the yellowing of the paper 
uponn aging. 

Tablee 6.4-2. Trichromatic values, indices (brightness, yellowness and whiteness), total chromatic and 
totall  hue difference for the Strathmore papers upon aging. 

sample e 

S140U U 

S140S S 

S160U U 

SII  60S 

S220U U 

S220S S 

S280U U 

S280S S 

S320U U 

S320S S 

L* * 

92.311 0 03 

91.788 3 

92.166 8 

91.866 8 

92.066 6 

91.911 8 

90.477 8 

91.855 3 

91.911 9 

91.899 3 

a* * 

-1.166 4 

- l . l l i o .o i i 

-1.144 0 05 

-1.077 7 

0.122 5 

0.266 1 

0.755 6 

0.333 3 

0.399 4 

0.344 3 

b* * 

10.60+0.08 8 

11.533 5 

11.666 + 0.14 

3 3 

12.23+0.10 0 

12.555 2 

14.51+0.22 2 

12.822 6 

12.12+00 10 

12.800 + 0.07 

AE* * 

S v sU U 

1.077 2 

0.566 + 0.17 

0.388 + 0.13 

2.222  0.06 

0.699 7 

Brightness s 

457 7 

69.533 4 

67.444 + 0 45 

68.066 0 

66.977 0 30 

67.122 2 

66.488 0 28 

61.599 4 

oo ii 

66.933 9 

66.200 4 

YI I 

E313-96 6 

18.933 8 

20.688 0 35 

20.833 9 

21.755 0 30 

22.833 2 

23.522 2 

27.61+0.44 4 

2 2 

22.888 2 

24.033 5 

WI I 

E313-96 6 

31.955 2 

25.644 0 32 

26.599 3 

23.600 + 0 90 

23.888 9 

22.011 4 

8.499 9 

20.566 3 

24.022 2 

20.766 1 

AH* * 

SvsU U 

-0.144 3 

-0.11 1  0.07 

-0.133 1 

0.366  0.03 

0.077 3 
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Figuree 6.4-11. b*  of Strathmore papers. Figuree 6.4-12. AE* between sized and unsized 
Strathmoree papers. 

6.4.36.4.3 Conclusions on colour measurements 

Thee results obtained for all the papers tested in the colour measurements confirmed that 
gelatinee sized papers have generally an accrued tendency to yellow upon aging. The 
extentt of the discolouration depends on the amount, type and purity of the gelatine in the 
paper.. The initial yellowing caused by the gelatine in the model papers was due to the 
naturall  yellowish-brown colour of these particular gelatines. But while photographic 
gelatinee from cattle bone (K) did not add significantly to the aging-induced 
discolouration,, pharmaceutical/food grade gelatine from fish (N), of lower purity, played 
ann important role in the discolouration upon aging. Arches papers displayed also 
significantt yellowing upon aging, which could be due to the presence of aluminium salts. 
Thee results obtained with the model papers were confirmed with the naturally aged 
Strathmoree papers. 

6.55 pH of model papers 

6.5.16.5.1 Experimental 

Thee cold extract pH of the papers was measured according to the TAPPI standard method 
TT 509 om-88 [3] to which modifications were made keeping the ratio of weight of paper 
too volume of water. The weight of paper was downsized to 0.5 g and the volume of water 
too 35 mL. The solution was purged with N2 under low flow until a stable pH was attained, 
att which point bubbling was stopped to allow for a pH stabilisation, and the final reading 
wass made. Measurements could be carried out on the model papers only, as even 
downsizingg the sample as described above, there was not sufficient quantity of naturally 
agedd papers. 
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6.5.26.5.2 Results  and discussion 

Tablee 6.5-1 reports the pH of the papers and the initial pH of the gelatine solutions used 
too size the papers. Each reported value is an average of three measurements. Figure 6.5-1 
plotss the change in pH for all the samples during aging. 

