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Chapte rr  7. The influenc e of gelatin e and alum in 

paperr  studie d wit h SEC/MALS, pH and colou r 

measurement s s 

Abstract Abstract 

TheThe developed method of analysis of cellulose dissolved in lithium chloride/N,N-
dimethylacetamide(LiCl/DMAc)dimethylacetamide(LiCl/DMAc) by size-exclusion chromatography (SEC) using 
multianglemultiangle light scattering (MALS) and differential refractive index (DRI) detection is 
appliedapplied to the study of model papers sized with gelatine and alum (aluminium potassium 
sulphatesulphate hydrate). In this study, alum is found to considerably accelerate the rate of 
hydrolysishydrolysis of the cellulose upon aging. Gelatine has in this case a marked protective role 
towardstowards cellulose, as its alum-induced degradation is significantly hampered in the 
presencepresence of gelatine. Moreover, the alum dramatically increases both the acidity and the 
discolourationdiscolouration of the papers upon aging. In that respect, compared to the results obtained 
byby the determination of the molar mass (Mr) with SEC/MALS/DRI, neither thepH nor the 
colourcolour measurements are found to be good indicators of the state of degradation of 
paperspapers that contain gelatine and alum. However, for those papers containing only alum 
andand prepared as reference in the evaluation of its impact, pH is found to correlate well 
withwith the changes in Mr. Both parameters display an asymptotical decrease versus the 
alumalum concentration, and a threshold value situated between 1 and 1.5 g L' of alum is 
determineddetermined below which no changes in either pH or Mw (weight-average molar mass) can 
bebe detected. This limiting value of Mw was found to be 150,000 g mot . 

7.11 Introductio n 

Aluminiumm salts, known as alum, were added to gelatine almost immediately following 
thee early use of gelatine as size in western paper mills in the fourteenth century. The 
presencee of alum in fifteenth century papers was verified by Barrett [1]. Alum had a 
preservingg role by retarding biodecomposition [2], it also had the property of fluidifying 
thee size solution and helping bind the gelatine more tightly to the paper substrate. Alum is 
stilll  commonly used in the paper industry as fluid retention agent during sheet formation, 
andd for rosin sizing. In the photography industry alum is used as it acts as a gelatine 
hardenerr for silver-bromide photographs. The use of alum in papermaking throughout 
westernn history is detailed in the general introduction to this research. 
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Unfortunately,, alum is a source of acid in the paper, by forming sulphur compounds with 
water.. Many cellulose research studies have been dedicated to the determination and 
characterisationn of the deleterious effects that alum has in paper when combined with 
rosin.. Alum/rosin sizing in addition to the poor quality of the paper it was used with, i.e. 
groundwoodd mechanical pulp paper, are responsible for the limited stability of most of 
thee papers produced from the mid-nineteenth to the mid-twentieth centuries. However, to 
ourr knowledge, the effect of alum used in conjunction with gelatine for sizing has never 
beenn studied. 

Thee aim of this chapter is to investigate how the addition of alum in gelatine used for 
sizing,, which was common practice in papermaking from 14th to 18th century and beyond, 
inn the case of artists' papers, affects the behaviour of paper during aging. This was carried 
outt by comparing the characteristics of gelatine/alum sized papers with alum-only 
containingg papers and with gelatine-only sized papers (characterised in Chapter 6). The 
samee methodology as in Chapter 6 was followed, namely, the molar mass (MT) and the 
rmss radii of cellulose were determined, and changes in molar mass distribution (MMD) 
weree monitored using size-exclusion chromatography with on-line multi-angle light 
scatteringg and refractive index detection (SEC/MALS/DRI). Trichromatic values CIE 
L*a*b**  and cold extraction pH were determined as well. 

7.22 Descriptio n of the mode l paper s studie d 

7.2.17.2.1 Preparation  of  the samples 

Variouss amounts of alum in the form of the double salt aluminium potassium sulphate 
[AlK(S04)2-12H20]]  were added to solutions of gelatine type B Gelita Type 8039, Lot 1, 
fromfrom Kind and Knox, Inc. (specifications data sheet in Appendix 6-1). The gelatine was 
preparedd with a concentration of 8.3 g L"1 in deionised water (milli-Q, Millipore). This 
concentrationn resulted in a gelatine uptake of 2% in the paper (dry wt/dry wt) 
(calculationss are detailed in Appendix 6-2). According to historic traditional recipes, this 
wass representative of medium gelatine content in paper [3]. Varying concentrations of 
alumm were added to these solutions: 0.083 g L"1, 0.83 g L"1 and 2.49 g L"1, i.e. 1%, 10% 
andd 30% (wt alum / wt gelatine). These alum contents in paper were chosen according to 
historicall  and modern sizing recipes, in order to cover the wide range of alum 
concentrationn used reported in the literature [4,5,6,7,8,9,10], 

Thee model paper was Whatman No. 1 filter paper, and was manually sized by immersing 
eachh sheet (150 mm x 190 mm) one at a time in the aqueous gelatine/alum solutions in a 
thermostatedd water bath kept at 40°C. The papers sized with these solutions were 
abbreviatedd KA1, KA10 and KA30. A second set of samples was prepared by immersing 
paperr sheets in aqueous solutions of alum in the same concentrations as above, i.e. 0.083 
gg L"1, 0.83 g L"1 and 2.49 g L"1. The papers immersed in these solutions were abbreviated 
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Al ,, A10 and A30. After immersion in gelatine/alum or alum-only, the papers were air-
driedd in ambient conditions by hanging as shown in Figure 6.2-1 of Chapter 6. 

7.2.27.2.2 Artificial  aging 

Artificiall  aging conditions of the papers were identical to those of the samples sized with 
gelatinee only: 80°C and 50% relative humidity (rH). Paper sheets were suspended 
individuallyy in a climate chamber Versatenn (Tenney Environmental) for thirty-five and 
ninety-fourr (T35 and t94) days. The aging conditions were chosen in order to remain below 
thee glass transition temperature Tg of gelatine [11,12] for the reasons mentioned in section 
6.2.1.22 of Chapter 6. In each category, a set of papers was kept in the dark according to 
thee TAPPI standard T 412 om-94 [13] conditions, at 23°C and 50% rH as a reference for 
imagedd conditions. 

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

7.3.17.3.1 Experimental:  sample  preparation  and 
chromatographicchromatographic  procedure  in LiCIIDMAc 

Defibrillationn of the paper and sample preparation, solvent, activation procedure of 
cellulose,, and dissolution method in LiCl/DMA c are reported in sections 3.2.1.2 and 3.2.4 
off  Chapter 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. 

