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Characterization of Foxmg Stains
by Chemical and Spectrometric Methods

by MARINA BICCHIERI, GIUSEi’PE PAPI"'-ALA'RDO,J’.RANCESC.O_
PAOLO ROMANO, FRANCESCA MARIA SEMENTILLI &
. RODEILE® DEACUTIS

INTRODUCTION

Foxing, a recognisable chromatic alteration of cellulosic materials, is a complex
phenomenon, not yet well understood. Its formation mechanisms have been stud-
ied since 1935. However, despite more recent intensive research since the 1980s
there are still no conclusive results.

Foxing is the term applied to stains of reddish-brown, brown, or yellowish col-
our, generally of small dimensions, with sharp or irregular edges, most of which,
if excited with UV light, show fluorescence. Fluorescence is also often present in
areas in which the alteration is not yet visible under natural light, but which is
probably in formation. According to the different morphologic and chromatic
characteristics and the different fluorescence that the stains show when exposed
to UV light Carter' defined four classes of foxing (Table 1) and Cain and Miller?
defined five classes (Table 2). The fourth class in Cain and Miller’s classification
is due, in our opinion”, to the oxidation of oils used in the typographic inks.

Gallo and co-workers* found evidence of bacterial and fungal stains in some
foxed areas sometimes associated with the presence of iron. Other researchers’
pointed out that the presence of this metal could favour the formation of foxing
since iron can produce rust, due to the water content of paper, and induce the
degradation of cellulose and other materials, such as sizing agents. Arai and co-
workers" 7 supposed that foxing could be connected to the hydrolysis induced by
fungal growth in cellulose and gelatine (in the case of gelatine sized papers). In
fact, the products of hydrolysis, free sugars and amino acids, may combine to
produce fluorogenic compounds and then chromogenic end products, responsi-
ble for the coloured stains, through a step process.

The hypothesis that foxing is a process developing through different steps was
given also by Choisy and co-workers* who grouped their foxed samples in three
categories, considering each one not as a separate phenomenon, but as three suc-
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Characterization of Foxing Stains by Chemical and Spectrometric Methods

Table 1: Foxing classes by Carter.

Class Appearance in natural light Appearance in UV light
Yellow, orange or reddish-brown stains .
! with well defined edges. Reddish-black.
9 Stains with faded edges of dull orange- Not fluorescent, while the paper sur-
brown.

rounding the stains is fluorescent.
Stains similar to type 2 but with a darker

. The stain edge has a white fluorescence.
nucleus and a lighter edge.

The stains appear bigger and have

4 Pale yellow stains. ;
a white fluorescence.

Table 2: Foxing classes by Cain and Miller.

Type Appearance in natural light Appearance in UV light

Stain with black nucleus and concentric

Brown black with a yellow orange ring or
rings

not fluorescent.

a) Light brown stains, not nucleated with
: 5 White or pale yellow uniform fluorescence.
irregular edges.

2 b) Like stain 2a but lighter in colour.
They could represent a further stage of Same appearance as 2a
the development of type 2a.

Stains spread all over the sheet, identical,

4 in shape and colour, to the stains present .

) on the sheet with which they are in Pale bluc or white.

contact.

4 The typographic composition is included

The text is immersed in a yellow-orange
in a slightly larger stain.

fluorescence or in a yellow fluorescence.
Areas clearer than the surrounding paper. Irregular shaped fluorescent white areas.

cessive steps of the same. They assumed that in the first step fluorogenic com-

pounds appear, then chromogenic compounds in conjugated chromophores and
that finally full colour is reached with free ketones.

EXPERIMENTAL

Method

We decided to analyze some foxed stains present on naturally aged papers from
the 16" to 18" centuries, trying to find a common trend. We also prepared some

2
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samples in which we induced the appearing of foxing stains on a modern paper
(Umbria paper), after artificial ageing (15 days at 80°C, 65% RH). We used 510° M
solutions of FeCl, and KCl and we added, in restricted areas, 1, 3 and 5 pl re-
spectively of FeCl,, KCI and FeCl,+KCl. We applied non-destructive and, when

it was possible, destructive techniques to carry out a more complete analyses.

Materials

e Sample 1: paper from a manuscript of the second half of the 17" century
o Sample 2: paper from a manuscript of the first half of the 16" century

o Sample 3: printed paper from the second half of the 18" century

e Sample 4: printed paper from the second half of the 17" century

¢ Sample 5: printed paper from the second half of the 17" century

e Sample 6: printed paper from the second half of the 17" century

e Sample 7: Umbria paper, unprinted, treated with 1, 3 and 5 pl of 510" M FeCl,
solution.

e Sample 8: Umbria paper, unprinted, treated with 1, 3 and 5 ul of 510" M KCl

solution.

e Sample 9: Umbria paper, unprinted, treated with 1, 3 and 5 pl of 510° M
FeCl, +KCl solution (2.5-10* M in FeCl, and 2.5-10* M in KClI).

Measurements

Samples 1, 2 and 3 and 7, 8, 9 were fully tested. It was possible, in fact, to carry
out destructive measurements; for the other samples only non-destructive tech-
niques were employed, except for IR analysis of some foxed stains in sample 4.
We analyzed:

¢ Sizing agents;

e fibre composition;

e average viscosity degree of polymerisation;
. pH;

¢ chromaticity co-ordinates;

» appearance under UV illumination;
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¢ carbonyl groups content;

o thickness of paper.

For a fuller analysis we employed also:
¢ IR spectroscopy
» XRF spectrometry.

Some samples were treated with borane tert-butylamine complex, a reducing
compound”'?, to test its effectiveness in bleaching foxed areas. Borane tert-butyl-

amine complex is able to react with carbonyl groups and partially with carbon-
carbon double bonds.

RESULTS
Sizing agents

Before the advent of synthetic adhesives, the most commonly used products in
paper manufacture were starch, gelatine and casein, the latter being especially
used in the 20" century.

We tested the presence of starch exploiting the reaction between amylose and
iodine that leads to the formation of a blue complex. Starch was found only on
Sample 3 and in the Umbria paper. In the other samples we searched for proteina-
ceous substances. The test is based on the reaction between p-dimethylamino-
benzaldehyde and hydroxyproline, obtained by alkaline hydrolysis of collagen.
The specific colorimetric reaction relies on the oxidation of hydroxyproline to
pyrrole and subsequent formation of a red-pink complex between pyrrole and p-
dimethylaminobenzaldehyde. Other nitrogenous materials do not interfere with

this test which, in this case, gave positive results for samples 1, 2, 4, 5 and 6 (Ta-
ble 3).

Table 3: Composition of the samples.

Sample Lignin Fibres Size DP DP after pH
reduction
1 - linen, hemp and cotton (ca. 5%) gelatine 805 106410 3.08 £0.02
:9. - linen and cotton (ca. 20%) gelatine 248 £25 269 +28 5.82  0.02
’3. - . linen and cotton (ca. 10%) starch 416 £30 429 £ 30 6.50 +0.02
4,56 - linen, hemp and cotton (ca. 60%) gelatine - - 5.65%0.02
7,8,9 - cotton 34%, cotton linters 66% starch 1179 + 32 - 6.71 £0.02
4
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Fibre composition

Identification of the fibre composition occurred after the paper had been knead-
ed and microscope slides, stained with suitable reagents, have been prepared for
observation. A preliminary test on the lignin content (absent in all the studied
samples) was performed to choose the most suitable stain. The Herzberg stain
was used and the results obtained after microscopic observation are reported in

Table 3.

Average viscosity degree of polymerisation

The average viscosity degree of polymerization, DP,, related to the intrinsic vis-
cosity [n] of the papers, were obtained from Mark-Houwnik equations:

(1) []=KkMY 2 []=KDPy

The measurements of [r)] were carried out in accordance to ASTM 1795-90
Method. Results are reported in Table 3.

pH of the paper

For samples 1 to 3 and 7 to 9 we measured pH using the hot extraction method.
On the other samples, that could not be destroyed, we measured only the surface
pH. Results are reported in Table 3.

Chromalicity co-ordinates

If two specimens have the same values of chromaticity co-ordinates, they are of
the same colour; conversely if any co-ordinate value is different, the overall dif-
ference is a measure of the perceived colour difference between them.

We choose to use the L*a*b* colour space in which a vertical axis (L*) has the
black (L* = 0} at the bottom and the white (L* = 100) at the top. The two other
axis, a* and b*, represent the green-red axis (from -a* to +a*) and the blue-yellow
axis respectively (from -b* to +b*). Each colour is a point in the three-dimensional
space defined by L*a*b* co-ordinates. An increase of L* increases the luminosity
of the colour; an increase of b* shifts the tint to yellow whereas its decrease

5
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means that the colour contains less yellow than before. The a* co-ordinate acts on
the green-red axis, an increase of a* shifts to the red, a decrease to the green.
Results for the studied samples are reported in Tables 4 and 5.

Appearance under UV illumination

Foxed spots were observed under UV illumination at two wavelengths: 365 and
. . .

254 nm. Different kinds of fluorescence were noted in all the samples, these were

more intense when 365 nm wavelength was used:

* Sample 1: White fluorescent points, not localised on the foxed spots, were dis-

persed all over the paper.

9.
Sample 2: Foxed areas were not fluorescent, while the not foxed areas had a
yellow-orange fluorescence.

* Sample 3, 4, 5, and 6: All spots fluoresce pale yellow.

1S.ample 7: The spots appeared bigger under UV illumination than in visible
ight: the brown areas, which were not fluorescent, were surrounded by a white
fluorescent ring. The diameter of this ring

i t. . .
added to the paper. 1s proportional to the quantity of iron

Sample 8: The spots appeared pale white in visible light; under UV illumina-

tion the centre of the spot appeared slightly yellow and fluorescent while the
halo was white and fluorescent.

Sample 9: The brown spots, under UV illumination, were fluorescent and darker
:.}11:; in visible light. They appeared surrounded by a yellow-orange fluorescent
When potassium ions were added onto the paper, they seemed to migrate from
th‘e ce.ntre of the spot to the external margin, giving rise to a ring around the ap-
pl%catlon point. When iron and potassium ions were applied together, the iron
rr.ugrated less than potassium. Potassium ions were localised especially or; the mar-
gin of a circle the diameter of which was about twice as big as that of the iron spot.

Carbonyl content

The carbonyl content in the

paper samples was detected using 2.3.5-tri -
2H-tetrazolium chloride ( ’ e g 20,0 rpheny)

THTCI). Dissolved in water this compound forms a

6
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Table 4: L*a*b* co-ordinates before and after reduction and washing.

L* a* b*
treatment: before after before after before after
sample 1
no foxing reduction 532+1.0 638+02 72+04 38+01 199%03 184102
foxing reduction 525+1.0 61.5+10 73+03 45+01 221£02 198102
no foxing  washing 502+ 10 50.7%+17 75+03 68+02 203+£03 198104
foxing washing 30117 304+14 80£04 78+03 182402 182%02
sample 2
no foxing  reduction  64.9£1.0 78.7£0.3 56203  3.2+0.1 17.120.3  15.0+0.2
foxing reduction  52.8+1.8  62.6£1.8 89%0.5 6.9+05  21.8%0.7 20.5%1.0
no foxing  washing 66.1£ 09  68.3x09 5.6+03 51£0.2 17.120.3  16.7£0.3
foxing washing 57.9%£1.2  59.7£14 72405 69402 19.520.7  19.4340.4
sample 3
no foxing  reduction 79.1+1.2 827123 26+03 3206 127205 12.5%0.7
foxing reduction 61.4+3.0 76.1+14 50%£07 3003 176x13 134+0.7
no foxing  washing 757109 79.9+£33 34%£02 26+06 137x04 11.8%0.7
foxing washing  694+22 728+39 46+06 3.6%12 164%15 138127

Table 5: L*a*b* co-ordinates before and after treatment with FeCl, and/or KCl solutions.

L* a* b*
sample treatment: - lpul 3l Sul - gl 3w Sul - lpl 3w Sl
. ‘
PR fong Tone o oy iy

_ , 80.1 88.4 87.9 10 12 13 10.3 117 122

7 foxing  FeCl, -
* +0.4 £0.5 +0.4 +0.1 £0.1 0.1 +0.6 0.4 +0.2
o, lght 916 91.5 91.7 0.2 03 02 71 71 7.0
stain +0.3 £0.5 +0.4 +0.1 £0.1 £0.1 +0.2 £0.1 +0.2
0 foxing "eCh 90.6 88.8 88.7 05 09 Ll 8.7 10.6 11.2
+KCl £1.0 +0.3 £0.3 +0.1 £0.1 0.1 +0.7 £0.1 0.1

colourless solution. After reaction with mild reducers, such as C=0O groups in
cellulose, a red water-insoluble formazan is formed. The amount of formazan ob-
tained is proportional to the quantity of reducing groups. When the time, tem-
perature, alkalinity and water content of the solution are controlled, the redox
reaction between THTCI and reducing groups can be used for a colorimetric
measurement, after formazan dissolution in ethyl alcohol. The determination of

7
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Table 6: Carbonyl content of treated and untreated samples.

m.moles C=0 in g 100 of paper

sample treatment:  none reduction 1 pl 3ul 5ul

1 - 40508 185206 - - -

'2 - 328216 159%08 - - -

3 - 16909 89404 -~ - -

7 no foxing - 3.8+0.1 - - - -

7 foxing FeCl, - - 45403 47202 49%02
8  no foxing - 4.0%0.1 - - - -

8 light stain KClI - - 50+0.1  50+01 52%0.1
9 no foxing 39401 -

[$=7

foxing FeCl, + KCI -

411201 40202 39+02

Table 7: Thickness of treated and untreated samples.

thickness { um)
sample treatment: none

reduction 1 ul 3ul Sul
1 193 + 16 188 + 11 - ~ -
j2 120+ 9 120+ 6 -~ - -
3 129 £ 10 129+ 8 - - -
4 131 £ 10 - _ _ _
5 128+ 9 - _
6 133+ 11 - _
7 FeCl, 9235 + 8 y .
pltpus ~ 240 £ 10 227+ 6 250 £ 10
KCl 920 + 5 . SR

230 + 8 230+ 4 230+7

( : ~ ‘ IS
9 FeCL+KCl 2105 - 21+4  207£10 214%8

carbon?/l amount was performed as reported in a previous work!®. Results are
shown in Table 6.

