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INTRODUCTION

. o
It is well known that cellulose is the main component of paper. In order to an

lyse paper degradation therefore it is necessary to study the degradation mechan-

i f cellulose. ' .
1smée(;luclose is a non-branched polymer of glucose linked through 1.4 B-glu

osidic bonds (Fig. 1). The number of units is variable and constitutes the degfe:;
Cf olymerisation (DP ); its value depends on the nature of the plant frorfl whic
?hepceillulose is extracted and on the type of treatment during the extraction pro-

cess. -
The principal changes that act in the structure of cellulose and that cause its al

teration are:

* biodegradation,
o photodegradation,
e acid hydrolysis,

e oxidation. o X o

A complete analysis of cellulosic matenalils quite comp]ex.d ecauie Xidagon
nomena are all related to each other'. In this sFud)f we cor'm. er Zn y o Se/eni
with the intention of reproducing natural oxidation ageing an dto tczu:iin "
courage a coupling reaction of the oxidation prod.ucts. A b((aitter understanding
degradation processes is a prerequisite fo?r restoration pr.oce ures.d ondary by

The oxidation reactions of cellulose mvolw‘e the primary an ssc 1 r)(/)u /
droxy groups of the pyranose ring and res%ﬂt- in carbonyl and car ;)]xi/esgandpa;
These groups are able to absorb visible radiation; they afz c}.xrom:pc ti(:) o5 and ®
such are responsible for the yellowing of paper. The oxidation rea e and,
but is not necessarily, accom’panéed(lj))l; the oper‘l:/r;i kt:: {)}z::}r;::a:gg " %érboxyl

lucosidic bond becomes ; .
Z)ro{xr;:) ?::rzzz :Z:dgity and induces depolym.erisation (Fig. 4), thus reducing the
physical and mechanical strength of the material.
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Hydrolytic and Oxidative Degradation of Paper

2

Fig. 1: The structure of cafiulose: poly[B-(1 .4)-D-glucopiranosel.

CH,OH

—>

Oxidation of primary hydroxy groups
into aldehyde groups

—>

Oxidation of primary hydroxy groups
into carboxyl group

—>

Oxidation of primary hydroxy groups
into keto groups

Fig. 2: Main oxidation reactions of the cellulose molecule without opening of the pyranose ring

EXPERIMENTAL

Materials

The cellulose substrate used for the experiment was a Whatman no. 1 filter pa-
per; this type of paper is obtained from cotton linters and can be considered to
be pure cellulose. Parallel tests were done with cellulose for chromatographic use
(Sigma-Aldrich 6288), in order to compare the results of oxidation degradation
on samples of different chain length. The DP of Whatman no. 1 is 1230, that of
Sigma-Aldrich 6288 is 184.

The use of these samples for our research could be considered as an unreason-
able simplification as, in general, paper does not consist of just pure cellulose, it is
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CH,OH

H/H
—
Oxidation of secondary hydroxy groups
into aldehyde groups
with cleavage of the C-C bond

CH,OH

—
Oxidation of secondary hydroxy groups
into carboxy! groups H H

with cleavage of the C-C bond

— B e
Oxidation of secondary hydroxy groups

into keto groups
with cleavage of the C-O bond

Fig. 3: Main oxidation reactions of the cellulose molecule with opening of the pyranose fing.

H,OH

Fig. 4: Hydrolysis reaction of the B-(1,4)-D-glucosidic bond.

a heterogeneous and quite complex material, usually a r1.1ixture of ﬁbre; :;iff f\;f;
table origin, of minerals, organic sizing agents and chemical addmve.s C; freren’
natures. Cellulose is the main component of fibres t‘hat also conliam 1gr‘;re o
hemicellulose. Despite these considerations, we decided to work on p

. This
Tulose only in arder to eliminate interference from extraneous substances
’
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Hydrolytic and Oxidative Degradation of Paper

Table 1: Functional groups formed afier oxidation with hypochlorite, depending on pH.

pH<7.5 75<pH <85 pH>38.5
CO CHO COOH
CHO CO CHO
COOH COOH Co

enabled us to study the oxidation process with different oxidizing agents on a
particular, simple system.