7.3.27.3.2 Results  and discussion 

7.3.2.11 The impac t of alum in the mode l papers 

Thee presence of alum in the papers resulted in a tremendous increase in the degradation 
off  cellulose upon aging. Figure 7.3-1 shows the significant shift of the MMD profiles 
towardss low-Mr that occurred following 35 days of aging for all the papers immersed in 
alumm solutions (AU35, A10t35 and A30t3s). Even for the lowest alum content samples 
Alt35,, A/r averages suffered a drastic decrease, with Mn = 2.050xl05 g mol"1, Mw = 
3.785xl055 g mol"1 and Mz = 5.985xl05 g mol'1 (Table 7.3-1). This corresponds to 37%, 
31%% and 29% decreases respectively with respect to Q35 (Table 7.3-2, row 8). 

Thee degradation was further accelerated for the high alum content papers: A/w was 
1.744xl055 g mol'1 for A10t35 and 1.318xl05 g mol'for A30t35, i.e. 68% and 76% 
decreasess respectively compared to Q35 (Table 7.3-2, rows 9 and 10). Given the advanced 
degradationn state of these papers following just 35 days of aging, and due to time 
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constraints,, it was deemed unnecessary to carry out SEC/MALS analysis of those alum-
onlyy samples that had been aged for 94 days. 

Tablee 7.3-1. MT averages and polydispersity indices of model papers aged and imaged: KA , A and C 
samples. . 

Ct« « 
ct35 5 
Ct94 4 

KAlt » » 
K A l t M M 

KAlOt o o 
KA10t 3S S 

KA10t 94 4 

KA30t 0 0 

KA30t 35 5 

Alt o o 
Alt 35 5 

AlOt o o 
A10t3S S 

A30t0 0 

A30t3S S 

AVGM.X10 5 5 

gmol" 1 1 

3.96 6 
3.24 4 
2.07 7 

2.97 7 
1.93 3 

4.00 0 
2.23 3 
1.34 4 

3.62 2 
0.95 5 

3.68 8 
2.05 5 

3.97 7 
0.89 9 

3.78 8 
0.75 0.75 

RSD% % 

M„ M„ 

7.8 8 

4.6 6 

7.6 6 

7.3 3 

5.9 9 

N/A ! ! 

5.2 2 

9.3 3 

14.4 4 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

AVGAf wxl05 5 

gmol" ' ' 

6.68 8 
5.45 5 
3.81 1 

5.31 1 
3.49 9 

6.91 1 
3.95 5 
2.48 8 

6.33 3 
1.74 4 

6.88 8 
3.79 9 

6.50 0 
1.74 4 

6.29 9 
1.32 2 

RSD% % 

My, My, 

2.0 0 

2.7 7 

3.5 5 

3.9 9 

2.0 0 

N/A A 

3.3 3 

3.7 7 

8.0 0 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

AVGG MjtlQ5 

gmol'1 1 

10.09 9 
8.42 2 
6.06 6 

8.22 2 
5.62 2 

10.85 5 
6.09 9 
4.19 9 

9.69 9 
3.50 0 

11.06 6 
5.99 9 

9.57 7 
2.87 7 

9.24 4 
2.15 5 

RSD% % 

Mz z 

4.5 5 

10.7 7 

5.6 6 

4.8 8 

3.9 9 

N/A A 

2.9 9 

15.0 0 

4.0 0 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

AV GG MpXl O -* 

gmol" 1 1 

6.24 4 
5.23 3 
3.48 8 

5.15 5 
2.85 5 

6.22 2 
3.56 6 
2.04 4 

5.69 9 
1.44 4 

6.44 4 
3.30 0 

6.18 8 
1.46 6 

6.13 3 
1.08 8 

RSD% % 

MM e e 

5.5 5 

5.7 7 

6.2 2 

2.5 5 

12.6 6 

N/A A 

1.9 9 

8.0 0 

10.1 1 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

AV G G 

PDD (M»/M„ ) 

1.70 0 
1.69 9 
1.85 5 

1.80 0 
1.82 2 

1.72 2 
1.77 7 
1.86 6 

1.77 7 
1.84 4 

1.87 7 
1.85 5 

1.64 4 
1.95 5 

1.67 7 
1.75 5 

RSDD . 

PD D 

7.1 1 

5.3 3 

7.0 0 

5.9 9 

8.1 1 

N/A A 

2.7 7 

10.0 0 

10.2 2 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

AV G G 

MJM* MJM* 

1.51 1 
1.52 2 
1.57 7 

1.55 5 
1.61 1 

1.57 7 
1.54 4 
1.69 9 

1.54 4 
1.99 9 

1.61 1 
1.58 8 

1.47 7 
1.64 4 

1.47 7 
1.63 3 

RSD% % 

MJM. MJM. 

4.0 0 

6.0 0 

4.2 2 

3.2 2 

4.1 1 

N/A A 

1.2 2 

12.3 3 

4.13 3 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

Tablee 7.3-2. Percent differences in Mr averages between aged and unaged model papers: KA , A and C 
samples. . 

row w 
1 1 
2 2 

3 3 
4 4 

5 5 
6 6 

7 7 

8 8 

9 9 

10 0 

samples s 
Ct00 - Ct35 

Ct oo — O 94 

Ct355 - KAlt 3S 

O 944 — KAlti> 4 

Ct355 - KAlOtj j 
Ct,44 - KA10t94 

Ct355 - KA30t3S 

Ct 35-Alt JS S 

Ct j ss - AlOtj s 

Ct3SS - A30t35 

AJtf„ % % 

18 8 
48 8 

8 8 
7 7 

31 1 
35 5 

71 1 

37 7 

72 2 

77 7 

AAf . % % 

18 8 
43 3 

3 3 
8 8 

27 7 
35 5 

68 8 

31 1 

68 8 

76 6 

AA/ , % % 

17 7 
40 0 

2 2 
7 7 

28 8 
31 1 

58 8 

29 9 

66 6 

75 5 

AJtf p% % 

16 6 
44 4 

2 2 
18 8 

32 2 
41 1 

72 2 

37 7 

72 2 

79 9 

N/AA is reported when only two analyses were done 
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Figuree 7.3-2 and Figure 7.3-3 show the signals of the light scattering (LS) detector (90° 
anglee photodiode) and the differential refractometer (DRI) as a function of elution volume 
(Ve),, respectively. The lines across the chromatograms represent the trend for the 
variationn of molar mass with Ve. The actual values, represented by the scatter points, 
indicatee a significant dispersion from the trend lines at the limiting values of Mr. Besides 
thee separation range of the column set, this dispersion shows the limits of the detection 
forr the very-high- and very-low-Mr molecules, as these are in very low concentration 
(smalll  DRI signal). The DRI peaks are a close reflection of the MMD profiles on the 
differentiall  molar mass graphs. The LS signals of A10t35 and A30t35 have considerably 
loww intensity, which accounts for a significantly low Mx as the cellulose of these two 
sampless was extremely degraded. 

Differentiall Molar Mass 

1x1033 1x104 1x105 1x106 1x107 

Molarr Mass (g/mol) 

Figuree 7.3-1. Overlaid differential molar mass graphs of Alt35, A10t35, A30t35 and Ct35. 