Thickness of paper

i\/l;asurt;ments were carried out on all the samples, before and after reduction
when the paper was submitted to this treatment). On samples 7-9, where the

foxed zon
es were large enough, we also measured the thickness of areas which

\};vlerc; both foxed and those which were not foxed. Results are reported in Ta-
e?

8
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1

A " A A A L A i
2200 2100 2000 1900 1750 1730 1710 1700
cm! cm!

Figure 1: Sample 1, foxing spot; spectral regions 2200-1900 cm” and 1750-1700 cm”.

IR spectra

FTIR spectra of samples dispersed in KBr pellets were collected from areas that
were foxed and those that were not damaged, in order to highlight and characterize
degradation compounds, responsible for foxing. FTIR spectra, when possible,
were also collected on reduced papers.

Attribution of bands is not very easy because different structures can coexist' in
the same part of paper, unmodified, differently oxidized cellulose, hydrocellulose,
etc. The following discussion of data reports only the most significant peaks. All
peculiar bands of pure cellulose FTIR spectrum in fact have been omitted, to un-
derline the peaks related to the degradation products.

Sample 1

The spectra were characterized by the peaks related to the stretching of carbon-
carbon triple bonds (C=C) at 2146 cm”, 2136 cm’ and 2139 em’' respectively for
foxed, not foxed and reduced areas. In the region 1700-1740 cm’ we found the
peaks of not conjugated keto groups (R R,C=0) at 1710 and 1700 cm ', 1720 cm''
and 1736 cm’ respectively, for foxed, not foxed and reduced areas. Foxed and
unreduced papers gave an intense peak while reduced papers gave only a weak
shoulder due to an incomplete reduction of carbonyl groups. In spectra collected
from only foxed areas (Fig. 1) a peak at 1960 cm" was present. This is the spectral
region of the absorption of allenes (antisymmetric C=C=C stretching).

Sample 2

Spectra reveal the presence of carbon-carbon triple bonds with peaks at 2294 cm’,
9905 cm’, 2136 cm'' for foxing stains; at 2234 cm’' and 2135 for foxed-reduced
areas. At 1741 cm’ and 1800 cm' peaks are present that can be attributed to

9
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120

——— Sample 2
....... Sample 2 reduced

100

@
(=}

60

Trasmittance (%)

40

20

0

4000 3500 3000 2500 2000 1500 1000 500
cm!

Figure 2: Infrared spectra of foxed areas in Sample 2 before and after reduction treatment.

lactones, esters, cyclic anhydrides or carboxylic acid salts; all these structures can
be present in oxidized papers. After reduction these peaks disappear. Peaks aris-
ing in the regions 1360-1450 cm’ and 1540-1650 em’ confip the presence of
carboxylic acid salt. Carbon-carbon double bonds (-C=C-
present, are masked by the broad band of bonded water, ¢

An example of typical spectra collected on foxed and
shown in Fig. 2.

) typical absorption, if
entred at 1640 cm’.
foxed-reduced areas is

Sample 3

The spectra are characterized for both kind of papers (
by peaks related to triple bonds at 2246 cm* and 2127 em’" for foxed areas and at
2245 cm' and 2142 cm’! for not foxed Paper. As in sample 1, foxing (Fig. 3) is
also characterized by a peak at 1995 cm’ due to allenic structures, confirmed by
the peak at 1061. In fact, allenes present C=C=C out of phase stretching in the
region 2000~1900 cm’ and in phase stretching in the region 1060-1095 cm”. A

peak at 1736 cm' (C=0 stretching) is also visible as a shoulder on the peak centred
at 1638 cm’'.

foxed and not foxed) only

Sample 4

Only a foxed stain was analysed. The related spectrum is characterized by the

peaks of carbon-carbon triple bonds (2347 em”, 2308 cm’), not conjugated car-

10
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95

Sample 3: foxing spot

| -

©
o

Trasmittance
[00]
(3,1

[e]
o

5 2250 2150 2050 1950

cm!

Figure 3: Sample 3, foxing spot, spectral region 2200-1950 cm’'.

bony! groups (17541715 cm'), double bonds on the ring (1656 cm') and car-
boxylic acids salts (1540 cm and 1356 cm™).

Sample 7, 8 and 9

No spectral differences were found between the three kinds of f0x<.3d spots. T.he
spectra of the untreated papers show the presence of c?rboxylic ac1d§ salts, with
peaks in the regions 1360-1450 cm” and 1540-1650 cm’, and not conjugated keto
groups with peak at 1736 cm. In both samples the foxedl areas revglal the pres]-
ence of carbon-carbon triple bonds with peaks at 2316 cm', 2230 cm’', 2130 cm. .
A peak at 2049 cm ' could be attributed to ketene structures (pseudo—anhsymr.netn.c
C=C=O0 stretching). Carbon-carbon double bonds (-C=C-) typical absorpm?n, if
present, are masked by the broad band of bonded water, centred at 1640 cm .

XRF measurements

All the samples were analyzed with the X-ray microbeam spectrometer” of the
LNS/INFN LANDIS laboratory (Catania)™".

XRF technique™ is completely non destructive and it is sensitive to a great
number of elements, typically those with atomic number Z > 14. Moreover, the
400 um beam spot is particularly suited to analyzing stains the dimensions of
which are usually in the order of 1 mm or less. |

By pointing the beam at different points of the samples it was possible to com-
pare the XRF spectra obtained from the foxing stains and those obtained from

the “clean” paper.
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10000 . R 8 e e e s e e
4——CU

1000 - K
i)
§ 100
(@]

10

1 T T T T 1 "

0123456 7 809 10 11 12 13 14 15 16 17 18
Energy (keV)

Figure 4: X-Ray spectrum obtained from not foxed paper in Sample1 The characteristic lines

of tungsten (W) are due to the X-ray tube of the microbeam spectrometer, while the argon
peak is due to the air presence.

10000 -
1000 - K Cu

100 -

Counts

10

T T

012345%867809 101112 13 14 15 16 17 18
Energy (keV)

Figure 5: X-Ray spectrum obtained from a foxin
tungsten (W) are due to the X-ray tube of the mi
is due to the air presence.

g stain in Sample1. The characteristic lines of
crobeam spectrometer, while the argon peak

The elements measured during the non-destructive analysis were Ca, Fe, Cu and
K. It is important to observe that calcium is alw
not directly related to the foxin
also detected on paper th
elements are reported for

argon peak (

ays present in the paper and it is
g stains. In some cases iron and potassium were
at was not foxed. The fluorescence counts of detected
each analyzed sample. Data have been normalised to the
i.e. we report the ratio between the net area of each investigated
element and the net area measured for the argon). The argon characteristic X-line
in the spectra is due to the presence of air during the measurements. Its intensity
depends on the experimental conditions and it is generally used to compare
different measurements. The error on data is about 10%.
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Figure 6: X-Ray spectrum obtained from a foxing stain in Sample 2. The presence o; C(I),f ?he;
Ti and Fe is evident. The characteristic lines of tungsten (W) are due to the X-ray tube
microbeam spectrometer.

Sample 7 ' .

XRF measurements show the presence of calcium, potassium, iron and copper
both in foxing stains and in the clean paper (Fig. 4 and 5). The K/{Xr, Fe/.Ar anzli
Cu/Ar ratio are reported on Table 8. Their values both for the foxing stam.s al}l1
for not foxed areas are similar. It is evident the presence of Cu and Fe both.m the
paper and in the different foxing stains. The potassium content is low. In ;hls cztisz
the experimental data did not allow us to correlate the content of the detecte
elements with the foxing damage.

Samples 2 and 3 ' . U
The X-ray spectra (Fig. 6) show the presence of 11’01’1? titanium, a (; "
some points chlorine was detected. Data are reported in Table 8. The. presenc'ff ‘
iron is evident both in areas of the paper which were not foxed and in th(.e d1. er
ent dark foxed stains. In sample 2 chlorine was detected in the fox marks. Titanium
was probably an impurity in the paper. Analysis of dét?l shows that ’thzre V\;efre 23
significant differences between the elemental composition of foxed and not fox

paper.

Sample 4 ' '
On sample 4 a systematic study of the paper surface was performeq, both d;rk
stains and light stains were analyzed. Experimental data are reported in Table 8.

13
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Table 8: XRF data of samples 1~ 6.

Sample Description Cl/Ar  Ti/Ar K/Ar  Fe/Ar Ca/Ar Cu/Ar
1 paper 0.0 5.2 59.0
1 paper 0.4 1.5 33.8
1 paper 0.6 1.9 43.9
1 foxing 0.5 3.2 35.9
1 foxing 0.3 1.8 38.5
1 foxing 0.0 4.0 66.0
1 foxing 0.0 3.4 37.6
2 paper 0.0 1.4 3.2
2 dark foxing 12.6 3.9 3.1
2 light foxing 8.8 2.3 3.0

paper 0.0 0.0 3.5
dark foxing 0.0 0.3 3.7
paper 0.1 1.5 2.2

dark foxing 6.6  111.0 1.9

9.9 114.2 1.8
2.6 27.7 2.7

dark foxing
dark foxing

dark foxing 23 541 2.7
dark foxing 24 4849 2.7
dark foxing 23 628 28
dark foxing

4.5 62.0 1.7
3.3 39.3 2.3
0.3 2.4 2.1
0.5 2.0 2.6

dark foxing
light foxing
light foxing

wow
o B & TS I B R L . =T . - T S T

light foxing 0.6 2.0 29

light foxing 0.5 2.3 22

light foxing 0.4 2.0 2.9

paper 0.0 1.3 2.8

ink 0.0 1.3 2.6

dark stain 24 734 3.1

dark stain on ink 1.8 816 3.0

paper 2.1 1.6

dark stain 6.5 2.8

6 dark stain 10.5 4.1

6 light stain 0.8 1.1
6

light stain

1.3 1.3

The iron and potassium content in the brown stains was substantially greater
than that found in the light stains. In both cases an increase is evident when com-
pared to the paper in areas that were not foxed.
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Table 9: XRF of samples 7-9.

Ca/Ar Fe/Ar
sample Description tW 3ul sl W osw sw
) 8.1
7 paper 5.6 y
7 FeCly 2.0 1.9 1.8 48 5.1 b.f)
7 FeCl, 15 17 12 62 55 52
7 FeCl, 4 0 53 52
8 paper 1.0 3.0
8 paper 1.6 4.8 . , y
9 FeCl; + KCl 0.5 0.7 1.1 2.9 6.1 él)
9 FeCl, + KCI 0.9 0.9 ;1)3 .
9 FeCl, + KCI 0.6 ( 6. ‘
9 12Cl 1.5 1.4 0.7 2.2 2.3 1.6
Sample 5

Foxing stains on the paper surface and on the ink were ana'lyzed. Data aredr.e-
ported in Table 8. The iron content was relatively low both in tbe papef and in
the ink. Potassium was not present either in the paper or in the ink. An increase
of iron and potassium is evident on the foxing stains.

Sample 6 . .
Dark and light foxing stains were analyzed. The iron content present in the dar
stains was greater than that in the light stains and in the clean paper (Table 8).
Potassium was not present.

Samples 7, 8 and 9 .
Table 9 shows the results obtained from the measurements on the Umbria paper,
treated with FeCl, and KCl solution. '
These solutions (of 1, 3 and 5 wl) placed on the paper surface caused foxing
stains the diameter of which was proportional to the applied volurn.e of each solu-
tion. The area density was consequently about the same, even if the absoluFe
quantities of the elements in the solutions were different. Table 9 r.eports the ratio
between the net counts for Ca and Fe and those for Ar. The ratio Fe/Ar, mea's—
ured with the X-ray microbeam spectrometer, was almost COflstant, ?xcept in
some points. The variation of this ratio could be related to a dlffe.rent 1r(‘)‘n1con’;
tent at different points of the paper (iron in fact was als.o presen.t in theh'c ean
paper) or to an inhomogeneous distribution of the applied so¥utlon. In this case
we were not able to relate the formation of foxing stains to the iron content.
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We want to emphasize that potassium was not detected during the measure-
ments obtained by pointing the 400 um beam directly on the foxing stains of
sample 9. It has a mobility greater than iron. For this reason the iron remains lo-
calized in a region comparable to the beam dimensions while potassium s lo-

calized on the border of the stains, as reported in the previously described UV
observations.