Tablee 6.5-1. Cold extraction pH of model papers: C, K2, K8, N2, N8, and Ar , and pH of the gelatine 
solutionss used to prepare the K and N samples. 

sample e 

ct„ „ 
Ct35 5 

Ct,4 4 

K0.5t0 0 

K0.5t35 5 

K0.5t94 4 

K2t„ „ 
K2t 35 5 

K2t 94 4 

K8t„ „ 
K8t 35 5 

lvot94 4 

pHce.1 1 

7.01 1 
6.66 6 

6.47 7 

6.90 0 
6.61 1 
6.11 1 

6.84 4 

6.45 5 

5.84 4 

6.51 1 
6.47 7 

6.08 8 

RSD D 

3 3 

5 5 

3 3 

5 5 

3 3 

4 4 

2 2 

2 2 

2 2 

4 4 

1 1 

2 2 

pHsol.2 2 

6.14 4 

5.92 2 

5.72 2 

sample e 

Art e e 
Art 35 5 

Art 94 4 

N0.5t0 0 

N0.5t35 5 

N0.5t94 4 

N2t0 0 

N2t35 5 

N2t94 4 

N8t« « 
N8t35 5 

N8t,4 4 

pHc.e. . 

6.36 6 
6.19 9 
5.73 3 

6.93 3 
6.40 0 

5.58 8 

7.07 7 

5.83 3 
5.10 0 

6.43 3 

5.47 7 

4.83 3 

RSD D 

3 3 

2 2 

2 2 

1 1 

5 5 

0 0 

5 5 

4 4 

0 0 

2 2 

2 2 

1 1 

pHsol. . 

6.45 5 

6.10 0 

5.98 8 

Figuree 6.5-1. pH changes with aging time for  the model papers: C, K2, K8, N2, N8, and Ar . 

pHc.ee is the cold extract pH of the papers [3] 
pHsol.. is the pH of the gelatine solutions used to size the papers. 
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Thee pH of the solutions used to size Whatman No. 1 papers decreased with increasing 
gelatinee concentration from 6.14 to 5.72 for KO.5 to K8 and from 6.45 to 5.98 for NO.5 to 
N8.. The pH of the N gelatine solutions were all slightly less acidic than those of gelatine 
KK for a given concentration. 

Thee cold extract pH of all the papers at to was higher than the pH of the corresponding 
sizee solutions, the pH of Cto being neutral. 

Thee control paper C showed a decrease of about half a pH-unit with aging from 7.01 
33 to 6.47 3 from to to t94 with a steeper drop between to and t35 than between t35 

andd t94 (Figure 6.5-1). Generally, higher gelatine content and longer aging time resulted in 
increasedd acidity. In the case of K8 only, the relative decrease in pH upon aging was 
smaller.. All N samples exhibited steeper decrease in pH with time than K samples. 

Thee decrease in pH upon aging of the Arches papers was quite limited, and contrary to 
thee Whatman No.1 papers, it was smaller from to to t35 than from t35 to t94. This is 
probablyy due to the already lower initial pH of Arto (6.36 ) compared to K and N 
sampless at to. It must be remembered that at to, Arches papers and Whatman No.1 papers 
weree not in a comparable "initial" state, as the former had "aged naturally" in the 
laboratoryy environment for 10 years, whereas Whatman No.1 was purchased for the 
purposee of this study and subsequently analysed without delay. Indeed, as demonstrated 
inn Chapter 8, the gelatine extracted from Arto proved to be in fairly advanced degradation 
statee compared to the unaged K and N gelatines, and this could account for its low initial 
pH. . 

Thee results of pH measurements showed that gelatine sized papers tended to be more 
acidicc than unsized papers. This acidity was also related to the degradation state of the 
gelatine,, to its content in the paper, and to its type and purity, as papers sized with N 
gelatinee became more acidic upon aging than papers sized with K gelatine. 

6.66 Investigatio n int o correlation s betwee n Mr, pH and 
colou rr  measurement s 

6.6.16.6.1 Background 

Howw physical and chemical characteristics of polymers correlate to each other is a 
complexx issue. The forces playing a role at the macroscopic level in the mechanical 
strengthh of a material such as paper translate at the molecular level in diverse and 
complexx features. This is due to the nature of these varying forces on the one hand, and to 
thee complexity of chemical composition of the material on the other. 