Molarr Mass vs. Volume Molarr Mass vs. Volume 

1.0X1Ö3 3 

14.00 16.0 18.0 20.0 22.0 24.0 

Volumee (ml_) 

Figuree 7.3-2. Overlaid 90° angle photodiode LS 
signalss of Alt35, A10t35, A30t3S and Ct35. 

1.0x10* * 
14.00 16.0 18.0 20.0 22.0 24.0 

Volumee (ml_) 

Figuree 7.3-3. Overlaid DRI signals of Alt35, A10t35, 
A30t355 and Ct3S. 
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Thee plot of rms radii versus Ve shows a regular linear decrease for all the alum containing 
paperss aged for 35 days (Figure 7.3-4), which indicated a normal chromatographic elution 
withh no adsorption. 

Tablee 7.3-3 reports the average values obtained for the root mean square radii averages r„, 
rrww and rz of the papers containing alum, as well as the average values of the slopes q. The 
valuess of q are also indicated in Figure 7.3-5, which is the log-log plot of rms radii versus 
MMrr.. The values of q are determined between 0.5 and 0.6, and point to a random coil 
conformationn of cellulose in solution. However, they were lower and closer to 0.5 when 
bothh aging and alum concentration increased, indicating the polymer was in those cases 
somewhatt closer to theta conditions, i.e. below optimal conditions. The same observation 
wass made for unsized aged papers and for gelatine sized papers (section 6.3.2. of Chapter 
6),, and was attributed to the increased presence of oxidised groups along the cellulose 
chains,, thereby decreasing solvation properties. 

Customm Plot 

1000.0 0 

100.0 0 

26.0 0 

Figuree 7.3-4. Overlaid rms radii as a function of Ve of Alt 35, A10t35 and A30t35. 

Customm Plot 
1000.0 0 

100.0 0 

10.0 0 

xx A1t35 
q=0.566  0.00 
Q=(3.711 t 0.08)e-2 

 A10t35 
q=0.466  0.00 
Q=(8.444  0.43)e-2 
A30t355 t 
q=0.511 +0.01 
Q=(7.266 , x 

' \\ * x „ \ x 

WAWA wt^Lu>^ 
s&BLtft^s&BLtft^  x x 

 „X 

''  'JL 
.. r<1 , * l ( 

+ + 

xxx Jy 

x ** <jÈ$!* i 

" " 

,11 . . , 

ySyS x 

4fC 4fC 
x*x* x * * X 

** _x! 

tt * 

....1 1 
1x104 4 1x103 3 1x10

Molarr Mass 

1x107 7 1x10° ° 

Figuree 7.3-5. Overlaid average rms radii as a function of Mr (log-log scale) of Alt 35, A10t35 and 
A30t3S. . 
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Tablee 7.3-3. Average rms radii averages and values of q of model papers aged and unaged: KA , A 
andd C samples. 

AVGr.(nm )) RSD%rn AVG r„  (nm) RSD%rw AVGrj(nm ) RSD%rz WGq RSD%$ 

Cto o 
ct35 5 
Ct„ „ 

KAlt 35 5 

KAlt » » 

KAlOt g g 
KA10t 3s s 

KAlOt w w 

KA30to o 
KA30t 35 5 

Alt » » 
Alt 35 5 

AlOto o 
A10t35 5 

A30to o 
A30t35 5 

45.2 2 
40.4 4 
30.5 5 

37.4 4 
28.9 9 

43.3 3 
30.6 6 
23.0 0 

43.3 3 
19.5 5 

43 3 
29.5 5 

45.1 1 
19.0 0 

42.2 2 
17.1 1 

5.1 1 

2.7 7 

4.7 7 

3.5 5 

5.4 4 

N/A A 

3.1 1 

2 2 

6.6 6 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

62.4 4 
55.3 3 
43.1 1 

53.1 1 
41.0 0 

62.7 7 
42.6 6 
32.0 0 

60.3 3 
25.9 9 

62.7 7 
42.1 1 

61.5 5 
26.4 4 

57.7 7 
22.5 5 

1.3 3 

2.2 2 

1.3 3 

0.7 7 

1.2 2 

N/A A 

1.3 3 

2.3 3 

2.2 2 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

80.3 3 
71.6 6 
56.3 3 

68.9 9 
54 4 

82.2 2 
54.6 6 
42.2 2 

77.8 8 
35.4 4 

83.4 4 
55.0 0 

78.4 4 
33.8 8 

73.0 0 
28.6 6 

2.1 1 

6.0 0 

2.6 6 

1.4 4 

0.9 9 

N/A A 

1.3 3 

8.3 3 

1.4 4 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

0.59 9 
0.57 7 
0.54 4 

0.56 6 
0.58 8 

0.58 8 
0.53 3 
0.46 6 

0.56 6 
0.40 0 

0.58 8 
0.56 6 

0.57 7 
0.46 6 

0.54 4 
0.51 1 

5.6 6 

5.0 0 

7.3 3 

2.8 8 

2.8 8 

N/A A 

3.2 2 

7.8 8 

10.2 2 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

N/A A 

Thee changes in Mw showed that all papers immersed in alum solutions exhibited 
significantlyy larger decrease in Mw upon aging than the control papers (Figure 7.3-6). The 
greyy curve in Figure 7.3-7 illustrates that at time t35 this decrease in Mw as a function of 
thee alum concentration was asymptotical, and reached a plateau for concentrations of 
alumm above a value situated roughly between 1 and 1.5 g L"1. This is a threshold value 
beyondd which A/w does not decrease much further. The corresponding value of Mw was 
foundd in the range 1.4xl05 to 1.6xl05 g mol', i.e. DPW in the range 800-1000. This is a 
limitingg value of Mw; the depolymerisation has reached a point where it cannot proceed 
furtherr at the same speed. The changes in the values of the z-average rms radii followed 
thee same trend as those in Mw, as shown in Figure 7.3-8. 

Figuree 7.3-9 shows the polydispersity index Mz/Mw as a function of M„.  The tendency was 
forr the index to increase to varying degrees with time, especially for A10 and A30, but 
onlyy by about 10%, which is not significant enough to clearly indicate that in the papers 
immersedd in alum the cellulose of high-Mr underwent cleavage at preferential sites upon 
aging.. For Al the polydispersity index remained unchanged, which was consistent with 
thee behaviour of C on the first aging portion. However, it has to be noted that only two 
dataa point for samples containing alum can merely be indicative of a trend in the 
polydispersity. . 

Figuree 7.3-10 clearly indicates the impact of the alum concentration on the degradation 

ratee of cellulose. The plots of (1/A/wt - 1/vWwto) as a function of aging time yield the rate of 
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glycosidicc bond breakage of cellulose, which is the slope k (see section 6.3.2.1.2 of 
Chapterr 6 and Appendix 6-3). Unfortunately, the data points for AU94, A10t94 and A30t94 

aree missing because as mentioned earlier, these three samples could not be analysed in 
SEC/MALS.. However from the steep slopes obtained for A10 and A30, it can be 
extrapolatedd that the levelling-off degree of polymerisation (LODP) asymptote would 
likelyy be attained sometime between f35 and t.94. 