DISCUSSION AND CONCLUSIONS

IR and chemical analysis pointed out that the foxing phenomenon is related to a
strong oxidation of the cellulose chain, as has been underlined by other re-
searchers, with subsequent dehydration of the macromolecule. The oxidation can
lead to carbon-carbon double or triple bonds, to carbonyls or carboxyls (both
acid or esters), to lactonic, ketenic or allenic structures,

The presence of carbon-carbon double or triple bonds and conjugated systems

of double bonds is indirectly confirmed also by L*a*b* chromaticity co-ordinates

after reduction treatments: papers with a higher content of carbonyl groups in re-
spect to other oxidized functions are more powerfully bleached after reduction,
as for example Sample 1.

Examination under UV light showed that halos around the iron spots induced
on Umbria paper (Samples 7 and 9) are fluorescent and not yet brownish. Prob-
ably, as for the case of iron gall ink", this halo could turn brown after further
ageing that is scheduled in our laboratories.

XRF data analysis as well as UV observation show different results on differ-
ent samples. In Samples 4, 5 and 6 a great concentration of iron and of potassium
(the last in Samples 4 and 5) was found in the darker stains: transition™” and al-
kaline” metals can have a catalysing effect on oxidation reaction. This result does
not appear in the other paper samples. We can argue that the only common char-
acteristics for foxed areas is the oxidation of the cellulose macromolecule.

Probably the foxing phenomenon could be related to an intrinsic heterogeneity

of the cellulose chains in the paper: greater or lower extensions and amounts of

amorphous phases can induce different water content and the absorbing capability
of pollutants and impurities introduced during the production of the paper; or
which can be evenly present in the fibres. This could explain the presence of
different zones with different oxidation capability.

In any case the problem of foxing needs further investigation.

The use of reducers can be helpful in contrasting foxing,

especially when car-
bonyls and carbon-carbon double bonds are formed. Boron

-based reducers also

16
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seem to be effective to some extent on carboxyl, esters and lactones. This effect,
too, needs further investigation.

SUMMARIES

Characterisation of foxing stains by chemical and spectrometric methods

Foxing stains on six different papers from the 16"~18" centuries and additionally fox-like stains
produced by dripping different amounts {1, 3 and 5 ul) of solutions of FeCl,, KCI and
FeCl,+KCl (5-10® M) on modern paper and artificially ageing were analyzed for chromaticity,
fluorescence under UV illumination, carbonyl content, thickness and submitted to IR spectros-
copy and XRF spectrometry. As a result it is stated that the foxing phenomenon is related to a
strong oxidation of the cellulose chain. Not regarding certain and possibly specific differences be-
tween different kinds of foxing stains, this strong oxidation is the only common characteristics for
foxed arcas.

Caractérisation des taches de moisissure au moyen de méthodes chimiques et spectro-
métriques

Des analyses ont été faites sur des taches de moisissure de six différents papiers datant du 16¢me
au 18&me siécles ainsi que sur des taches ressemblantes sur du papier moderne, obtenues par ad-
dition de gouttes d'une solution de FeCl,, KCl et FeCl, + KCI (5-10" M) en quantités différentes
(1, 3 et 5 ul) et apres vicillissement accéléré. Les analyses portaient sur la chromaticité, la fluores-
cence sous Peffet de la lumiére UV, la tencur en carbonyle et I'épaisseur; ensuite ces taches ont
ét¢ soumises a une spectroscopie 1P et a une spectroscopic XRF. Le résultat observé dén.u)ntre
qu'il existe un rapport étroit entre apparition des taches de moisissure et une forte oxydation de
la chaine cellulosique. Indépendamment du fait qu'il existe certaines différences et probablf:ment
des différences spécifiques a chacune des sortes de taches de moisissure, cette forte oxydation est
la seule caractéristique commune a toutes.

Characterisation of foxing stains by chemical and spectrometric methods

Stockflecken auf sechs verschiedenen Papieren aus dem 16.-18 Jh. und zusitzlich entsprechend
ausschende Flecken, die auf modernem Papier durch Auftropfen einer Losung von FeCl,, KCl
und FeCl+KCl (5:10° M) in verschiedener Menge (1, 3 und 5 pl) und nachfolgcndcr'bc-
schlcunigfc Alterung erzeugt worden waren, wurden auf Farbwerte, Fluoreszenz unter UV-I,tht,
Gehalt an Carbonylgruppen und Dicke untersucht sowie einer IR-spectroskopischen und einer
XRF-spectrometrischen Untersuchung unterworfen. Als Ergebnis wird konstatiert, da8 Sfock-
flecken einhergehen mit einer deutlichen Oxidation der Cellulosekette. Unabhiingig von gewissen
und méglicherweise verschiedene Arten von Stockflecken charakterisierenden Unterschieden ist
diese deutliche Oxidation das Finzige, was allen Stockflecken gemein ist.
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Study of the Photo-Oxidation
of Mass-Deacidified Papers

by JAVIER DUFOUR & JOHN B. G. A. HAVERMANS

INTRODUCTION

Chemists have long been aware of the acidit
nineteenth century, studies by Faraday,
the alarm about the harmful effect of a
15 century show almost no deteriorati
of the books printed between 1850 and
and those books printed between 1900

Y phenomenon. As early as the mid-
as well as by Calvert and Letbaly, raised
cidity on books!. Books dating from the
on, library authorities estimate that most
1950 will not last out the present century,

' and 1937 have a useful life of only 50
years?, In this way, several treatments have been developed in the last decades in
order to eliminate this acidity and to yield some alkaline reserve in the docu-
ments affected.

the necessity of long drying periods®. Gaseous processes have also been tested be-

cause of their easier diffusion inside the stacks of documents to be deacidified.
The first gas used was ammonia mixed with water vapour, but the results ob-
tained were not satisfactory*. Other attempts were based on the use of mixtures
of morpholine and water vapor’, ammonia and ethylene oxide® and a semi-

» the Interleaf vapour phase deacid;

which are present in the paper, by reaction with the treatment chemicals. The

d carbonate are formed by hydrolysis and adsorp-

tion of CO: from the effective agents. Both the hydroxide and carbonate can re-
act with the acids and build y

' P an alkaline reserve. The processes mentioned are
summarized as follows.
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DEZ process

This process was developed since 19777 first by the US Library of (?ongress, then
by AKZO Chemicals Inc. and closed down in 1993. Its name derived .from -t:e
use of diethylzinc as the basic compound. The compound can r.eact with acr;‘ hs,
neutralizing them and with water or oxygen to produce the alkaline res.erve. 1e
Zn0O and ZnCOs produced can react with new acids formed by the action of pol-
lutants or by hydrolysis. The amphoteric nature of the ZnO compOI.md allows the
reactions with alkaline compounds, yielding zincates. The process includes three
stages®:
¢ Predrying. The books are placed on carts separatefi by spacers. The autcl)(clave
used is purged with nitrogen and then a vacuum is 'produced. The boo i/ar.e
kept at 40°C for more than 12 hours until a moisture content of 9.4 b is
reached. This moisture can be controlled to yield up to 3.5 % ZnO.durmg the
following stage. After drying, nitrogen is flushed into the system in order to
make the environment inert.

* Permeation. DEZ is introduced into the chamber, the workir.lg pressure is 15
torr while the temperature increases from 21°C to 54°C?. Thl? stage takes apci
proximately 12 hours. Excess DEZ is removed by purging with nitrogen an
the temperature is decreased to 15°C.

* Reconditioning. Water vapour is flushed through at 54°C for 6 hours followed
by a 3-day humidification.

Battelle process

The solvent used by the Battelle process {Battelle Ingenieurte.c.hnik Gmb.H) is hexa-
methyl disiloxane (HMDO, (CHzs)3SiOSi(CHas)s). It is a sﬂlcm?e, w}.nch. are e;(l-
pected to have an inert behaviour in relation to paper. lexgnesmm tltan}um eil -
oxide (METE) was selected as the basic agent because this C(?mpound is tot’;hy
soluble in the HMDO?®. A surfactant is added to improve the 1mp.regnat10n. .de
ethoxide yields Mg and Ti hydroxides by hydrolysis. The magnesium hydro;ﬂ e
reacts with the acid compounds of the paper or with CO: pro'ducmg. the car onh—
ate. The titanium hydroxide is converted to inert titaniur? oxide (TiOy) thro:lg
several reactions. The magnesium carbonate and the residual metal h)'/d.rox1 les
neutralize the acids and form an alkaline reserve. The process can be divided in-
to four stages:

* Pre-drying. The paper is dried for 2 days in a vacuum at 60°C to achieve a
moisture content of between 0.5 and 1%.
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* Impregnation. The solution is kept in contact with the paper documents for
few minutes and the excess of the solution is drained out.

* After-drying. This stage is carried out as in the pre-drying step.

* Reconditioning. After drying, the documents are reconditioned for 3 weeks in
a well-ventilated storage room to restore the normal water content and dimin-
ishing the characteristic odour of ethanol produced during the treatment'’.

Bookkeeper process

The Bookkeeper process (Preservation Technologies Inc.) uses MgO particles as
the basic agent suspended in the organic solvent perfluoro heptane. The process
was modified in 1995 in such a way that a lower concentration of MgO and
smaller particles are used as well as a surfactant, which was introduced for im-

proving impregnation. The magnesium oxide particles rapidly absorb water and
form magnesium hydroxide, which reacts with the acid com

pounds. The process
consists of:

* Pretreatment. The paper documents are dried jn a vacuum.

* Impregnation. After the pressure is e
introduced and the documents are a
is drained out.

qualized, the deacidification suspension is
gitated for 15-20 minutes. The suspension

Aftertreatment. The documents are dried for 90 minutes in a vacuum.

. Reconditioning. The documents and books

are stored in an open room for
24 hours in order to reestablish the water con

tent.

FMC process

This process was developed by the Lithium Division of the FMC Corporation. It
was based on the use of magnesium butoxytriglycolate (MG-3) dissolved in

freon-113. In the last few years several changes have been made in the treatment

solution: MG-3 has been replaced by magnesium butyl glycolate (MBG) and the
freon by heptane *!'. The effective agent reacts directly with the acid compounds
of the paper and a carbonate is formed as well by the CO, being liberated by the
hydrolysis of MG-3. The remainder of the MG-3 and the carbonate produced es-
tablish the alkaline reserve. The steps of the procedure are:

. Pre-dr)’mg. A dielectric process is used to achieve a moisture content of 2%.

* Impregnation. This step takes between 5 and 10 minutes,
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* After-drying. The remainder of the solvent in the books and documents is re-
moved using the dielectric process.

Weil’o and Sablé processes

The deacidifying solution of the WeiT’o process (WeiT o Associates Inc.) was ini-
tially magnesium methoxide in methanol and freon-12, which were supplemented
with barium methoxide and freon-11 and freon-113 when separate sheets were
treated. In order to improve the method, the basic compound was changed to
methyl methoxy magnesium carbonate (MMMC), freon-12 was replaced, in a
first step, by freon-122, a more environmentally-friendly compound, and now by
hydrochloro-fluoro carbons. Also, the methanol content was decreased due to its
damaging effects on certain inks’.

The Sablé method, as developed by the Centre de Recherche sur la Conserva-
tion des Documents Graphiques and CIM-Mallet, is derived from the WeiT o
technique. The basic compound is a mixture of methyl methoxy magnesium car-
bonate (MMMC) and methyl ethoxide magnesium carbonate (MEMC). The
initial solvent of freon-12 and methanol was changed to freon-134a and etha-
nol"*2. The MMMC or MEMC produce Mg(OH): by hydrolysis and this reacts
with carbon dioxide yielding magnesium carbonate. The process is carried out in
the following steps:

¢ Selection. Due to the harmful effect of alcohol, books and documents with cer-

tain inks and adhesives have to be excluded.

. Pre—drying. This step takes between 36 and 48 hours at 60°C and then a vacu-
um is created until a moisture content of 0.5% is reached.

Impregnation. A vacuum is created and the treatment solution is introduced
under pressure. The contact time is between 10 and 60 minutes and then the
solution is pumped out.

After—drying. The books and documents are dried for 60 minutes in a vacuum.
. Reconditioning. 12-48 hours in room conditions.

Many studies on the effects of thermal treatment and air pollutants on the
aging of deacidified papers have been conducted. However, studies dealing with
photo-aging are found very rarely. Researchers conducting such studies often
state that Zn and Mg-compounds can enhance the yellowing of paper.

The aim of this research is not to compare the efficiency and success of the
previous cited processes. As is shown in the following sections, the photo-
degradation process used produce a rapid oxidation by using pure oxygen and

23



Study of the Photo-Oxidation of Mass-Deacidified Papers

. . . f
high temperature under illumination. Therefore, it can differ from actual aging 1?
- . . . e

untreated or treated papers. The objective of this paper is to contribute to t

understanding of the degradation pathways of deacidified papers, comparing the
effect of Mg and Zn.