Previous studies have brought up the distinction between specific and non-specific
oxidizing agents. In this study samples were treated with sodium hypochlorite
(NaClO) and sodium metaperiodate (NaIO4)** in order to study the two different
types of oxidation.

Hypochlorite is an oxidizing agent, characterized by a non-specific action. It
was chosen because it is commonly used in paper conservation for bleaching. So-
dium hypochlorite produces a random oxidation, that is it does not preferentially
attack a certain position of the pyranose ring; also the nature of the functional
groups produced by oxidation is heterogeneous, they depend on the reaction con-
ditions of temperature and pH. Ignoring the kinetic effect of temperature, during
oxidation with hypochlorite, the ratio between the carboxy! and carbonyl groups
varies depending on the pH. Under highly alkaline conditions carboxyl groups
are preferentially formed, at slightly alkaline or acid pH carbonyl groups prevail.

As shown in Table 1, it is possible to isolate three different ranges of pH; in
each of them the formation of a preferential functional group is observed. For pH
values below 8.5 carbonyl groups prevail; for values between 8.5 and 7.5 alde-
hyde groups are predominant, whereas under pH 7.5 keto groups predominate.
Raising the pH, the formation of carboxyl groups is observed; in a strongly al-
kaline medium (pH > 10) the formation of carbonyl groups, especially of ketones,
is negligible.

Oxidation with hypochlorite was carried out at three different pH values, 5, 8,
12. These were chosen in order to replicate the three possible circumstances of a
majority of keto groups (pH = 5), a majority of aldehyde groups (pH = 8) and a
majority of carboxyl groups (pH = 12). Considering the specific oxidizing agent,
we decided to use the Malaprade reaction, that is to employ sodium metaperio-
date. Its point of attack is the C2—-C3 bond and it involves the formation of a
dialdehyde*” (Fig. 5).

Sodium hypochlorite (3% of active chlorine) and sodium metaperiodate p.a.
(99.8%) from Sigma-Aldrich were used without further purification.

Together with oxidative treatments, acid treatment was also carried out, using
commercially available hydrochloric acid.
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+NalO,+ H,0

Fig. 5: Oxidation with sodium metaperiodate

The viscosity measurements were carried out in cuproethylendiamine (CED)
using a commercially available product.

TREATMENTS

Oxidations

In all of the treatments the sample/solution ratio was 1g/100ml. Oxidation was
carried out at 25°C on dry samples, which measured ! x 2 cm and which were of
constant weight for different lengths of time (cf. Tables 3 and 4). The oxidized
samples were dried and kept in a sample holder in the dark.

Oxidation with metaperiodate was done with solutions of the stoichiometric
quantities of the salt in deionized water. For oxidation with hypochlorite the dif-
ferent pH values 8 and 5 were adjusted with acetic acid (commercially available,
99.8% pure). For pH 12 no buffer was required. In all cases the pH of the solution
was constant during the whole process.

All oxidation treatments were done in closed vessels and were stirred con-
tinuously. After treatment the samples were washed with dejonized water up to
neutrality.

Two acid treatments were used.

e Half the samples treated as described above were dried and then dipped for

2.5 h into hydrochloric acid solution. The ratio between the sample and the

hydrochloric acid solution was 1 g/100 ml.

e Half the samples were exposed for 96 h to the acid vapour in a desiccator.

In both cases all of the samples were washed after the acid treatment and dried
until no appreciable variation of their weight was observed.

Viscosity measurements

Measuring the degree of polymerisation (DP) can be done using direct methods
based on physical-chemical properties. However, this type of approach requires
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complex procedures and equipment and is therefore not suitable for routine
measurements. Instead, a non-direct measurement, such as measuring viscosity, is
more suited for an everyday application and is widely used in paper conservation
research.