Ass was explained in Chapter 1, the values of LODP depend on the fibre source and are an 
indicationn of the size of the crystallites and fibrillar aggregations. The values of DFW for 
A10t355 and A30t35 were respectively 1076 (Mw = 0.892xl05 g mol"1) and 813 (Mw = 
0.754xl055 g mol"1) (Table 7.3-1). The values of LODP of cotton cellulose reported in the 
literaturee vary but are usually comprised between 150 and 400 [14]. The range 150-250 is 
usuallyy accepted as the lower limit below which the paper loses all its mechanical 
strengthh [15]. However, it is worth mentioning that these values have usually been 
determinedd using viscosity measurements [14], which as was demonstrated in Chapter 5, 
havee the inconvenience of considerably underestimating the DP. Additionally, as was 
hypothesisedd in Chapter 5 (p. 101), the possibility that the values of Mw for cellulose in 
LiCl/DMA cc are overestimated by the MALS detector due to the nature of the links 
betweenn cellulose and solvent, namely hydrogen bonding between hydroxyl groups and 
thee chloride anion of LiCl could not be ruled out. In this case the values of DPW found 
experimentallyy in the present study would also be overestimated. Recently Jerosch [16] 
proposedd a critical Mw value of 105 g mol"1 (DPW ~ 610) as a limit below which the fibres 
inn any type of paper tested, start losing their mechanical strength properties very quickly, 
ass measured by the zero-span index Z. It has to be noted that the author used the 
dissolutionn method of cellulose in LiCl/DMAc, and therefore that critical Mw could also 
bee slightly overestimated. 

Thee polydispersity of the samples containing alum and the polydispersity of the control 
sampless were not significantly different (Table 7.3-1). This is consistent with a 
degradationn mainly governed by acid-catalysed hydrolysis reactions where random 
cleavagee occurs. 

7 i i 

66

EE 5-] 
"5> > 

5 T 4 --

11 3 -
X X 

7 7 7

1 1 

—— KAt35 
—— At35 

0 0 

-- 150,000 

0.55 1.0 1.5 2.0 2.5 

[AIK(S04)2 ,, H20] (g/L) 

Figuree 7.3-6. Mw as a function of aging time for 
AA and C samples. 

Figuree 7.3-7. Mw as a function of concentration 
off  alum for  A and C samples. 
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c c 
—*—A1 1 
—A—MO —A—MO 

A30 0 

~ ~ - ^ * * 
^ ^ 

r 2 A A 

 1.9 

5 5 

I I 
E E 

 1.5 

4.00 3.2 2.4 1.6 0.8 0.0 
Mnn x 10e-5 (g/mol ) 

Figuree 7.3-8. z-average rms radii as a function of 
agingg time for  A and C samples. Figuree 7.3-9. Polydispersity index MJM„  of A 

andd C samples as a function of M„ . 
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Figuree 7.3-10. Plot yielding the glycosidic bond cleavage rate k' (mol g"1 days') for  A and C samples. 

7.3.2.22 The impac t of gelatine/alu m in the mode l papers 

Thee papers sized with gelatine and alum degraded more than the control papers. For 
KAlOt.355 and KA30t35, Mw was 3.952xl05 g mol"1 and 1.744xl05 g mol"1 respectively 
(Tablee 7.3-1), which corresponds to a decrease of 27% and 68% with respect to the Mw of 
Q355 (Table 7.3-2, rows 5 and 7). At t.94, the same trend was observed; the percent 
decreasess in Mw for KAU94 and KA10t94 with respect to Q94 were 8% and 35% 
respectivelyy (Table 7.3-2, rows 4 and 6). 

Figuree 7.3-11 shows the differential MMD profiles at t.35 of the samples sized with 
gelatine/alumm (KAlt35, KA10t35 and KA30t3s) compared to the control samples (Q35). 
Figuree 7.3-12 and Figure 7.3-13 are the signals of the LS (90° angle photodiode) and the 
DRII  detectors as a function of Ve respectively. The LS signal of KA30t35 has about the 
samee amplitude as the LS signal of A10t35. These two samples had approximately the 
samee Mw (Table 7.3-1). 
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Differentiall Molar Mass 
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Figuree 7.3-11. Overlaid differential molar  mass graphs of KAlt 35, KA10t35, KA30t35 and Ct35. 
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Figuree 7.3-12. Overlaid 90° angle LS signals of KAlt 35, KA10t35, KA30t35 and Ct35. 
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Figuree 7.3-13. Overlaid DRI  signals of KAlt 35, KA10t35, KA30t35 and Ct35. 
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Tablee 7.3-3 reports the average values obtained for the root mean square radii averages r„, 
rrww and rz of the papers sized with gelatine/alum, as well as the average values of the 
slopess q in the log-log plot of rms radii versus Mr. The log-log plot of rms radius versus 
MMxx shows the difference in slope q between the samples depending on the alum content 
(Figuree 7.3-14). For KAlt 35 and KAlOt.35 the slope corresponded to a random coil 
polymer,, in optimal solvent conditions for the former, and in theta conditions for the 
latter.. For KA30t35 the value q was rather small, of 0.40, which corresponded to a more 
compactt polymer conformation in solution. 

Customm Plot 

1000.0--

££ 100.0 
CO O 
2 2 
DC C 

"~1x1033 1x10" 1x105 1x106 1x107 

Molarr Mass 

Figuree 7.3-14. Overlaid average rms radii as a function of Mr (log-log scale) of KAlt 35, KA10t35 and 
KA30t 35. . 

Thee black line in Figure 7.3-7 shows the changes in Mw at t35 versus alum concentration 
inn the gelatine size for the gelatine/alum samples. As opposed to the alum-only samples, 
thee slope for KA samples was approximately constant over the alum concentration range 
studied. . 

Thee plot of Mw versus aging time (Figure 7.3-15) indicates that all KA papers exhibited a 
largerr decrease in Mw upon aging than the control papers. The values of Mw of the 
sampless containing alum only are reported on the same graph for comparison. This graph 
showss that Mw of all samples containing alum was lower than Mw of C, over the whole 
agingg period. However, here again it appears clearly that the samples containing 
gelatine/alumm degraded less rapidly than those containing alum only. 

Figuree 7.3-16 shows the polydispersity index Mz/Mw as a function of Mn. The values for 
thee samples containing alum only are reported on the same graph for comparison. The 
polydispersityy index tended to increase to different degrees with aging time, although not 
significantlyy considering the RSD on the values (for those where the RSD could be 
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calculated).. Therefore, in the papers containing gelatine/alum, as in control papers and in 
alum-onlyy containing papers, the cellulose molecules most likely underwent random 
cleavage. . 