MATERIALS AND METHOD

Most paper and cellulose-based documents are usually exposed to visible aI'ld
UV-A spectra during their normal use, as window glass filters most UV-B r‘adla‘
tion in sunlight. Therefore, the light spectrum selected for this study is in the 300~
600 nm region with a peak at 365 nm. In this way, the photo—degradation. of
wood-free papers occurs through the photochemical initiation of free radicals W%th‘
out the chemical changes proposed by Philips et al." or by photo-sensitization
from the presence of impurities, such as hemicelluloses, or external compounds’
such as fillers'. On the other hand, groundwood-containing papers are photo-
degraded by photo-sensitization promoted by a high lignin content'>'¢. In both

cases oxygen plays a basic role either by adding to conjugate systems in photo-
sensitized degradation or by reacting in propagation of radicals
(2))- Therefore, it is possible to study the photo-de

its oxygen consumption.

(reactions (1) and
gradation of paper by following

RHC. + O, - RH:C-0»- (1
RH:C-O.+ RH:C-H - RILC-O0OH + RH.C- (2)

Bsting equipment

The testing equipment (Fig. 1)
measures oxygen uptake during
on the assumption that essentia
tion of Ou. Therefore, all other
CO2 and H20, are adsorbed int
the closed gas system. In order t
chosen. The sample is placed o
light source. The lamp and ¢
walled reaction vessel. The ga
with the aid of circulating wa
ture of 70°C was selected in o
tion in the near ultraviolet

is based on this fact. This system continuously
irradiation of the paper sample. It is further based
lly all pressure changes are due to the consump-
major volatile photo-oxidation products, mainly
0 5A type molecular sieves, which are added to
o accelerate photo-degradation, pure oxygen was
n the outer wall of the cooling tube in front of the
ooling tube plus sample are placed in a double-
s in this vessel can be kept at a pre-set temperature
ter from a thermostat. In our research, a tempera-
rder to accelerate the reactions, because the irradia-
makes the rate of yellowing of irradiated samples
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Fig. 1: Testing equipment.

more sensitive to increased temperature'”™® and higher temperatures promote the
thermal degradation. . .

The vessel is in direct contact with a gas burette, while a differential manom-
eter (Baratron) is located between the reaction vessel and a reference cell. Th.e
reference cell contains a constant volume of gas at a constant temperature and it
Is, therefore, at constant pressure. Oz consumption by the paper causes a pressure
difference between the two vessels, which is detected by the baratron. This pres-
sure difference is compensated by a displacement of the piston in the burette,

which is controlled by the baratron. The displacement of the piston is registered
b)’ a potentiometer.

Paper sample

ost
There appears to be a general consensus on the type of papfzr tbat ben;:ﬁts m ;
from deacidification: paper which is acidic, such as alum-rosin-sized and groun
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Table I Conditions of mass-deacidifcation treatment of the testing material.
Process Date of Basic agent Solvent Addilives

treatment

—

Battelle June 1994 METE HMDO Surfactant
Bookkeeperl Nov. 1994 MgO Perfluoro heptane -
Bookkeeper2 July 1996 MgO, smaller particles Perfluoro heptane Surfactant
DEZ Feb. 1994 DEZ - -
FMC Nov. 1992 MG-3 Freon-113 -
Sablé Mar. 1993 MMMC + MEMC

Ethanol + Freon-12 -

wood-containing paper, Paper produced under acidic conditions and paper of all
types which has become acidic by pollution®. In this way an acid, mechanical
pulp paper was selected as a testing material. It was previously used in an EC re-
search project'. Its fiber composition is 75% groundwood and 25% sulfite bleached
softwood cellulose. Hemicelluloses were also present. It contains 20% of kaolin as
a filler and is alum-rosin sized. Separated sheets of this paper were mass-deacidified
by DEZ, Battelle, Bookkeeper, FMC and Sablé processes. Table 1 summarizes
dates and chraracteristics of the processing.

The morphology of the samples was studied by SEM (Scanning Electron
Microscopy) and the composition changes by FTIR (Fourier Transform Infrared
Spectroscopy). The transmission spectroscopy in KBr was carried out on paper
samples, using a Biorad FTS (A FTIR apparatus with a triglycine sulfate, TGS,
pyroelectric detector. Spectra were obtained in a range of 4000 - 400 cm'' (25 um
to 2.5 um) with a resolution of 2 ¢cm’. The samples were obtained by scraping
with a lancet about | mg of paper from the sheet and mixing this sample with
about 300 mg KBr (Merck, spectroscopic grade). The subsequent mixture was

nd pressed to a KBr pellet using a pressure of 8 to 10 tonnes

ransmission measurements were carried out at least in dupli-
btained were base line corrected
the points 4000, 2600, 1900, 840 and 400 cm* to 0.
Four indexes were calculated in
An index is the calculated val
the value of the untreated ma

cate. The spectra o by setting the intensities at

order to estimate the effect of the oxidation.

ue after the treatment, divided by the reference, i.e.
terial:

¢ CIL The change in the mo
two domains of the paper
tained at 1372 cm' and 29
(CI) of the cellulose. Wher

rphological structure of the cellulose present in the
was calculated from the intensities of the bonds ob-
00 cm''. This is referred to as the crystallinity index
e Cl=absorption of the bonds at 1372 cm'/2900 cm .
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* COL The effect of the oxidation was calculated by two ind.exe.s. Fi.rstly, atlhelni-
dex calculated from the carboxyl groups formed after the 91><1dat10r(1, ie., C,, C’LII‘ ;. :
ed from the intensities of the bonds obtained at 1740 cm™ and Q%Oggcorg (T is
is the COI (carboxy! index)= absorption of the bonds at 1740 cm '/ cm'.

o OxI. The second index to calculate oxidation was the effect of oxidaftion' ;e:
lated to the glycosidic bond in the cellulose molecule and the. degre.:)- 0 o>f<1t ;\e
tion in the cellulose ring structure as cgl]culatefi fromrlthe mten51dl.es 2 o
bonds obtained at approximately 1160 cm and. 1372 ¢cm correspon 1f1gd 0 ) f
(hemi-acetal C-O-C) and the C-H bond. Thists the OxI (ox1da1£10r11 in etxth;
absorption of the bonds at 1160 cm'/1372 em ..If 9x1dat10n tocl> p fl;e z; he
C2 or C3 position, OxI will increase, while OX.ld.athI] at the g();coml ic (? :
will lead to a reduction of the amount of glycosidic bonds, e.g., depolymeriza
tion of the fiber and resulting in a decreasing value of OxI.

LY. Finally the lienin index, LI, was calculated from the intensities of the bOl:ldS
) b.ta'?ed );t 151(;gr;m'l and 2900 cm’'. The aromatic index shows the relative
O 1 0 . B
degradation of the lignin present in the mechanical pulp sample due to oxida

tion.

As well as infrared analysis, the folding number in the machine direction (MD),
ISO R-457 brightness and yellowing were also determined.

RESULTS AND DISCUSSION

Mass-deacidification treatment

The deacidified papers were characterized again (Table 2) for the deveioprr;ent. ;)}f
5 igni differences were found wi
i - mber 1996) and no significant : dy
o w?rtk (t{xtn:niescies carried out just after the deacidification treatments'”, .1. e.,
respec'n Oeffects w):ere detected. Fig. 2 and 3 summarize the results and Fig. d5
O agil . « ]
:h gs tI%e micrographs of the deacidified papers. In this paper, the ter.m' staT1
a ::l)"’Nis used for the groundwood-containing paper without mass-deacidification
r
trei?::: deacidification treatments provoke certain degradation in the samplzs
the CI shows. According to the literature, this degradation could. be expecte l,
::us:d by the Cl'eavage of the B-glycosidic bond (alkaline hyd(riolymil) o.r b)y I;ii -
ism i i idation {or degradation) of the
ing'" % but a third mechanism is also occurring, oxidation { Thi wation) o the
hyd 1 groups at the positions C2, C3 in the cellulose ring. ;
by o igmportant than oxidation, but the increase in the OxI's demonstrates
e more
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Table 2: Several qualities before and after deacidification treatments,

FTIR-indexes Folding R-457  R457 yel- Mg deposit
CI1 COI OxI LI number MD  brightness lowing (g/kg paper)
untreated 1 1 1 1 7701241 58.90+0.56 17.81+0.42
Battelle 0.93 087 102 091 4194277  55.50+0.89 10.64+0.37 4.1 -5.0*

Bookkeeperl 093 093 098 088 6813196 59.67+0.48 20.38£0.36 3.0 - 4.0
Bookkeeper2  0.85 0.93 0.93 0.9  732£173  60.96£0.36 15.9640.08 1.5 - 2.0%

DEZ 0.87 083 097 094 6274233  56.69+0.08 16.88%0.11
FMC 0.83 053 113 078  256+117  55.50+0.89 21.9620.39 2.2 — 11.0%+
Sablé 0.83 092 093 097 6364237  58.6020.40 16.9610.52 0.7-27

plus 8-10 g Ti

™ The concentration of Bookkeeper2 is estimated to 50% as compared to Bookkeeperl; there-
fore, the deposition as also been estimated to 50%.

" A considerable variation with respect to position was observed. The highest value was
measured at the top edge of the sheets. Average value: 4.5 g

that the FMC and Battelle processes degrade the samples mainly in the cellulose
ring by oxidation, especially the FMC treatment, while the rest of the processes
go through alkaline hydrolysis.

As expected, since this is the aim of these processes, the COI is decreased by
all the treatments, because the basic agents neutralize the acid compounds pres-
ent in the samples and the acid groups formed due to the degradation produced
by the same deacidification treatment. The FMC is the heaviest treatment, pro-
ducing a decrease of the carbonyl and carboxyl index of almost 50%. The rest of
the processes reduce the COI less and their results are comparable. Degradation
of the lignin was found as well, since the LI and, therefore, the aromaticity were
decreased. The FMC process substantially decreases the LI u
that the paper structure is seriously modified.

All these paper modifications are observed in the MD folding number as well.
The FMC and Battelle samples show values much lower than those papers de-
acidified by the other methods. This fact suggests that, for our acid-mechanical
pulp, cellulosic ring degradation produces a higher decrease in the mechanical
property than the cleavage of glycosidic bonds. In this way, the FMC process
produces a dramatic decrease of the folding number down to values similar to
those of photo-degraded papers. This phenomenon can be observed in the micro-
graph of the sample treated by this process (Fig. 5). The fibers of the FMC treated
paper show a comparable deterioration to those of photo-treated samples. A lot
of fines and many fracture lines can be seen on the fibers.

p to 20%, suggesting
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Fig. 5: Micrographs of mass-deacidified papers.
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The Battelle process shows a negative effect o
the decrease is smaller than for FMC,
ring and to less degradation of the lignin.

The DEZ, Sabl¢, Bookkeeper 1 and 2 decrease the folding number MD as
well, but to a lesser extent, because these treatments act by cleaving the glyco-
sidic bond. The condition of the fibers is comparable for all these trea%mentsg ’

If we study the Mg deposition of each process (cf. Table 2) |
a direct relation between thege deposition rates and the folding number, and
therefore, with OxI. The Mg deposition rates were measured in previous W(;rks”)’
depending on the kind of alumsized Paper and the location on the sheet ,

The highest Mg-deposition corresponds to the highest OxI and the. most de-
graded papers. This probably means that the basic agents degrade first, the glyco-
sidic bonds by alkaline hydrolysis, but when an overdeposition is prc;duceiythe

n the folding number as well, but
probably due to less degradation in the

, there appears to be

This fact also explains the differences found between both runs of the book-

%(eeper process. The second process has a lower Ox], because the Mg-d iti

is 50% less than with the first run. The differences of,this second gf epo;‘g?'n
with a similar Mg-deposition, could be due to the different de rrl:; r(f)m allline’
produced by the inclusion of the basic agent in the fiber structureg of t}:) eper or
by the drying out and reconditioning of the samples during the treatmeztgaper i

The OxI of the DEZ samples ;
. Ples is close to 1, suggesting th t ion is oc-
curring by both mechanisms at a similar rate, b Coith o s on 1 ¢

g)att:jl eC;)nIc.i tI};eE lzowt/s; t(f;eo (;Olé the greater the yellowing. This is true for FMC,
| indexes of which are

ma.ter'lals (with COI indexes higher than 0.9) are lets):l;zlll:\;\? -ti}:]et}i’;h;;nﬁ:i?

Tl?ls. is Probably due to the dark neutralization products formed after the de:

acidification treatments. The brightness shows the contrary, i. e., the lower the

COl, the lowe.r the brightness. The processes which yield a ,COI.i]i sher than 0.9

show a very similar brightness to the standard (Sablé) or a higher évalue (B00i<-
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Table 3: The measured qualities {cf. Table 2) after photo-treatment.

FTIR-indexes Folding number R-457 R-457

CICOI OxI LI MD brightness yellowing
Untreated 098 24 107 053 211481 35.6412.34 53.24%3.48
Battelle 1.03 2.07 1.00 0.75 159+101 34.18+0.73 53.3520.49
Bookkeeper! 111 197 097 0.59 213+71 39.12+1.33 47.10£1.24
Bookkeeper2 0.86 1.83 0.83 0.60 220£153 34.34+0.79 55.77£1.27
DEZ 0.86 171 097 0.63 243177 36.79x0.77 51.3242.28
FMC 0.97 1.55 098 0.55 51424 38.64%1.16 47.47%1.56
Sablé 0.81 1.87 1.03 0.58 265129 37.40£0.50 49.06£1.36

keeper]l and Bookkeeper2). This slightly higher brightness can be attributed to
the use of an inorganic compound (MgO) as the basic agent.