Mostt commonly investigated relationships between chemical and physical characteristics 
off  paper are molar mass of cellulose versus (1) tensile energy absorption index (TEA), (2) 
zeroo span index (Z), or (3) folding endurance (MIT) of paper, as each MT average relates 
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too a specific physical characteristic. A/n relates to brittleness, Mw to tensile strength, and 
MMzz to elongation and flexibility. 

Thee precision in MT is of course greatly related to the method used in the polymer 
characterisation.. As stressed in Chapter 2, SEC is one of the most sensitive techniques in 
detectingg early changes in Mr of cellulose. It has been shown that TEA and Z indices are 
nott sensitive to these early changes, as initial decays are reported at already quite 
advancedd chemical degradation states by determination with SEC [41,42,43]. 

Thee reasons for identifying such relationships are quite different whether from the point 
off  view of industry or that of conservation research. While for industry the interest lies in 
aa precise characterisation of a polymer for research and development or for quality 
controll  purposes, one of the main goals in conservation research is to assess the overall 
statee of deterioration of the polymer with the aim of helping to predict the life expectancy 
off  objects. Finding ways of increasing the longevity of cultural heritage artefacts and 
understandingg the degradation pathways upon aging of materials is important in the 
designn of conservation strategies. Other significant challenges include the development of 
appropriatee techniques to easily assess both the state of conservation and of deterioration 
off  objects by using simple, fast and non-destructive methods and, last but not least, the 
abilityy to transfer a user-friendly technology to the archivist, librarian and paper 
conservator.. State assessment is indeed an important step in the evaluation of the 
conservationn needs and the design of proper long-term preservation strategies when 
surveyingg a collection. 

However,, it is important to realise that there is no universal simple method that can reach 
thesee objectives, mainly because of the sheer variety in the materials that compose a 
collection,, even when restricting the search to only one type of material such as paper. 

Nevertheless,, these parallels between macroscopic examination and molecular 
characterisationn are necessary. Even if not universally applicable, they can inform on the 
statee of conservation of specific classes of objects in the collections, like those 
particularlyy sensitive to certain types of deterioration factors. Conversely, other classes of 
objectss can exhibit an unusual durability against the adversity of time, as is generally 
believedd to be the case of historic gelatine sized papers, compared to that of modern 
papers. . 

Opticall  characteristics such as colour changes are non-destructive, easy to assess, and 
underr certain conditions can be performed directly on historic artefacts. Measurements of 
thee acidity of paper-based works and documents with aqueous extract pH, is also easily 
performedd with an instrumentation that is affordable by most paper conservation 
workshops.. The problem in this case is the sample size. However, recent microelectrode 
technologyy allows downsizing the sample to 1 mg of paper and below. Recent 
developmentss showed that it was possible to miniaturise the sampling to about 40 pig of 
paperr and still obtain repeatable pH measurements [44]. 
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Colourr and pH measurements are currently often considered by the paper conservation 
communityy as important factors in assessing paper deterioration because both have 
usuallyy been associated with changes in the strength of the material. This is the main 
reasonn why these measurements were performed in the frame of the present study. It 
seemedd therefore interesting to compare the data obtained for MT changes using 
SEC/MALSS to the colour and pH data, in order to investigate any possible relationship in 
thee particular case of gelatine sized papers. 

6.6.26.6.2 Correlation  between  pH, colour  measurements 
andand  Mr 

Thee plot of Mw as a function of pH (Figure 6.6-1) shows that for all papers, the general 
trendd associated with accrued acidity was that of a concomitant fall of Mw. Control papers 
showedd a decay characterised by a steep slope, indicating that significant changes in Mw 

resultedd in only small pH changes (about half unit). 