KA11 had the same initial degradation rate as the reference C from to to t35. This indicates 
thatt when gelatine was present in addition to alum, and contrary to the alum-only papers, 
thee lowest alum concentration (0.083 g L"1) had no incidence on the degradation of 
cellulosee on the first aging portion (until t35). However, in the second period of aging, 
fromm t35 to t94, even such a low alum concentration (KA1) induced a degradation rate that 
wass slightly higher than that of C (Figure 7.3-17). 

Forr higher alum concentration in the size (KA10, KA30), the degradation of cellulose 
wass considerably accelerated with respect to C and, as expected, a faster degradation 
occurredd for the higher concentration KA30 than for KA10. 

 KA1 
 KA10 

KA30 0 

^ ^ f ^ f f i l l 

4.22 3.6 3.0 2.4 1.8 1.2 

Mnxx 10e-5 (g/mol) 

0.6 6 

-2.1 1 

-- 1.9 

- 1 . 7 Ï Ï 
S S 

 1.5 

0.0 0 

Figuree 7.3-15. M» as a function of aging time for  Figure 7.3-16. Polydispersity index MJM„  for 
KAA samples (compared to A and C samples). KA  a n d c samples as a function M„  (RSD could 

nott  be calculated for  those data points when only 
twoo SEC runs were carried out). 
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Figuree 7.3-17. Plot yielding the glycosidic bond cleavage rate k (mol g' days') for  KA and C samples. 
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7.3.37.3.3 Conclusions  on SECIMALS 

Thesee results showed that the papers sized with gelatine-alum exhibited a different 
artificiall  aging rate than those containing alum only. Comparing the results at t35 of 
gelatine-alumm sized papers and alum-only papers, it appears that the presence of gelatine 
considerablyy slowed the degradation induced by the alum at all comparable 
concentrations.. After 35 days of aging, A/w of KA10 and KA30 were, respectively, 56% 
andd 24% higher than Mw of A10 and A30. 

Thee role of gelatine in slowing the acid-catalysed hydrolysis of cellulose caused by alum 
wass demonstrated in this series of experiments. This protective role was efficient over the 
wholee range of concentration of alum in the size, although considerably more at the two 
lowerr concentrations used (0.083 g L"1 and 0.83 g L"1) than at the highest concentration 
(2.499 g L"1). However, it must be noted that this highest alum concentration was used for 
thee purpose of the present research as an extreme case study, and that such a 
concentrationn in gelatine size was in fact seldom used in paper manufacturing. Very high 
alumm concentrations reported in early twentieth century recipes, and used as bibliographic 
referencee for this study correspond to a historical period of active research and 
experimentationn in the field of sizing in the paper industry, and were most probably 
representativee of experimental new sizing techniques than currently used practice. 

7.44 Colou r monitorin g of the mode l paper s containin g 
gelatin ee and/o r alum durin g agin g 

7.4.17.4.1 Experimental 

Colourr measurements were carried out in the trichromatic system CIE L*a*b, and total 
chromaticc differences AE* between reference and gelatine and/or alum containing papers 
ass well as unaged/aged papers were measured. The yellowness index E313-96, whiteness 
indexx E 313-96, and R457 ISO brightness (reflectance at 457 nm), as well as the total hue 
differencee AH* were also measured. The equations of CIE L*a*b*  values and additional 
measuredd indices as well as their significance for the appreciation to the naked eye can be 
foundd in Appendix 6-4. 

AA spectrophotometer UltraScan XE (Hunter Associates Laboratory, Inc) was used 
(specificationss are in Appendix 6-4). The measurements were performed as described in 
sectionn 6.4.2 of Chapter 6, with the illuminant D65, 10° observer, and with a 25 mm 
diameterr measuring area, at five different locations of a sheet of paper as represented in 
Figuree 6.5-1 of Chapter 6. Five different sheets were measured for each sample type. The 
tabless report the average of 25 measurements per sample type. 
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7.4.17.4.1 Results  and discussion 

7.4.1.11 The impac t of alum in the papers 

Ass described in section 6.4.2.1 of Chapter 6, Whatman No.l control papers showed a 
variablee discolouration rate whether they were aged in the SE-600-3 (Thermotron 
Industries)) or in the Versatenn (Tenney Environmental) climate chamber. Since all the 
paperss containing alum were aged in the Versatenn chamber, the controls used for the 
calculationn of AE* and AH* were taken from among those aged in that chamber. 

Tablee 7.4-1 reports the CIE L*a*b*  values and other colorimetric values of the samples 
Al ,, A10andA30. 

Tablee 7.4-1. Trichromati c values, indices (brightness, yellowness, whiteness), total chromatic and 
totaltotal  hue differences for  the model papers upon aging: control, alum and gelatine/alum samples. 

L **  a*  b*  AE* 1 AE* 2 Brightness YI  W I  AH* 3 

^ _ _ „„  ( V s C tJ (VsXtp ) R457 E313-96 E313-96 (Vs Ct.) 

Ctoo 95.33+0.06 -0.57+0,005 0.49 2 0.00 0.00 4 0.51 4 86.16+0.17 0.00 

C t3 55 94.95+0.04 i 6 1.06 + ooe 6 1 n 80.79 + 0.27 2 

O944 94.49 s -0.52 + 0.02 2.41+0.07 2.76 + 0O6 2.76 + 0.06 83.51 0 13 4.21 4 75.41 3 3 

Al t oo 95.33 6 1 0.49 3 0.02 + ooa 0.00 87.88+0.13 0.49 + 006 86.I6 + 0.15 0.01+0.02 

A l t 3 SS 4 -0.59 + 001 1.87 + 0.05 0.39 + 0.05 1.45 + 0.05 85.06+o.n 3.12 + 0.09 78.80 + 0.26 1 

A l t 9 44 n -0.31+004 4.00 + 015 1.79 + 018 8 9 7.41 2 66.21 1 5 

AlOt oo 95.34 + 0.05 -O.6O + 0.01 2 O.O6+002 0.00 8 0.57 + 004 85.98 + 0.0s -0.01+002 

A10t 355 94.28+0.09 3 4 1.66 + 0.17 2.67 + 0.16 82.32 + 0.39 9 72.26 + 0.26 M 

A10t ,44 91.97+0.26 o O 4.90 + 0.4O 9 73.01 +o.ss 12.77 6 50.15 2 s 

A30too 95.35 5 -O.6O + 0.01 0.53 + 0.02 0.05 + 0.02 0.00 87.89 + 0.1 0.55 + 004 86.04+01 2 

A30t3SS 9 -0.33 + o.os 7 2.97+0.34 3.93+0.33 79.47 + 0.73 7.45+0.56 65.82 +169 -0.73+0O6 

A30t 944 89.34 + 044 1.21+ois 9.28 + 033 8.76+0.54 I0.77 + O.3O 64.61  LIS o 30.65 + 2 65 -1.64 +o.os 

KAl t oo 95.19 + 0.11 i O.6I+0.02 O.H+0.O6 0.00 4 0.70 + 0.04 85.30 + 0 23 -0.05 2 