Photo-treatment

Fig. 6 shows the experimental oxygen consumption curves obtained for each
tested material and Fig. 7 shows the average curves estimated from the previous
experimental data. The oxygen adsorption is expressed as a fraction of the total
adsorbed O, volume (5 ml) vs. time. Fig. 4 summarizes the average adsorption time,
Table 3, Fig. 2 and 3 the FTIR indexes, the MD folding number, the ISO-yel-
lowing and the ISO-brightness R457 of the photo-treated samples, respectively.
The standard paper photo-degrades according to the photo-sensitized mechan-
ism proposed in the literature'*'* where the lignin acts as a photo-sensitizer.
These previous works showed that the presence of lignin promotes the formation
of free radicals and chemical oxidation. The yellowing of lignin-containing pulps
was attributed to the formation of keto, aldehyde and carboxylic groups. The
radicals formed on the cellulose backbone were hydrogen atoms and formyl radi-
cals and hydroxyl groups on the surface. Carbonyl and carboxyl groups were
considered as responsible for the initiation of the process’" *. The hydroxyl
groups react to yield carbonyl groups and hydrogen. Once formed, the carbonyl
groups provide an autocatalytic influence?’. Our experimental results (Table 3,
Fig. 2) confirm that this is the most important mechanism because the OxI dem-
onstrates that oxidation has taken place at the C2, C3 positions in the cellulose
rings and the COI is largely increased due to the formation of carbonyl and
carboxyl groups as well as to the degradation of the lignin. Nevertheless, the
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samples also degrade by depolymerization because of the cleavage of the B-glyco-
sidic bond as a secondary process. It is important to notice that the results ob-
tained could be affected if different amounts of lignin were in the sample.

If the photo-oxidation acts firstly on the hydroxyl groups on the surface, i.e.,
the amorphous part, and then on the same groups in the crystalline part, which
are less accessible, a slowing down in the oxygen uptake could be expected after
the deacidification treatment because less positions for the easy adsorption of
oxygen will be available due to their degradation by the basic agent. This does
not occur, except for the Sablé process. We can see (Table 1 and 2, Fig. 2} that for
the Battelle process and the 1" run of Bookkeeper the OxIs are constant after the
photo-treatment (1.02-1.00 and 0.98-0.97 resp.), while the FMC process and the
2" run of Bookkeeper show a relative decrease during photo-treatment (1.13-
0.98, 0.93-0.83), indicating that cleavage of the B-glycosidic bond is occurring at
the same rate as the oxidation in the ring or that the cleavage is the main degrada-
tion mechanism.

Only the samples treated by Sablé show a relative increase of the OxI (0.93-
1.03: 11%), meaning that this is the only process which does not change the
degradation mechanism. The explanation of this different behaviour could be
due to the much lower amount of magnesium deposited in the samples, which is
not enough to affect to the sample. Also the photo-degra'dation takes place or.1 the
hydroxyl groups at the C2, C3 positions in the crystalline part (Iess accessible),
which requires longer adsorption times. o

Based on these data, magnesium seems to exert a photo-sensitization effect,
which is different from that promoted by lignin. Magnesium compounds ac-
celerate the depolymerization mechanism by the cleavage. of the B-glyCOS-ldlc
bond, while lignin increases oxygen adsorption by oxidation in the -cellulose ring.

The OxI of DEZ remains constant, indicating that both mechanisms of photo-
degradation are occurring at similar rates. This suggests that. tbe Zn compound is
also increasing the relative speed of the cleavage of glycosidic bonds compa.red
to the oxidation in the cellulose ring. This effect of accelerating the photo-oxida-
tion is well-known®**.

The COTs show a Jower increment for the deacidified papers than for stfmdard
paper due to the previous degradation of the hydroxyl groups or to a different
oxidation mechanism, which yields less carbonyl and carboxyl groups. The ex-
C and Battelle samples, but they are heavily degraded before

cepti the FM
puions are the estimated values are greatly affected by

the photo-treatment and, therefore,
this error. .
The final folding numbers of each sample summari

values of FMC and Battelle are somewhat lower, but the values for the rest of
oto-treated standard. This

ze these observations. The

samples are comparable to each other and to the ph
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ples deacidified by five processes were evaluated: Battelle, Bookkeeper, DEZ, FMC and Sablé.
The aim was to study the degradation mechanisms, analyzing the effect of the Mg and Zn de-
posited over the samples on the photo-degradation mechanism. To accelerate the p
oxygen, high temperature and intense illumination were used, By means of infrared,
and physical analysis, it was suggested that the presence of basic compounds enhance
yellowing. Cellulosic ring oxidation and the cleavage of the glycosidic bond were obs

rocess, pure
mechanical
s the photo-
erved.

Analyse de loxydation induite par la lumiére sur des papiers désacidifiés

L'étude de la sensibilité des papiers désacidifiés a la photo-oxydation a été réalisée au moyen
d’instruments développés préalablement qui  permettaient de mesurer la quantité d’oxygéne

A

» Bookkeeper, DEZ, FMC et Sablé. L'objectif poursuivi
gradation en analysant Ieffet du Mg et du Zn déposés

sur les échantillons au cours du mécanisme de photodégradation. Afin d’accélérer ce processus
Pexpérience a été effectuce en utilisant de I’

élevée et sous un éclairage intense.

consistait & étudier les mécanismes de dé

A Paide de Panalyse infrarouge ainsi que de procédés
a ét¢ démontré que la présence de certaines substances
renforgait le jaunissement induit par la lumiére. Ont &6 également observées la cassure des com-
posés cellulosiques par oxydation ainsj que la rupture de la chaine macromoléculaire glycosi-
que.

Untersuchung zur lichtinduziertren Oxidation von massenneutralsiiertren Papieren

Es wurde die Empfindlichkeit von massenneutralisierten Papieren gegentiber der lichtinduzicr-

: Battelle, Bookkeeper, DEZ, FMC and
» den Abbaumechanismus zu beschreiben, d.h. die Wirkung
isierungsbehandlungen in die Proben cingebracht werden,
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Effect of Trehalose Treatment on Paper Stability

Preliminary Experiments

A NI, DANIELA PALAZZI,
LA, CAROLINA CANTONI,
7 ANTONIO A EUGENIO VITRANO & LORENZO CORDONE

INTRODUCTION |
e desert, can withstand extreme dehydration an'd
ffering damage, in a state of sospended ani-
uch conditions, these organisms can sur-
absence of metabolic processes; however,
le restarts. In this dry state these organ-
rly trehalose (a disaccharide
), which purports to be the

1,2,3

Some organisms, living in th
high temperatures (>60°C), without su
mation, known as anhydrobiosis. Under s
vive for several years with the com}?lete
following rehydration, their vegetative cyc o
isms contain large concentrations of sugars, partic a
composed of two linked o0 units of glucopyrano

i i tures
most active saccaride for the preservation of bl.OStrucll]l e to biostrue
It has been suggested that trehalose can build up hydrog

. - f membranes or OH-groups of protoms, thus replac?ng
:/l;f:r, l:&ti(izliirggtoor}ﬁz lcl)ypothesis, first developod for explzzl?}ingit::t f::ttrr;?;?g
of biomembranes, trehalose replaces the hydration watir;eir ot i
interface, thus maintaining the polar or OH—groups ZNMR (I{Iudear postion
This hyp,othesis has been supported by calorimetric z;nd NMR (Noclear Magneti
Resonance) data; accordingly, biostructures embedde ' in ¢ realose s o
kept rigid and solid-like and so preventing the formation

. . 2 .
verse ambient conditions”. 6 have shown that the low frequency dynamics of

i i asured b
b myoglobin embedded in a dry trehalose matrix, fmeh Z
carbon monox ) | -+ harmoni
tical, Mo byueryand neutron spectroscopies, approach those o
optical, Mgssba

litude sinusoidal oscillations)
id (i i form only small amp ida i

o i e atom'sfl?'eri;) in contrast to hydrated myoglobin in which z; cxi)(/)
. e has been observed at about I180K""".

rance of large-scale fluctuations in the

. 5
Moreover, recent studies

up to room temperatur ' :
namic transition to a non-harmonic regim
This transition is evidenced by the appea o of BrEe
atomic positions, likely related with the protein
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Effect of Trehalose Treatment on Paper Stability

The observed stabilising effect of trehalose, led us to consider and evaluate
whether this sugar might also be a potential stabiliser for paper. For this purpose
we performed some experiments comparing different kinds of paper before and
after accelerated ageing, some of which had been previously treated with treha-
lose. The aim was to investigate whether trehalose can have a protective effect on
paper, by inhibiting oxidative degradation and hydrolysis reactions of cellulose,
which cause a rapid decrease in the mechanical resistance of paper. It seemed
possible that trehalose could slow down the natural ageing process, thus increas-
ing the longevity of paper before it reached a level of fragility that makes the nor-
mal use of a document difficult. Paper for books and documents, particularly that
produced during the last two centuries and stored in archives and libraries, fre-

quently has poor mechanical properties so that consultation is often impossible
without risking serious damage.

MATERIALS AND METHOD

Three types of paper were used for our tests:

e Filter paper Whatman no., a pure cellulose paper, not sized and not contain-

ing any filler of mineral origin. Such a material is an apt standard to test cellu-
lose, which is the substance responsible for providing the mechanical strength
of paper.

Acidic sized paper, prepared by grinding samples of Whatman no. 1 in an
aqueous suspension, adding rosin and alum, at pH4, before felt forming.

* Unsized acidic paper (pH4)

, Obtained by soaking Whatman 1 paper in diluted
sulphuric acid.

For these three kinds of paper several different

soaking in aqueous solutions of trehalose of incre
0.5M, IM.

Altogether, the following samples were prepared:

samples were prepared by
asing concentrations: 0.2M,

Whatman no.l, not treated

¢ .. treated with trehalose 0.2M

e .. treated with trehalose 0.5M

¢ ... acidified with H,S0,

- acidified with H,S0, and treated with trehalose 0.2M
. acidified with H,S0, and treated with trehalose 0.5M
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* ... acidified with H,S0,and treated with trehalose 1M

® .. sized with alum—precipitated rosin

* .. sized with alum-precipitated rosin and treated with trehalose 0.2M
* .. sized with alum-precipitated rosin and treated with trehalose 1M

Each of these ten samples — after drying — were cut into two hal?\)/3es: or;e(z)oc():f
them was kept for 25 days in a climatic test chamber (Votsch VC 2033) at

and 65% RH. in order to obtain a rapid artificially aged sample; the second half

i ditions, as a control.
was kept under normal environmental con ,

The stability of the samples was evaluated by means of the following measure-
ments:

* Measurement of degree of polymerisation (DP) of cellulose, according to the

French method AFNOR T 12-005, i.e. by measuring th? ﬂ0w1r.1g tlr.ne of sa;‘n—
ethylenediamine, in a standard capllle‘lry v1sc'051meter. n
tent of trehalose and a further 6% attributed to the
present at 25°C and 60% RH were subtracted from

ple solutions in cupri
estimated percentage con
average quantity of water
the sample weight.

i H-meter with flat membrane elec-
* Surface pH measurement of paper, using a p

contact.
trode; measurements were performed by surface

i co-ordinates
e Measurements of the variation of colour defining parameters (

Minolta Chroma Meter
CIE L* a* b*), using a portable spectrophotometer Minolta

CR221. Colour co-ordinates are defined as follows:

It is represented by the vertical axis, perpendicular to

* L7is the brilliance. axes, and it varies from 0 (dark) to

*

the plane defined by the two a*and b

100 (clear). |

iti 0 to 60 indicate a colour which

*i - axis. Positive values from 60 indi i

. fi ;S tt};i rreec(iigirse}fxslide negative values from 0 to -60, indicate a colour which
is on ,

tends to be green,

* b*is the yellow-blue axis. It ranges from strong yellow (+60) to blue (-60).

. : X L
In this colour space, white is theoretically the point of co-ordinate L*=100, a

P t important parameters are

amples, the mos

0, b* = 0. In measurements on paper s e . ' . e

L* and b*. A decrease of L* indicates a loss of brilliance, i.e. a slight ldlspl.a ome
o - e i iti cates

t d ariation of b* from slightly negative to positive values indl

owards grey; a v

yelloving. ments were taken in four different places (two

For cach sample four meaSllrdef the average of three consecutive measure-
i lted from the
on each side); each value resu

i ent.
ments, automatically performed by the instrum
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Effect of Tichalose Treatment on Paper Stability

RESULTS

Before describing the results, we think it is worth mentioning
increases by increasing the trehalose concentration.

that the paper rigidity

Degree of polymerisation (DP) measurements

We first determined the trehalose content of the samples. This was performed by
assuming uniform thickness of Whatman paper and by comparing the weight of
untreated samples with the weight of samples of equal surface area treated with

different trehalose concentrations. This method allowed us to observe that both,
untreated Whatman paper and sulphuric acid treated

mately, the same percentage of trehalose. The laborato

sized paper was inhomogeneous in thickness, which ma
above method for weight correction.