Forr K and Ar papers, a small decrease in Mw resulted in slightly more pronounced pH 
decay,, compared to C. For N papers this tendency was accentuated, with an initial 
significantt decrease in pH upon aging while Mw remained almost stable, followed by a 
lesserr decay rate that resembled the pH decay level of K papers. 

Ass seen in section 6.3, gelatine has the ability to decrease the rate of depolymerisation of 
cellulosee upon aging but from the results reported in section 6.5, the presence of gelatine 
iss also accompanied by a drop in the pH of the paper. What Figure 6.6-1 shows is that 
thesee two phenomena are not consistently proportional for all sized samples. 

Itt must be noted that the above observations are to be considered as a general trend. 
Precisee correlations between changes in Mw consequent to acid-catalysed hydrolysis, and 
aa buffering effect of gelatine would probably be best evaluated if instead of pH, the 
concentrationn of protons in the medium ([H+] = 10~pH) were plotted versus Mw. However, 
attemptss to plot the data according to that theory did not yield additional information, as 
forr a precise interpretation of the buffering capacity of gelatine more data points would be 
requiredd for correct extrapolations. 

Figuree 6.6-2 and Figure 6.6-3 show plots of Mw as a function of b*  and AE*. The curves 
aree very similar to those in Figure 6.6-1. The same tendencies as observed for the changes 
inn Mw relative to pH mirrored those of Mw relative to colour. A decay in Mw was 
concomitantt to increasing values of AE* and b*  for the respective groups of papers. Only 
Archess papers showed a larger increase in AE* than the decrease in pH upon aging 
relativee to Mw than any of the Whatman No. 1 papers. 
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Fromm these plots, the changes in pH and AE* (or b*) seemed to follow a similar trend. 
Figuree 6.6-4 shows that indeed the decrease in pH was accompanied by a quasi-linear 
incrementt in AE* for all sized papers at different rates. Except for C and Arches papers, 
alll  the data points of aged sized samples fall roughly on the same line. 

Closee examination of the data obtained for the control papers, led to the observation that 
whilee on the first aging portion (to to t35), the rate of discolouration and the decrease in pH 
weree higher than on the second aging portion (t35 to t94), the exact reverse phenomenon 
occurredd with the decrease in Mw as shown in section 6.3.2.1.2. Such result could be 
explainedd if we consider that the two mechanisms of hydrolysis an oxidation occur 
concomitantlyy during the accelerated aging of the paper as proposed in section 6.4.2.1. 
End-groupp oxidation taking place firstly would result in the enhanced production of small 
acidss and other volatile organic compounds (VOCs) that in turn would induce a larger pH 
decreasee (soluble acids) and colour change, while also reinforcing the action of the acid-
catalysedd hydrolysis. Thus, the rate of depolymerisation would accelerate upon aging 
time,, while the pH decrease and the colour change both would continue to occur but at a 
slightlyy slower pace. The present research could therefore provide supporting evidence 
forr the theory of oxidation and hydrolysis reactions feeding each other as recently 
proposedd by Shahani and Harrison [39]. 
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Figuree 6.6-1. Mw as a function of pH. Figuree 6.6-2. M„  as a function of b*. 
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Figuree 6.6-3. M„  as a function of AE*. Figuree 6.6-4. pH as a function of AE* . 

Thee results showed that pure cellulose sized papers, although having a higher Mr than 
theirr unsized counterpart under equal aging conditions yielded a lower pH and an accrued 
yellowing.. These last two characteristics seemed to be closely related in the case of sized 
Whatmann No.1 papers. In other words, the role of gelatine towards cellulose during 
aging,, which is a protective one at the molecular level evidenced by the decrease in the 
ratee of chain cleavage, also translates into a slightly higher acidity and accrued yellowing. 
Thiss result disproves the common belief that accrued acidity and yellowing necessarily 
meann increased degradation, at least in the case of sized papers. 

Thereforee if easy tools are truly needed to assess paper deterioration, care must be taken 
inn their choice, as the most common parameters currently used by conservation 
practitionerss to assess paper degradation are not consistently representative indicators of 
thee state of molecular degradation of the polymer. 