K A l t j jj  94.92+0.05 i 5 1.09+OM 1.98 + 0.0433 9 9 8 -O.O4 + 0.01 

K A l t , 44 94.14 + 008 -1.04 + 0.04 5.03 + on 2.68+013 2 79.66 + 0.30 8.75 + 0.25 6 3 

KAlOt oo 95.22 + 006 i 0.65 + 0.02 3 0.00 87.44+0.13 0.77 + 004 2 -0.07+o.oi 

KA10t 355 94.76 + 0.03 -0.98 + ooi 3.10 + 0.07 1.62+0.07 2.51+0.072 o 4 72.92  0.34 -0.15  0 02 

KA10t944 8 4 n 4.58 + o.n 8 2 12.63+0.27 o -0.42+0.03 

KA30t oo 95.25 + 005 -0.63+ooi 0.63 + 002 0.14+ 0.03 0.00 87.53 0 si 0.72 + 003 2 -O.O6 + 0.01 

KA30t 355 93.95 + 0.05 -O.68 + 0.03 4.35 + o.n 2 2 2 7.77 + 027 0 4 

KA30t 944 9 8 6 6 1 3 5 27.11  1.69-1.44+ 0.04 

AE**  Vs Ct, is the total chromatic change between the sample and the unsized control at the respective aging times. 

AE**  Vs Xto is the total chromatic change of a given sample between time to and times Us or tM. 

AH**  Vs Ct, is the total hue change between the sample and the unsized control at the respective aging times. 
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Figuree 7.4-1 and Figure 7.4-2 which represent the changes in the values of b*  and L* 

showw the tremendous increase in yellowing and decrease in lightness of the paper caused 

byy alum upon aging. As expected, the intensity of the discolouration (measured by b*) 

increasedd and the lightness (measured by L* ) decreased with increasing alum 

concentration. . 

966 -
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T T 
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Figuree 7.4-1. b*  as a function of aging time for A 
andd C samples. 

Figuree 7.4-2. L*  as a function of aging time for A 
andd C samples. 

Figuree 7.4-3 shows the plot of b*  as a function of a*. As opposed to the papers sized with 

gelatinee only (Figure 6.4-6, Chapter 6), the increase in the value of b*  was accompanied 

byy a significant increase in a*. This visually translates in both accrued yellow and red 

components,, which yields a brownish colour. It is interesting to note that all the papers, 

regardlesss of aging time and alum concentration, and including the control with no alum, 

felll  roughly on the same (a*, b*) curve. This result indicated that alum did accelerate the 

discolourationn introduced by heat/humidity aging, and did not introduce a new 

discolourationn mechanism. The course of the degradation reaction as indicated by the 

colourr change, was homogeneous, and the rate of the discolouration was dependent on the 

alumm concentration. This is consistent with the SEC/MALS results where the degradation 

byy acid-catalysed hydrolysis was found to increase due to the presence of alum. 
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Figuree 7.4-3. (a*, b*) plot for A and C samples. 
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Thee changes in AE* upon aging relative to the respective unaged sample in each alum 
concentrationn category are shown in Figure 7.4-4. As observed in Chapter 6, AE* 
followedd mainly the same trend as b*  (Figure 7.4-1). Figure 7.4-5 shows the changes in 
AE**  of the sized papers relative to C, in the respective aging category (Cto, Q35 and Ct94). 
Thesee AE* followed almost exactly the same trend as that observed in Figure 7.4-4. From 
thesee two figures it can be concluded that the presence of alum was the main factor 
responsiblee for the increase in AE* with aging. In other words, the discolouration 
imputablee to alum is the more significant discolouration factor during aging. 

Figuree 7.4-4. AE* relative to the respective 
unagedd sample in each category for A and C 
samples. . 

Figuree 7.4-5. AE* relative to C samples in each 
respectivee aging category for A samples. 

7.4.1.22 The impac t of gelatine/alu m in the paper s 

Tablee 7.4-1 reports the CIE L*a*b*  values of the samples KA1, KA10 and KA30. Figure 
7.4-66 and Figure 7.4-7 represent the changes in the values of b*  and L*  upon aging time. 
Thesee show that, in each respective aging category, the increase in yellowing (increase in 
b*)) of papers caused by gelatine/alum upon aging was more pronounced than for alum-
onlyy papers, but conversely the decrease in lightness was more pronounced for the latter 
(sampless Al , A10 and A30 are represented in the same figures for comparison). 

Therefore,, the presence of gelatine added to the discolouration already induced by alum. 
Sincee the amount of gelatine is the same in the three types of samples (2% uptake), this 
indicatedd that as expected, the intensity of the discolouration increased with the alum 
concentrationn in the paper. 
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Figuree 7.4-6. b*  as a function of aging time for 
KA ,, A and C samples. 

Figuree 7.4-7. L*  as a function of aging time for 
KA ,, A and C samples. 

Figuree 7.4-8 shows that the colour changes upon aging for the samples containing 
gelatine/alumm as showed in the plot of (a*, b*) spanned from the changes of the gelatine-
onlyy samples (Figure 6.4-6 of Chapter 6) to those of the alum-only samples (Figure 
7.4-3).. The colour changes brought by the increasing concentration of alum tended to 
overridee the colour changes induced by the gelatine. 

Figuree 7.4-8. (a*, b*) plot of KA (compared with K2 and A30 samples). 

Thee changes in AE* upon aging relative to the respective unaged sample in each 
gelatine/alumm concentration category (Figure 7.4-9) followed almost exactly the changes 
inn AE* of the alum-only samples (represented on the same plot for ease in the 
comparison). . 

Figuree 7.4-10 shows the changes in AE* of the sized papers relative to C in each aging 
categoryy (Cto, Q35 and Q94). This figure, when compared to Figure 7.4-9, allows the 
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visualisationn of the impact of gelatine on AE*. It shows that the same rate of change upon 
agingg occurred as in alum-only papers as compared to C, except for the lower alum 
concentrationn where the sample with gelatine/alum discoloured more significantly upon 
agingg than the sample with alum only. This indicates that the impact of gelatine on the 
discolourationn was not significant in compositions above 10% alum in the size, compared 
too the alum-induced discolouration. 

Figuree 7.4-9. AE* for KA, A and C relative to the 
respectivee sample imaged in each category. 

Figuree 7.4-10. AE* for KA and A relative to C 
sampless in each respective aging category. 

Thee influence of alum concentration on the rate of discolouration is represented in Figure 
7.4-11.. The long-term trend for both KA samples and A samples is an increase in AE* 
withh increasing both alum content in the papers and aging time. However, the initial 
changess differ in the low alum concentration range from 0 to about 0.8 g L"1 (= 10%) in 
eachh aging category, as shows the zoom in Figure 7.4-12, with a faster discolouration 
occurringg for KA samples than for A samples. This confirmed that the gelatine induced 
colourr changes but that this discolouration was overridden by the colour change caused 
byy the alum at all aging times when its content in paper was above 10%. 