The following amounts of trehalose were absorbed:

o Trehalose 1M: ca. 38 %
¢ Trehalose 0.5M: ca. 25 %
¢ Trehalose 0.2M: ca. 12 %

paper absorbed, approxi-
ry hand-made alum-rosin
de it impossible to use the

The results of DP measurements obtained on all

the paper samples used are
given in Table 1.

It can be seen that trehalose treatment has virtually no influence on the de-
crease of DP during the ageing of non-acid paper. For alum-rosin sized paper
treatment with trehalose seems to have a significant protective effect. Moreover,
it can be seen that the protective effect js not related to the amount of trehalose
deposited on the fibres: it is nearly the same with the paper treated with 0.2M
and with IM trehalose solutions. A protective effect, resulting from trehalose

treatment and not depending on the amount of trehalose deposited on fibres, is
also evident on the sulphuric acid treated samples.

Table 1: Degree of polymerization for samples, before and after accelerated ageing.

trehalose

- 0.2M 0.5M IM
unaged aged unaged aged unaged aged unaged aged
no pre-treatment 1056 784 1029 764 992 757 - -
pre-treated with H,$0, W6 5771014 718 997 750 941 664

alum-rosin sized, pH4 719 183 585 214 - - 600 224
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0 | ]control trehalose 0,5M .
-] trehalose 0,2M trehalose 1M
-60 -
-42
R -40

26 26 4

-20 - '

i in sized,pH4

no pre-treatment pre-treated with H,SO, alum-rosin sized,p

=0.
Fig. 1: ADP %, i.e. (DP aged/DP unaged x 100) - 100. Unaged

A graphic representation of the results obtained is given in Fig. 1. Thedhisto:

gram summarizes DP data of artificially aged, unaged, treated and untreated sam
les. . _

" Data in Table 1 show that before artificial ageing, tl'le DP of unsized thtmaz
paper samples (not acidified and sulphuric acid acidified, trehalose treate han
untreated) Ii)s about 1000. Laboratory made alum-ros.in sized paper sam;;lelsl, OW:
ever, have lower DPs, most likely due to the grinding that was part of the pro
duction process of these samples. ' .

The lgP decrease during accelerated ageing of untreated Whatman paper is

the same (~ 25%), whether this paper has been treated with trehalose in different

amounts or not (Fig. 1). A slightly stabilising effect as a result of a trehal.ose trfzzlx\t/l-
ment is evident with acidic paper. The treatment with trehalose S(.)lut.IOIl 0.2 y
gives the best results with sulphuric acid treated paper. As the artificially age

. ti
and unaged samples are the two halves of the same sheet; the observed DP ratio

decrease is thus significant.

DH measurements

i in Table 2.
The results of pH measurements are given in . ti
Comparingpthe values of artificially aged samples with those of the respective

t m to appear. Non-acidified
unaged samples, some very small trehalose effects see PP

Whatman 1 paper shows a slight pH decrease after ageing, which is more rele-

vant for the untreated sample, lower for the sample treated with trehalose 0.2M

and nearly nothing for the sample treated with 0.5M trehalose. Even sulphuric
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Table 2: pH values for samples, before and after artificial ageing

trehalose
- 0.2M 0.5M 1M
unaged aged unaged aged unaged aged unaged aged

no pre-treatment 6.3 5.6 6.0 5.7 6.2 6.1 - -
pre-treated with H S0, 5.1 52 4.7 438 52 5.6 5.0 5.4
alum-rosin sized, pH4 4.5 4.3 4.0 3.9 - - 4.6 4.7

Table 3: CIE L*, i.c. “brilliance” of samples (reated with trehalose, before and after accelerated

ageing.
trehalose
- 0,2M 0,5M IM
unaged aged unaged aged unaged aged unaged aged
no pre-treatment 94.71  93.58 9483 9436 9461 94.10 - -
AL* (unaged - aged) - 113 -~ 047 - 051 - -
pre-treated with H,S0, 9473 9337 9476 9417 9460 93.80 93.73 93.40
AL* (unaged - aged) - -1.36 - -0.59 - -0.80 - 033
alum-rosin sized, pH4 92.70 7890 9380 80.70 - - 93.37 82.80
AL* (unaged - aged) - -13.80 ~ -13.100 - - - -10.57

acid acidified samples, treated with trehalose IM and 0.5M seem to exhibit, fol-
lowing accelerated ageing, a slight pH increase. There appear to be no effects on
samples of paper sized with rosin and alum. Generally, trehalose seems to have a
slightly stabilizing effect on pH change during accelerated ageing.

Colour measurements

Table 3 gives the numbers for CIE L* of samples treated with trehalose, before
and after ageing.

Treatment with alum and rosin causes a slight decrease of brilliance (94.71 —
§2.70 = -1.97}, even before accelerated ageing, and is significantly greater after
ageing. Trehalose treatment of 0.2 M and to a greater extent of 1M slightly re-
duces this effect. For unpretreated pure cellulose paper (Whatman no. 1) and the
acidified samples it can be stated that, generally, trehalose treatment, in whatever
concentration, does not significantly influence the actual brilliance, but it does
have a slight stabilizing effect on brilliance during accelerated ageing.

Table 4 gives the results of the measurements of a*, Table 5 the results of b*
parameters, Fig. 2 the latter in graphic form. It can be seen that there is little in-
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19 - ageing -
before after

5 notrehalose | | [ ]
trehalose 0.2M  [:: [T

11 . trehalose 0.5M 1| i
1 11

trehalose 1M

b*

Fon Jap Al

1 “Whatman no. 1 acidified with H2804 alum-resin
Fig. 2: Colour measurement: CIE b* of treated and untreated samples before and after ac-
celerated ageing.

i G 5 -¢ and after accelerated ageing.
Table 4: CIE a* of treated and untreated samples belore an geing

trehalose

_ 0.2M 0.5M M
unaged aged unaged aged unaged aged unaged aged

049 037 043 035 0.50  0.32 - -

no pre-treatment

! - -0.08 - -0.18 - _

Aa* (aged — unaged - 012 ( ( ‘ -
pre-treated im(:g; 0. s 045 025 041 030 049 027 065 8;j
7 v ' ' S - 022 - 03
aa’ taged - naged ) .O’jo 1.10 (1)(1); - -L13 1.16
alum-rosin sized, pH4; a* ].lf . Do . ) e

S i ; ding of samples reated with tre-
Table 5: CIE b* of trcated and untreated samples, i.c. yellowing p

halose, before and after accelerated ageing.

trchalose
- 0,2M 0,5M M

unaged aged unaged aged unaged aged unaged aged
¢ <

) : .55 0.71 -0.64 1.00 - -
no pre-treatment -0.68 1.54 0.55

o _ 96 - 1.64 - -
* (noed — unaged ~ 222 L. . ) o 1=

e-trez dAb '(1(1 S;Idsoumgc ) 070 278 059 126 066 153 084 215
pre-treated with H,SO, 350 _ 185 - 219 - 2.99

Ab* (aged —- unaged) ~ ) i ) .
alum-rosin Silcg, pH4; b* 6.30 1850 6.50 ]8,(:() - i ()‘.3: 15;22
Ab* (aged - unaged) - 12.20 - 1150 - .
fluence of the trehalose treatment on either colour parameters. A slightly lower
yellowing as a result of trehalose treatment may be seen, and, morcover, the lower

the trehalose concentration the lower the yellowing before and even more after
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’1(‘C 21T2 S e 2) - X \' ;" T
Ll clerated ageing. The contrast is true for the
alum-rosin sized samples
Hles. '
ot d samples It must be noted that these samples are inl
and exhibit an irregular surface P e homogencons

CONCLUSIONS

U]c results presented here do not enable a cle
of trehalose on paper stability. However,
trends can be stated:

@ ar cut interpretation of the effects
, 1L is worth noticing that the following

e Untreated Whatman paper:
Tre: . Ry .
' catment with trehalose has virtually no influence
ing rated ageing [
g accelerated ageing. Change of colour durine
o]

values is less in trehalose treated samples. Tre

on the decrease of DP dur-
ageing both for L* and for b*
A - halose also s imi
crease in pH duting wgeing alose also seems to limit a de-
. .

Sulphuric acid treated Whatman paper:

Accelerated ageing s i
a ageing scems (o brmg about

treated p a lower decrease of DP in trehalose

aper; the observ
rved effect does not depend on the concentration of tre-

halose. Colour co-ordinates L* and b* und
mndergo lower variation in trehalose

tre S )
reated paper and trehalose seems not to affect paper pH
Q I r p .
¢ Alum-rosin sized paper:
Also in this kin
S : d aper trehe
o s of paper trehalose reduces ageing induced depolymerisation
alose also seems to reduce the Ic illian o
NP, rduc > loss of brilliance (CIE L*
e e e ’ ance (CIE L*) and the yellow-
g b*) caused by accelerated ageing. The pH is not aff >t d e yellon
: < affected.

The observed results sug

! gest a continued
paper, partiealaly i tu study of the effect of trehalose on

as ex i
composition, as they are fo)t::lecl;cileld'xtlilllrilxc':dTnsczlml]'glcs et of differen
o (e o e e found archives & ibraries. This first att
Cons)i/dcring anll;l\;l;ﬂcéicl‘c: of .tlAchulosc On paper suggests it may be wortclin\]?/;litlz
A rlyn.(zlgy between the positive effect of trehalose on the
e oo oo arccn(crleen‘t"dlocumenFs and that brought about by deacidify-
ments, Tt o )O An(m ly us.cd in the conservation of books and docu-
0 be true, then it might be possible to combine the usual

deacidificati "OCeSS i
a cation processes with a trehalose treatment
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Cellulose Viscometric Oxidometry

b LUDOVICO SANTUCCI & MARIAGRAZIA PLOSSI ZAPPALA

INTRODUCTION

i uld
The difficult job of scientific advisors in the field of.p'apereil(:llz‘;";;zid‘zzon.
certainly benefit from improved methods of Chara.c.tenzm%i Cits structure hampers
The complexity and variability of paper COmposmotrt1 zzant processes. Here we
exhaustive and generally valid descriptions of lthe atte
dea] only with papers ConSiStintg) mainlyc(;il:;g:eofj;s are seldom simple systems,
Fven papers considered to be pure ) . lulose is
they OfteI; pcontain various additives and 1mpfmﬁei’ fosraz)zlameiltil:%\’e found
usually accompanied by small amounts of he.mlce ulose - ?Chromatography
more than traces of alkaline carbonates feven dehatr:raIClomp-()und&
paper’, together with minor amounts ofiron &7 copgerstanding of the problem
The approach to chemical solutions and an » Acidity has been in-
must therefore consist of a succession of smal fStepiiation soymewhat less so,
vestigated extensively since the 1030s; the d.egree o arbonyls or carboxyls.
i.e., the extent of the conversion of alcoholic grOupshto y nnect)i/on between the
Fundamental and industril ;h;mi;tr);t};aZE cs(tll?t:r:sc: :h:i(;s. It has been further
str er sheet and the len . ids and
shz\rflvit};h(:li lez:?zed sites along the chain are weak, 6;15112’1 alct(t)zflgfcdl:ﬁ;: gjtiveen
bases, which consequently cause the cleavage of nearby gly
(arﬁﬁdrolz glucose Ch?:inslall;it;at while chain shortness in itself, alth(;ulg?faffecting
erefore, we cou ) o o ul life expec-
the present properties of paper, does not necessarily mjfpzl):i(litisz:t?zn is thuspim—
tancy, oxidation can. Information as to the degree of oX bout treatment
) hservator-restorers, whose decisions al e paper 1
may well be influenced by this knowledge. But when Czn ;:’13 S:Zmetimes L s
oridized? It s @ common k:ielief thatml;r;::ir;spjg;rrst;;r; cellulose?, or it may be
true. lour may be due to co an cause
sy ol e f ek e o cv
discoloration. It is commonly reputed that Vls;)le ,-a-magamactivated olefin
jugated unsaturation, often produced tj)’ the wellxHOYT

portant; particularly for co
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Cellulose Viscometric Oxidometry

formation from alcoholic groups, especially in hemicelluloses. An excellent re-
view on this topic appeared in 1993 in this journal®,

In principle, the problem of measuring the degree of oxidation of a cellulose
sample has been solved. Well known techniques range from approximate optical

determinations or other non-destructive methods*!! to the titration of specific

groups, but the latter usually being destructive procedures. Of course, non-
destructive methods are more appropriate for diagnostic purposes, but all meth-
ods of oxidation measurement help research into cellulose degradation, allowing
us to correlate oxidation to paper stabilit

(keto and aldehyde groups)

y- This involves, above all, carbonyl
and carboxyl determinations. The latter are easily de-
termined by titration, or by the methylene blue procedure when bound to chains
long enough to be insoluble; however, they are not as destabilizing as carbonyls.
Dangerous carbonyls are those which are distributed along chains, not those
on the end groups. Unfortunately, most analytical methods cannot differentiate
end groups from the others. Only sophisticated, time-consuming and sometimes
rather dangerous techniques allow this'¢!3
ferentiate between keto and aldehyde groups'-7. Simpler copper-number, HAS
(Hot Alkali Soluble) matter’® and free-radical determination' certainly give

useful indications but these have a limited quantitative significance.
Recently,

dzo, 21

It s similarly problematic to dif-

a simple and elegant solution was suggested by Whitmore and Bo-
improving the HAS-based method'® previously suggested by the same
school; they estimated end groups by the DP (degree of polymerization) value,
and determined side carbonyls by subtracting end groups from a total carbonyl
determination. Applying this method to the results of four different artificial ageing
procedures, Whitmore and Bogaard, save for two exceptions, found no carbonyl
production in excess of the increase of end units, thus ruling out any oxidative ef-
fect of artificial ageing on pure cellulose paper. Agreement among investigators
on this matter is not unanimous?>-%*, For example, according to Arney and Ja-

cobs®®, an oxygen-depending process coexists during degradation with an oxygen-
independent one.

gaar

However, several other researchers have concluded in favour of predominantly
hydrolytic degradation. Our findings also agreed with Whitmore’s conclusions
when we examined, through a somewhat similar view
sium bicarbonate deacidification
more’s method to previous dat

point, the effect of magne-
*’. In another instance, however, applying Whit-
a, we found definite evidence of cellulose oxida-
tion. Paper heated for 18 days at 95°C in a sealed tube contained an excess of over
5 mmoles/100 g of carbonyls with res

pect to merely hydrolytic increase of end
groups®.