6.77 Conclusio n 

Thiss chapter showed that SEC/MALS was very well adapted to the study of both the 
differentlyy prepared (sized) papers and the historic samples, as it yielded extremely 
precisee determination of Mr and rms radii averages. The characterisation of MMD and the 
studyy of the conformation of cellulose in solution confirmed that LiCl/DMA c was a good 
solventt for paper of diverse origin and composition, as it could be applied to both model 
papers,, containing or not containing gelatine, and to naturally aged papers. 

Thee results from SEC/MALS experiments showed that the general impact of the gelatine 
inn both model papers and historic papers was beneficial at the molecular level in 
decreasingg the degradation rate. Pure cellulose sized papers had higher Mr than their 
unsizedd counterpart at any given aging time. The mechanism by which this protective 
effectt of gelatine towards paper occurs was not investigated in the framework of the 
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presentt research. However, hypotheses can be exposed that rely both upon the physical 
andd the chemical nature of gelatine. By covering the cellulose fibres, the protein can act 
ass a physical barrier limiting the direct access of air and chemical reactants via the pores 
off  the fibrillar structural units to the cellulose molecules. Gelatine in very close contact 
withh the cellulose could have a chemical buffering effect, and this could happen at 
variouss structural levels of the fibres. The different water layers can produce different pH 
micro-environmentss at the fibre level. Of special interest is the molecular interfacial 
moisturee layer closer to the cellulose (or hemicelluloses solid matrix). In this layer, the 
pHH can be very acidic, due to the high ratio of protons liberated per volume of water. The 
amphotericc properties of gelatine could help in neutralising part of this core acidity. 
However,, this would not be reflected by the pH measured in water extracts, due to the 
largee amount of water used for the extraction and due to the physico-chemical 
equilibriumss at the fibre surface. 

Besides,, as shown in Chapter 8, gelatine undergoes extensive hydrolysis during the 
heat/humidityy aging of the paper. This leads to the likely possibility that the protein is 
moree easily hydrolysed during aging than the cellulose molecules. Gelatine provides more 
bulkyy and amorphous areas more readily available to reactants than the more tightly 
packedd cellulose fibres. 

However,, this work showed also that sized papers displayed lower pH and accrued 
yellowing,, indicating that if gelatine had a protective role towards cellulose during aging 
reflectedd by a decreasing rate of chain cleavage, it nevertheless induced slightly higher 
discolourationn and extractible acidity. The extent of these two parameters depended on 
thee amount, type and purity of the gelatine, as well as on the presence of components 
otherr than cellulose in the paper. Photographic gelatine induced less discolouration and 
becamee less acidic than pharmaceutical/food grade gelatine. The results show that neither 
pHH nor colour could be used as indicators of the depolymerisation, for which only Mx 

determinationn could be trusted to provide precise and accurate information. 

ChemicalsChemicals and materials 

Lithiumm chloride (LiCl) and JV,AT-Dimethylacetamide (DMAc) were purchased from Acros Organics 
(Springfield,, NJ, USA). Whatman No. 1 filter paper was obtained from Fisher Scientific (Springfield, NJ, 
USA).. Gelatine photographic type B was purchased from Kind and Knox Gelatine Inc. (Sioux City, IA, 
USA)) and gelatine HMW type A was purchased from Norland Products Inc. (New Brunswick, N.J., USA). 

Instruments Instruments 

Thee climate chamber SE-600-3 was from Thermotron Industries (Holland, MI, USA), and Versatenn was 

fromfrom Tenney Environmental (Parsippany, NJ, USA). The spectrophotometer UltraScan XE was from 
Hunterr Associates Laboratory, Inc. (Reston, VA, USA). Multiangle light scattering detector Dawn EOS and 

interferometricc differential refractometre Optilab DSP were from Wyatt Technologies Corp. (Santa Barbara, 
CA,, USA). Additional instrumentation relative to the separation and analysis by SEC/MALS/RI not cited in 

thee present chapter are in the section Instruments of Chapter 4. 
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