Figuree 7.4-11. AE* for KA and A relative to C 
sampless in each respective aging category as a 
functionn of the alum concentration. 

Figuree 7.4-12. Zoom of Figure 7.4-11 in the low 
alumm concentrations. 
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7.55 pH of alum papers and gelatine/alum papers 

Tablee 7.5-1 reports the cold extraction pH of the papers as measured according to TAPPI 
standardd method T 509 om-88 [17] to which some modifications were made (see section 
6.5.1.. of Chapter 6). Figure 7.5-1 shows that the decrease in pH as a function of time was 
duee to both the aging time and the increasing alum concentration. However, Figure 7.5-2 
showss that the major contribution to the decrease in pH was imputable to alum rather than 
aging. . 

Forr all the papers sized with gelatine/alum, pH values were lower than for the papers 
containingg alum only (at respective equivalent alum concentration). This is opposite to 
thee changes affecting MT. This result corroborated the findings for gelatine-only 
containingg papers, in that the pH was not a good indicator of the state of degradation of 
sizedd papers. This is reflected by the profile of the Mr curve as a function of alum 
concentrationn for samples KAt35, that followed a quasi-linear decrease (Figure 7.3-6, 
blackk line), whereas the plots of pH versus alum concentration (Figure 7.5-2) exhibited a 
decreasee that tailed off asymptotically at all aging times. In the case of papers containing 
alumm only, the curves with a steep initial pH decrease at alum concentration below 1 g L~' 
followedd by a portion of the curve tending to a plateau between 1 to 1.5 g L"1, and a flat 
portionn beyond that, had roughly the same profile as the plots of Mr versus alum 
concentrationn for these samples at t35 (Figure 7.3-6, grey line). Thus, for the A samples, 
bothh pH and Mr decreased asymptotically with increasing alum concentration, the plateau 
beingg reached above a threshold value situated between 1 to 1.5 g L"1. The limiting value 
off  Mw was found of 5 g mol"1. 

Figuree 7.5-1. pH as a function of aging time for  KA , A and C samples. 
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Tablee 7.5-1. Cold extraction pH of KA, A and C samples and pH of the gelatine/alum and alum 
solutionss used to prepare these samples. 

sample e 

Ct„ „ 
ct35 5 

Ct94 4 

Alt , , 
Alt 3S S 

Alt 94 4 

A10t„ „ 
AlOtj ; ; 

A10t94 4 

A30t0 0 

A30t35 5 

A30t,4 4 

pHH c.e'. 

7.01 1 

6.63 3 

6.52 2 

6.43 3 

6.04 4 
5.35 5 

5.29 9 

4.93 3 

4.74 4 

4.81 1 

4.74 4 

4.57 7 

RSDD pHsol.2 

0.03 3 

0.03 3 

0.05 5 

0.055 4 .94 

0.05 5 

0.04 4 

0.044 4 .17 

0.02 2 

0.02 2 

0.033 3 .93 

0.02 2 

0.02 2 

sample e 

KAlt o o 
KAlt 35 5 

KAlt 94 4 

KA10t„ „ 

KA10t 35 5 

KA10t 94 4 

KA30t 0 0 

KA30t 35 5 

KA30t 94 4 

pHH c.e. 

6.36 6 

5.92 2 

5.45 5 

4.87 7 

4.72 2 

4.53 3 

4.62 2 

4.55 5 
4.37 7 

RSDD pHsol. 

0.022 5.67 

0.02 2 
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Figuree 7.5-2. pH as a function of alum concentrations for  KA and A samples. 

7.66 Investigation into correlations between pH, colour 
measurementss and Mr 

7.4.17.4.1 Correlations based on the parameter time 

Thee plot of Mw as a function of pH (Figure 7.6-1) shows that in each sample category, a 

largee decrease in Mw was accompanied by a rather small pH decrease. The initial 

11 pH c.e is the cold extract pH of the papers. 
22 pH sol. is the pH of the gelatine solutions used to size the papers. 
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acidificationn of the samples due to high alum content was more significant than the 
subsequentt acidification occurring during the aging, but conversely the depolymerisation 
duringg aging was quite dramatic. The samples containing 1% alum (KA1 and Al ) showed 
higherr pH and higher Mw than the samples containing 10% and 30% alum (KA10, A10, 
KA300 and A30) at the same aging times. 

Figuree 7.6-2 and Figure 7.6-3 are plots of Mw as a function of b*  and AE* respectively. 
Onn both plots, KA and A displayed slightly different behaviour, each group followed a 
decayy curve of Mw as a function of discolouration clearly delimited by that of the control 
samples.. The samples with gelatine/alum displayed a higher discolouration than the alum-
onlyy samples but showed considerably smaller Mw decay. In each category, higher 
discolourationn and lower Mw were correlated to higher alum concentration. 

Figuree 7.6-4 plots pH versus AE* and shows the clear separation in two groups of 
sampless KA and A as noted previously in discussing Figure 7.6-1. On one side the two 
sampless containing 1% alum (KA1 and Al ) displayed the steeper slopes: the decrease in 
pHH was larger than the increase in AE* when compared to the other samples. In the other 
group,, the four samples containing 10% and 30% alum (KA10, AIO, KA30 and A30) 
showedd a relatively smaller pH decrease concomitantly with a larger increase in AE*. 
Fromm Figure 7.6-4 it can also be noted that the discolouration of KA and A samples 
variedd in the same range with aging. This shows that the separation into two groups, 
whichh is visible in Figure 7.6-3 is in fact a separation driven by the difference in Mw. 

Thesee plots show that the presence of gelatine clearly influenced the aging behaviour in 
thee papers containing alum by decreasing the depolymerisation rate but also by inducing 
slightlyy larger decrease in pH and increase in the discolouration rate. 

Figuree 7.6-1. V/„  as a function of pH of the 
sampless upon aging. 

Figuree 7.6-2. Af„  as a function of b*  of the 
sampless upon aging. 
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Figuree 7.6-3. M„  as a function of AE* of the Figure 7.6-4. pH as a function of AE* of the 
sampless upon aging. samples upon aging. 

7.4.27.4.2 Correlations based on the parameter of the alum 
concentration concentration 

Investigatingg correlations based on alum concentration leads to Figure 7.6-5, Figure 7.6-6 
andd Figure 7.6-7 where the variations in pH, AE* and Mr of the papers with gelatine/alum 
andd alum-only are compared at fixed aging time (135). 

Figuree 7.6-5 shows that for the alum-only papers, both pH and Mr decreased in an 
approximatelyy linear fashion with increasing alum concentration over the whole range. 
Forr papers with gelatine/alum, the decrease was linear up to 10% alum, with a shallower 
slopee indicating a slower depolymerisation rate than for the A samples. This was followed 
byy a steep decrease in Mr with almost no further pH decrease for the highest alum 
concentrationn (30%). The extrapolation from 0% to 30% alum resulted in a line parallel to 
thee curve of A samples. This indicated that for gelatine/alum papers, in the range below 
10%% alum, the gelatine induced a decrease in the depolymerisation rate compared to the 
alum-onlyy papers. Above 10%, the rate of degradation accelerated considerably and 
matchedd the degradation of the alum-only papers. 