Most of our previous data, when concerning treatments, which are not specifi-
cally oxidative, do not show evidence of cellulose oxidation through ageing by
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) i d expected instead
this criterion, in agreement with Whitmore's ﬁ.nfimgS- we ht?al arr?ounts of sodi-
to observe o;ddation when ageing paper containing substan}; and yellowed at a
um carbonate! ', because it depolymerized, dr(;?;) e tmuli)stantiate this view. It

’ ] excess did not 8
fast rate. However, the modest carbony t was seen to pass
should be noted that in more than one run the carbony! Clonten s were destroyed
through a maximum. It is therefore possible that carbonyd grz;pPeeling being un-
. ced.
by B-alkoxy elimination reaction as soon as they were pro ::,ell mean that the end
likely to cause such a sharp fall in DP, those resui)ts mlaly ttached to soluble frag-
. i e rather carboxyls, a
roducts of oxidative degradation wer idenced by a pH drop).
fnents (undetectable by the methylene blue method, bt‘;]to:;l based 01)1/ the presence
t oxidometry me ’ .
A tly, such facts show tha - 1otive route in cellulose
o Pparedn y bonyls, may not necessarily rule out an ox1dat1\;e r byl We did
non-end car , : of carl .
degradation, in addition to not accounting for .the prets)(;r;cels e here we
not further ’pursue investigation of decomP osns Ca;l lo:e ;)Xidation, which will
suggest a fast procedure to evaluate aPPrOleately - les devoid of carbonyls
be shown (o differentate oxidized sampes aflrlom St::ls)eparation of mere hydro-
. tly also allows N
along the chain. This method apparen . ossible by oxidation.
l)’ticgor at least direct chain cleavages from scissions m.ade 2ﬂps mention);d boveh
eing,
.. inised paper drops on ag Ik
Suspicion that DP of alkalinise i ¢ rather to p-alkoxy
mightSPICC)t be due to weak links or peeling reactions alone, btli) carbonyls in a ba-
n oy lic groups
i . tion of alcoholic g . e th
iminati ly following oxida ; estimating the
climinaion rapldl)’d s to try and exploit the latter reactlorz1 ff(;r e gHAS
i i t, led u ifferen
:C em”r(fmm'znt,' of cellulose™, by a procedure somewhat dlb B carbonyls in
ation ) o vat :
czizzztoltoi)sﬂknowrl that scissions of leCOSldIC bonds aCtlvadedras);ically influence
basi S nment proceed at considerably fast rates, ar;l e i ihe oxida.
. ; X
- e]r)“;’lr?l"h efore, it should be p0551ble to estimate the e e and then
av . Ther . e rea
tioeragfe cellulose sam;Dle by artificially causing the Cleav?-i e rie values
Con o a the resulting DP with the original one. Conlv;:.r 1C§rtain mits and ap-
mparing ionificant number average DPn’ wit lnh . d of po-
Of DP to the more Signeal B0 1/DP, where DP? is the degree of p
proximations*** the expression he sample (see below: Experimental, yields
ing the s .
izati easured after heating : ' ess. If care is taken
lymenzanonfrlr)l nd scissions which occur during a given proc -+ mentioned, a
o comma, ODI(’) alues concerning only the cleavage proceis J.nar application
v . : i
. CompaT llulose degree of oxidation is obtained. A preliminary
measure of cellulos

of this method has already been reportec?‘“.

It will be shown here how this is possibl
sample heated under nitrogen m. the sa;lr.ne o
e o - }I;eatlrllgf.o?m:ti(c)m can l;e easily determined in other
carboxyl formation: but carboxy

ways.

e by comparing the DP of an oxidized
(alkaline) solvent used for viscome.try,
will not account for possible
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Cellulose Viscometric Oxidometry
EXPERIMENTAL

Materials and method

Whatman n° | chromatography paper was used as a starting material throughout.

* Hydrolysis. Hydrocellulose samples (Table 2) were obtained by heating at
80°C 1 g of Whatman paper in 150 ml of 0.1 N HCl in a condenser-equipped
vessel, varying the duration of treatment. Pure Nitrogen was bubbled through

the suspension, starting 15 min before heating beg

an, in order to prevent con-
current oxidation.

* Oxidation. Samples were oxidized by immersion in aqueous solutions of
KIO4 or NaClO. Concentrations of oxidants and treatment duration are

shown in Tables 3 and 4. All samples were always thoroughly washed in de-
mineralized and distilled water after treatment.

Reduction. Samples were reduced by immersion in aqueous solutions of bo-
rane derivatives. Concentrations of reducers and treatment duration are shown
in Tables 3 and 4. All samples were always thoroughly washed after treatment.

Sodium borohydride was not used in case its alkalinity might cleave chains be-
fore reduction.

MIEASUREMENTS

Average viscometric degree of polymerization (DP,)

Average viscometric degrees of polymerization (DPy) are listed in Tables 1-4 as

determined both on the samples either untreated or oxidized, and on the same
samples after reduction:

further on.

¢ “Cold” DP,. After conditioning samples for at least 3 days at 23°C and 50 %
R.H., DP was determined according to the French Standard AFNOR T12-005,

in cupriethylenediamine (CuED) at 20.0°C. Measurements usually resulted
with standard deviation G = 10.

the latter values are more significant, as explained

e “Hot” DP, , or DPh, DPb was similarl

the French Standard AFNOR T12-005,
heated at 60°

y measured at 20.0°C, according to

after the dissolved sample had been
C to cause alkaline scissions. Heating was performed in a nitro-
gen atmosphere to prevent alteration of the solvent and further oxidation of
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i 50° mple oxidized by potas-
Table 1. Depolymerization as a function of heating time at 60°C of a samp

DP,
Time (min) DP, in 0.1N NaOH suspension

in CuED solution

695

0 695 497
15 555 475
30 483 450
60 487 487
90 - 485

w0 s
i 10.IN".
Table 2. Hydrolysis of Whatman paper with HCI —

v

DP,

1273

Untreated ! g;g 82?

hydrolysis time 15 min 638 25 :

hydrolysis time 30 min 517 44‘1)
hydrolysis time 60 min 43

hydrolysis time 120 min

hydrolyzed at 80°C in a nitrogen atmosphere

immersion at room temperature).

' o tman paper (
Table 3. Hypochlorite oxidation of Whatman P DP," (heated)

DPv Heating.
not reduced not reduced  edium
Sample Treatments educed reduced
- 3 - CuED
1521 1573 i g;g i
none ) s 334 _
2 NaClO 0.3% at pH 7, for 10 min lzgg 11 797 ~ CuED
A NaCIO03%atpH7,for20min - 0 g o56 1260 gulég
one - 850 1035 u
E NaClO 1 % al:pH 7, for 10 min igg ‘2;3" 680 850  CuED
: i 4 « _ ED
B NaClO 1 % at pH 7, for 30 min 1367 1367 1335 (C;EED
none . 70“: 179 _
g NaCIO 1 % at pH 7, for 30min® 212 2 B
inmin+ 212 2700-: 189 _ NaOH

. S+
C NaClO 1 % at pH 7, for 30 min

in ni here:
Used for DP." determination in nitrogen a®°f?£2630_60 S
CuED (cugriethylenediamine) 0.5M, }jte?(t;n{, i
NaOH 0.1M, heating time 30 min a; 601 -
“ Reduction in (CH;),CNH,BH; 0.2M for a5
*** Reduction in NaBH,CN 0.2M for 3 days, bu

ature
*+ Then naturally aged for 2 years at room temper

** Weight loss after 3 hrs.: 4.0 %
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Table 4. Periodate oxidation of Whatman paper (immersion at room temperature).

DPv DP.! (heated) .
Heating
Sample Treatments Not  Reduced Not Reduced medium’
reduced reduced

D none 1302 1329 1283 1247 CuED
D KIO, 0.015 M, for 15’ 650 1059 436 934  CuED
D KIO, 0.015 M, for 30' 425 11077 275 1057 CuED
D KIO, 0.015M, for 2 h 315 964" 170 955 CulD
E none 1380 1395 1258 - CukD
E KIO,0.02 M, for 6 h* 695 1046 483 - CuED

E KIO,0.02 M, for 6 h* 695 1046 475 - NaOH'*
F none 1347 1201 1274 - CuED
F KIO,0.4 M, for 3 h* 180 535 141 - CuED

Used for DP,* determination in nitrogen atmosphere:
CuED (cupriethylenediamine) 0.5M, heating time 30-60 min at 60°C
NaOH 0.1M, heating time 30 min at 60°C

Reduction in (CH;);CNH,BH, 0.2M for 1 h

Reduction in NaBH3CN 0.2M for 3 days, buffered at pH 3.5

Then naturally aged for 2 years at room temperature.

Weight loss after 3 hrs: 1.1 %

the sample, beginning by bubbling for 15 min before heating in order to chase
out air. A condenser was used to prevent evaporation of the solvent.

The flow rate of CuED, measured at 20.0°C, was found to remain essentially
constant, even after prolonged heating at 80°C.

Repeated runs on oxidized samples showed that the scission process was
usually completed within 30 min at 60°C, as the DP did not appreciably decrease
any more, but in most cases a heating time of 60 min at 60°C was used. How-
ever, when the sample (even those not previously oxidized) was heated for longer
than 2 hours, or left overnight at room temperature, degradation resumed:
possibly, by some mechanism catalyzed by copper, which was actually seen to
separate onto the walls of the vessel if heating was prolonged.

The same procedure was used to heat suspensions in 0.1 N NaOH, which re-
quired about the same time of reaction. In this case, the weight loss of samples
was also determined, and never found to exceed 4%, even for heatin

3 hours at 60°C.

Table 1 shows typical runs of samples heated in both CuED and sodium
hydroxide.

g periods of
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Number-average degree of polymerization DP,

Cati which
The relation between the number-average degree of pOly-m erlj:lnjirslcgzilt);-);verage
best expresses the average length of chains, @d the 673\);;1; ore and Bogaard™ 21
degree of polymerization (DPy), was summarlzed-bYDP / DP,, as had other in-
They adopted approximate value 0.5 for th.e ratio y n Thisvr,elation, however,
vestigators previously. We chose to follow this p1o®® ?rIe. mergut* and Lauriol®.
is not in general agreement with experimental dal# © mthociu and Lauriol ob-
Immergut measured DP, and DPy by independent met O e lates
tained both values from GPC measurements on cellulose tric y

Carbonyl groups content |
o as performed with a modification of
H 02M and 0.5 ml of TTC (2,3,5-
. 0 mg of exactly

w
The determination of carbonyl amount

36-39 0.5 ml of KO
Szabolcs methodology® ™. 0 0.1% w/V were added to 5-9

Triphenyltetrazolinium chloride) d the resulting suspension was placed in a

weighted , placed in a flask, an ; e D
boilgingewzizlr)(;rati. After 10 min the solu}tllon \lfvz?o;o?::se::l )(/) inrtrlll of I
i f the soluti |

was added, otherwise the red colour o the case of
lutedasoliltio(:ls) quickly disappeared and the mea.sur;am;zr;; v;/::yxllzl - 111)01 e
The deep red triphenylformazan precipitate was dissolve i el i
the solution was filtered from residual paper ari_jilgovi rlrxl oo 0 20 ml with
EtOH. Solution absorbance was measured at - SOIUt,ions g 2 Forkin e

ter. We want to stress : :
II;ZinEda_S Spec::sp?:r:?;lf above 10%. The amount of carbonyl in paper wa

ave a wa

i i lutions of glucose.
measured from the calibration line, obtained using water sO g

RESULTS AND DISCUSSION

Effect of hydrolysis, oxidation and reduction

) i i i nt different
the Iables we CO e heatlng ma ba.SlC en\/lronme

mpar the effect Of

p f unmodi 1 d C llulose ( hatman n 1 Ch t graphy pape ) p O-
sam les [¢] fe e V\/ romalto T} Or pr

ducts Of lly(l]i)l S1S )I t t mpleS Of
i he effeCt Of that treatment on sa . .
delz);d by Sodium hypochlorite otassiu p rl()d t eaftl g
Cellulose O tassium € ate ]I ting 1in a

i i i ariabl Caused a greater eXtent Of depol meriz n in ox Ze
1C Inedlum mnv rizatio d d
§ Inples thall in unmodiﬁed CellulOSe.
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Table 5. Total carbonyl group contents {including end groups) from TTC {mmoles/ 100 g paper).

Sample Treatments not reduced reduced
A untreated 0.52 045"
A NaClO for 10 min 0.91 o™
B untreated 0.54 047"
B NaClO for 10 min 3.69 0.66™"
B NaClIO for 30 min 6.88 0.95"
D untreated 0.56 -

D KIOy4 for 15 min 4.97 047"
E untreated™’ 0.52 -
E KIOy for 6 hours* 5.38 -
F untreated” 0.54 -
F KIOy4 for 3 hours* 227 -
F KIOy4 for 3 hours*** 21.0 -

e

Reduction in fertbutylamine complex (CH,);CNH,BH, 0.2M for 1 h
* Then naturally aged for 2 years at room temperature.
*** Hydroxylamine method, including end groupsw‘”‘

Several samples were also checked for their carbonyl content, in order to make
sure oxidation occurred (Table 5).

We preferred to investigate the relation between oxidized sites and consequent
scissions in basic rather than acidic media mainly because the solvent for visco-
metry itself can be used as a basic medium, but also for its possible implications
on paper bleaching followed by deacidification 2% !, It could be argued that the
observed scissions were due to the weak links reported by some authors®" #2-*:
but our data for definitely oxidized samples go well beyond the reported estimate
of 0.03% of the links. Besides, heating in basic media had little effect on untreated

or acid-hydrolyzed samples: few chain carbonyls might actually be responsible
for whatever small variations were observed in those cases.

Hydrocellulose samples (Table 2), prepared in strictly non-oxidizing conditions
(nitrogen atmosphere), appear to be quite unaffected by alkaline heating. Even
the slight DP decrease observable in untreated Whatman, where a few chain
carbonyls may be present is absent.

For hypochlorite oxidation, conditions were used, which were known!7 to pro-
duce a maximum of chain carbonyls and a minimum of carboxyls (pH 7); it is
also known that treatment near neutral pH causes considerable depolymerization
(Table 3). Neither carboxyl content nor pH were investigated, being outside the
scope of this work. In a few cases chain carbonyl content was measured (Table 5)

but with no effort to determine their position along the chain or to differentiate
keto from aldehyde groups.

’

58

-
LUDOVICO SANTUCCI & MARIAGRAZIA PLOSSI ZAPPALA

i i ident.
i ite-oxidized samples is quite evi
ot o o e prpocter lexes treatment, which produced

Most of these were also reduced by boron comp 4 and Feller'. This was
an appreciable rise in DP, as also reported b)./ Burges.s af the alkaline solvent
explained by the degrading effect on dee—oxid.ll'ed chains Oduced samples seem
during viscometry operations. It is quite striking that e samples before
considerably more impervious to alkaline bserved DP de-
reduction: which confirms the role of car

Crease.

Potassium periodate is supposed to be a . s are ob-
Cy and Cy at(E)ms: although whether keto, aldehyde or carboxylic group

7 severe
tained wil] depend on the experimental conditions. We Sa}if;v ::st;r;ei severe
depolymerization (Table 4), though subsequent reduction
art caused by the alkalinity of CuED. ) for hypo-
P I thie case),l the susceptib);m)’ to alkaline heating wasd evin frz?r:ir]at?]i/nprote};{)ed
chlorite-oxidized samples, and boron complexes re Ec 10lS measured in some
chains from the basic attack. The high excess of car 9ny end groups confirms
samples with respect to the expected increase of reducmgOn " egother hand, by
the considerable extent of oxidation attamedf alS")rS:l(::g)l’
the disappearance thCO grouPZuPon I:S: (i:1t11C)SIC1>r(r1eal of the: samples after previous
The value of DPh was also determi . confirm that
reduction (last colu\;nn of results in Tables 3 ar'xd' 4)(,1 lr;llcl)llf)zfre (t)(r)ll)" Data from
provoked cleavage by alkaline heating affects oxidized ¢ ot used for the evalua-
these columns and the first ones of Tables 3 and 4 were 1

tions discussed in the next section.

heating than oxidized
bonyl groups in the o

more specific oxidant, attacking only

Evaluation of the extent of oxidation

in DP after heating
The results reported here clearly show that the degree of drop in

i oxidation.
 pendent on the e):;lterl1t Ofdy the relation between number average DP before
alrea

and the number of glycosidic bond s?iS-
n we shall indicate with the notation
polymerization, ob-

We have mentione
and after a depolymerization process,
sions produced in that process. From no‘.lv o tric degree of
DP the number average in place of the viscome

ed i P =DP /2
tain, from the latter by the relation D n fsv les efore o i o
i duction 0 amp: befo v ometric measure
As we pomted out above, the reduc

i time the viscosity read-
ments yields more significant information, becz.iusc? by theu;S © e et
ing is carried out some additional depolymenzatlonzc:;cc e o by the
oxidized, by the action of the basic solvent even at .

increased DP that reduction produces.
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Now, if we consider the following values:

¢ DP° = number-average DP of original (unoxidized) sample, but after re-

duction

¢ DP, = number-average DP of oxidized sample, after reduction
e DPh= number-average DP of oxidized sample, after alkaline heating

We can express a total number of scissions, which have occurred in the whole
process from oxidation to the end of heating (eq- [1])

the process before heating was applied (eq. [2]): the latter value represents

cleavages which have occurred directly on glycosidic bonds during treatments,

hence not induced by solvent alkalinity on a bond in beta-
Combining such relationships we obtain:

(1] 1/DP" - 1/ Dpo

, and also what happened in

position to carbonyls.

total glycoside bond scissions
12] l/DPr -1/ Dpe direct (essentially hydrolytic) bond scissions
[B]=[1]-[2]=1/DPh - 1/ DP;  scissions induced by alkalinity near carbonyls

If we multiply the above calculations by 617", the scissions will come to be ex-
pressed in m.mol/100 g. Obviously, no previous reduction is required to de-
termine DPP. A numerical example will make things clearer. For instance, in the
case of sample B, oxidized 30 min by 1% hypochlorite, the above equations looks

as follows:

(1] 2(1/880 - 171300617 = direct scissions = 0.45 mmol/100 g
[2] 2(1/680 - 1/880)617 = oxidative scissions = 0.41 mmol/100 g
[3] 2 (1/680-1/1300)617 = total scissions

= 0.86 mmol/100 g
the information we had been seeking, that is a
measure of the damage inflicted to cellulose by oxidation. This kind of evaluation
will also hold for samples whose previous history is unknown
ing only equation [3]): hence its diagnostic valye.,

Table 6 summarizes the results of the above calculations applied to the present
experimental data (1 and 274 column of results in Tables 3 and 4). We called
values resulting from equation [3] Oxidation Index because they actually give an

indication of the extent of oxidation; it is quite evident that such index is greater
the higher the side carbonyl content.

The rate of carbonyl-induced scissions a
oxidized samples: possibly,

Equation [3] ought to provide

(obviously apply-

ppears to be slower in hypochlorite-
comparing the original DP with a conventional LODP

) 1000 {conversion of mole to millimole)
617 =100 —: -
162 {molecular weight of anhydroglucose unit)
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Table 6. Oxidation index.

Scissions (mmol/100 g) Total

idati otal

Samp] Treatment Direct Oxidative
ple reatm
R T e
A none 0 gig 0.76
() 030 °

A NaClO 0.3% pH7 20 . 0.02 (0)23
B nonc . 027 ., ’
B NaClO 0.3% pH7 10° gié 041 0.86
B NaCIO 0.3% pH7 30" - 002 0.02
C none 0 93 6.0
: 3.6 : .
C NaClO 1% pH7 30', (CuED) s (; 50 56
C NaCIO 1% pH7 30', (NaOH) o 0.01 o_lo ;
D none o 1.6 19
D KIO,4 0.015M pH5 15' gfé 3.4 3.6
D KIOy4 0.015M pH5 30' 025 60 6.3
D KIO4 0.015M pH5 2 hrs. 0 01 0. ;
E none 0.30 1.4 1.7

E KIOy 0.02N 6h, (CuED) 0.50 1.4 1.I

E KIOj 0.02N 6h, (NaOH) B 0.1 0.
‘ 7.9

F none 6.5

ol

1.4
; KIO4 0.4M 3 hrs.

fter oxidation and alkaline treatment at
a

e results. But it would take longer,
endency of

(Leveling Off Degree of Polymerization)

. ccurats
lower temperature would yield more 2

des an estimate of the initial t

. P 1d certainly be
idized cellulose to degrade, although further investigation WOWEE
Oxidized cellulose to ’

desirable. ¢ scissions as of the CO groups
It could be expected that the same pumber @ ° reak a glycoside bond

. CO can b
present could be found, since POt;”“alfIYaniz aldehydic end groups should l;e
. .\ mber Ol'1 . ot it can be
mbB‘POSlEOfn- Oftlioutigl tilz‘frlr::)lnyl content as determined by titration (it ca
Subtracted from the

is statistically given, always uémg
e e . by regl;;)irll’;g ?Il:wzger\j)ellrr,)iristhe case of periodate. oxid;;tcut)enci
e e > (15 e ui'red for each scission, becau.se of their expanose
o carbonyls are pfOball))yrrngre than one hydroxyl on a single egC(.)pylf3 o
p'rOXim'ittiX F{ihlirehr;;)go};;loiite however, whatever their number on a sing a
ring oxidized by ,

only one scission would result.

y ted for end groups,
[ measurable carbon 1 contents, even correc
If this is the cas 5

. le to induce fast
Is, i.e., of those capab )
i f dangerous carbonyls, the total titrable
“;10‘-11d l;e ” ex'czss Zrentl)ig we need not worry much aboutthererelated o DP
E: gm 2 eévi?g;anlt)pindex of oxidation thus appears tolbf r:constant op
. 1 T .
dr0; indzcg;d by artificial cleavage of the oxidized sample to
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CONCLUSIONS

.It was shown that heating (at moderate temperatures) oxidized cellul 1
in CuED solvent has the same effect as heating them in dilute NaLOHOse sam}‘) o
whereas hydrocellulose samples or samples previously reduced with ;uspensmn’
plexes were substantially impervious to alkaline heating. The resulti Or];r;’ iiom_
can be used to estimate the number of chain links made susceptib] l;lg i FOP
to further attack (Oxidation Index). pible by oxidation
Viécometric measurements only are required for the estimation. Thi hod
of oxidometry is destructive in nature, but considering the small out ot o
terial involved (20 to 40 mg) it could be applied in some cases ev:m?um T}f m"a_
paper documents, if made solely of cellulose. A rough estimate ca;1 bO aubt e?ntls
by a single sample, measuring its DP before and after heating it i ‘: ' tam‘e
solvent, but for a more reliable evaluation it is preferable to corgn . 'mef'alkalmc
with that of another sample subjected to reduction before dissoI;a're “'S el
When appli’cable, this procedure may be useful as a diagnostic to lvmg D
Besid'es, when investigations about the effect of treatments onot; 1ul
are carried out, manipulating as shown initial and final degrees of : lu Ose. paPer
of samples also allows the separations of scissions due to oxidati S
a merely hydrolytic nature. ation from those of
This.method does not detect carboxyls and is apparently less iti
curate in determining carbonyls than titration with speci>f/ic r sensiive and ¢
because of the polymeric nature of cellulose: but it is quicker. cagents, probably
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It is suggested th izati
t begeg o dat the depolymerization of oxidized cellulose (e.g- paper) caused by alkalini
X i i e
can b lp oited to szluate its degree of oxidation. A rough estimate can be obtai yda 'ahmuy
ample measured before and after heating i e
ating in the alkaline sol iscosi
one sample mea ' ‘ solvent for viscosity itself;
uation requires reduction of the sample prior to the viscometric me ) srement n'}ohre
asurement. is

procedure should not be identified with determinations of total carbonyl and carboxyl tents
yl conten
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Mesure de la viscosité pour évaluer le degré d’oxydation de la cellulose

érisation de la cellulose oxydée (du papier) causée par

Ici on a proposé d’exploiter fa dépolym
n approxi-

l'alcalinité, pour évaluer son degré d’oxydation. 11 est possible d’obtenir une estimatio.
ntillon avant et aprés Pavoir chauffé dans une solu-

ltats plus précis "échantillon doit étre soumis &
oit effectuée. La méthode n’est pas adaptée pour

mative en mesurant la viscosité d'un seul écha
tion alcaline appropri¢e; pour obtenir des résu
une réduction avant que la mesure de viscosité s
déterminer la teneur globale en groupes carbonyles et carboxyles.

Cellulose Viscometric Oxidometry

Es wird vorgeschlagen, die durch Alkalisicrung bewirkte Depolymerisierung von oxidierter Cel-
lulose in Papier zur Beschreibung ihres Oxidationsgrades heranzuziehen. Eine ungefihre Ab-
schiitzung desselben kann erreicht werden durch Messen der Viskositit einer einzigen Probe vor
und nach der Behandlung in der heiBen alkalischen MeBlosung; fiir eine genaucre Messung muf3
die Probe vor der Viskosititsmessung einer Reduktion unterworfen werden. Die Methode ist
nicht geeignet zur Bestimmung des gesamicn Gehalts an Carbonyl- und Carboxylgruppen.
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