Thiss confirms the previously reported results on the protective role of gelatine towards 
cellulosee in acid-catalysed degradation reactions (Chapter 6). This behaviour of gelatine 
towardss cellulose is more pronounced when alum is present in the paper than in gelatine-
onlyy papers, probably because, as alum is a factor in the acidification of paper, the acids 
producedd react faster with gelatine than with cellulose. 

Thee relationship between AE* and M, of KAt35 and At35 papers with increasing alum 
concentrationn (Figure 7.6-6) is in contrast to that between pH and A/r, as it was 
approximatelyy linear for KAt35 but curved for At35, for which above 10% alum, Mr only 
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slightlyy decreased while AE* increased drastically. This illustrates well the fact that 
gelatine/alumm papers discoloured more but were less chemically degraded (higher Mr) 
thann alum-only papers. 

Figuree 7.6-7 shows that no direct correlation can be found between pH and AE*. 
However,, for both KAt35 and At35 papers, the curve shows a clear elbow, indicating that 
evenn though the pH did not lower much for concentrations of alum beyond 10%, AE* 
initiatedd a drastic increase. 

Figuree 7.6-5. M„  as a function of pH, changes 
withwith  alum concentration. 

Figuree 7.6-6. M„  as a function of AE* , changes 
withwith  alum concentration. 

Figuree 7.6-7. pH as a function of AE* , changes with alum concentration. 
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7.77 Conclusio n 

SEC/MALSS proved to be a very useful tool for the characterisation of the chemical state 
off  the cellulose constituent of the diversely prepared papers, allowing the detection of 
minutee as well as significant changes in the molar mass. The eventual residues of non-
fibrouss material such as alum and gelatine were not an obstacle for the dissolution of the 
paperr in LiCl/DMA c and the analysis with the methodology developed for this study. 

Thee presence of alum in the paper significantly accelerated the aging-induced degradation 
byy acid-catalysed hydrolysis. The only sample found to be relatively unaffected by the 
presencee of alum was the gelatine/alum sized sample with the lowest alum concentration 
off  0.083 g L ' (1%), and only up to 35 days of aging. However, the acceleration of the 
degradationn rate compared to the control papers was noted for this sample at longer aging 
times. . 

Att all concentrations of alum in the size, the gelatine had a significant beneficial effect 
towardss cellulose by slowing the degradation process catalysed by the alum. Although 
thiss work does not pretend to elucidate the mechanism by which this protective effect 
occurs,, some hypotheses can be ventured and these are discussed hereafter. 

Thee characterisation of the degradation of gelatine in the paper upon artificial aging as 
presentedd in Chapter 8, showed that at and above 10% alum in the gelatine/alum size, the 
agingg induced hydrolysis of the protein was accelerated, while 1% alum did not have any 
impactt on the rate of the protein degradation. These results, combined with those in the 
presentt chapter, show that even when the gelatine is degraded to a fair extent, its role in 
slowingg the acid hydrolysis of cellulose catalysed by alum is still very efficient. This 
effectt is thought to be due to the preferential degradation of the protein molecules over 
thee hydrolysis of cellulose. 

Thee role of alum as a gelatine hardener is well known, especially in photography. 
Aluminiumm salts react with the ionised carboxyl groups of gelatine. However, too high an 
alumm concentration probably results in an excess of free alum, which in turn could 
catalysee the hydrolysis of both the gelatine and the cellulose, and thus accelerate the 
agingg induced degradation. Nevertheless, alum is more likely to react with gelatine 
becausee of the higher number of different functional groups in the protein and its less 
compactt spatial conformation, that makes it more readily accessible to reactants than the 
tightlyy packed cellulose molecules. 

Comparedd to the results obtained from the determination of the MT with SEC/M ALS/DRI, 
neitherr the pH nor the colour parameters b*, L*  and AE* were found good indicators of 
thee state of degradation of papers that contain both gelatine and alum. The trend in the 
discolourationn of gelatine/alum papers was similar to that in alum-only papers, and was 
proportionall  to both alum content and aging time. As for the pH, its lower values were 
associatedd with a higher MT in the case of gelatine/alum compared to the alum-only 
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papers.. The threshold concentrations of 1 to 1.5 g L"1 could be found delimiting a range 
beyondd which a plateau was reached asymptotically for both pH and MT. This threshold 
wass also applicable to the discolouration rate, as above this value colour changes were 
significantlyy larger. This plateau corresponded to a value of Mw of 5 g mol"1, 
whichh was determined as a limiting value of A/w, where the depolymerisation reached a 
pointt where it cannot proceed further at the same speed. 

Onn the practical side, this work could have implications in paper conservation treatments 
suchh as washing and resizing. The washing of paper documents sized with gelatine/alum 
inn warm water often results in a dissolution of the size and a decrease in the amount of 
sizee left in the paper. This is accentuated if the gelatine is in a highly hydrolysed state 
sincee in this case part of the protein becomes more soluble. Although we lack information 
onn how much gelatine and alum would dissolve while washing a historic paper document 
-- mainly because the life history and state of degradation of each document are usually 
unknown,, resizing a washed gelatine/alum sized paper with gelatine is worth considering, 
especiallyy in the case of high alum content sizes [18]. However, it must be kept in mind 
thatt this study was limited to gelatine, and the potential benefits of other polymers, such 
ass cellulose ethers, which are also currently used by paper conservators for resizing 
purposes,, could not be investigated in the time frame of the present research. 

ChemicalsChemicals and materials 

Lithiumm chloride (LiCl), aluminium potassium sulphate hydrate ([A1K(S04)2.12H20]) and N,N-
Dimethylacetamidee (DMAc) were purchased from Acros Organics (Springfield, NJ, USA). Whatman No. 1 
filterr paper was obtained from Fisher Scientific (Springfield, NJ, USA). Gelatine photographic type B was 
purchasedd from Kind and Knox Gelatine Inc. (Sioux City, IA, USA) and gelatine HMW type A was 
purchasedd from Norland Products Inc. (New Brunswick, NJ, USA). 

Instruments Instruments 

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

chamberr was from Tenney Environmental (Parsippany, NJ, USA). The spectrophotometer UltraScan XE 
wass from Hunter Associates Laboratory, Inc. (Reston, VA, USA). 

Multianglee light scattering detector Dawn EOS and interferometric differential refractometre Optilab DSP 
weree from Wyatt Technologies Corp. (Santa Barbara, CA, USA). Additional instrumentation relative to the 
separationn and analysis by SEC/MALS/RI not cited in the present chapter are in the section Instruments of 
Chapterr 4. 
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