Viscosity is related to DP by an empirical relationship known as the Mark-
Houwink-Sakurada equation that is generally expressed as:

DP =K[nJ*

K and a are experimental constants. [n] is the intrinsic viscosity that is depend-
ant on the molecular mass only and is independent from the viscosity of the
solvent, from the concentration of the polymer and from the type of viscosimeter.
In the work presented here, this method was applied to the artificially aged, oxi-
dised samples of cellulose in order to evaluate and compare the action of the
different oxidising agents.

When testing cellulose using the viscosity method there are several different
calibrations because there are many values for K and a, which, quite often are not
in agreement. The main reason for the discrepancies derives from the difficulties
of applying direct methods on such a complex polymer as cellulose. Another rea-
son for different values for K and a given in the technical literature may be differ-
ences in methods of measuring the intrinsic viscosity. Cellulose, causes therefore,

unusual problems even in the application of a relatively simple technique such as
measuring viscosity.

The specific solvent for measuring DP of cellulose is cuproethylendiamine

(CED). It has been used for this research because it allows the easier and more
immediate preparation of cellulose solutions. The values for K and a were those
indicated in the UNITEX CH 336 project: K = 1.5; a = 1. Thus, from the values
of [n]%, expressed in ml/ g, the DP has been calculated as

DP=15[n]*

The viscosity measurements were performed at 25°C using 0.5 M aqueous
solution of cuproethylendiamine in an Hubbelohde viscometer. The dry samples
were weighed and treated with CED in a closed vessel under a nitrogen atmos-

phere and were stirred continuously. The solution must be prepared in the absence

of oxygen because oxygen has a rapid degrading effect on the polysaccharide
solution.

Infrared spectroscopy in Fourier transform

Vibrational spectroscopy has been, for many years, one of the mostly commonly
used experimental techniques for the characterization of materials, both in re-
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search laboratories and in industry’. During the last decades infrared spectros-
copy has also been used quite often to solve analytical problems in the field of
cultural heritage, especially since instruments with a high signal/noise ratio have
become commercially available. These instruments are able to measure very weak
signals in a short time so that only a very little material is necessary for qualita-
tive results, this means for instance that samples can be taken from art works and
from objects of historical and cultural interest®,

Reflection and transmission are the two principal types of analysis used in FTIR
spectroscopy. The instrument used for work reported here is a FTIR Brucker IFS
66 spectrometer with a Globar source (silicon carbide brought up to incandes-
cence), with a water cooling system and OPUS data processing program. The
samples have been analysed for transmission measurements, i.e. by registering
their absorbance. Transmission measurements vary depending on the state of the
sample’. In the work reported here measurements were made on solid samples
that were dispersed in a 13 mm potassium bromide (KBr) disk of variable depth
(between 0.1 and 1 mm).

Preparing the disks is the most delicate phase; in fact the results of the analysis
depend on how this operation has been carried out. The samples must be ac-
curately “stripped”, so that the appearance of the paper becomes similar to that
of cotton. The KBr must be ground prior to use in a ball grinder and kept in a
dessicator. Cellulose and KBr were then transferred to an oven and kept there for
24 hours at 90°C under a dynamic vacuum. At the end of the thermal treatment,
the cellulose was mixed with KBr in a 1:500 ratio and ground in an agate mortar
until a fine powder, which was as even as possible, was obtained. It is necessary
to make the samples as small as possible to minimize the scattering effects of the
incident radiation that is often the main drawback of this type of analysis. From
Rayleigh’s relationship:

S oc d3v4

scattering increases with rising frequencies (v) and with the dimensions of the
particles (d); for IR they should have a diameter in the order of um. The grinding
procedure must be done as quickly as possible because prolonged exposure of
the sample to humidity (present in the surrounding air) would nullify the previ-
ous vacuum treatment. After the samples have been mixed they are transferred
again to the oven and kept for 24 h under the previously described conditions.
Finally, the disk is prepared by using a press connected to a vacuum pump, it is
also necessary in this phase to avoid exposing the sample to humidity.

Cellulose is highly hygroscopic; the water content of Whatman no. 1 under
normal laboratory conditions is ca. 5%. In the IR spectrum this is confirmed by a
peak between 1635-1670 cm’' that can be very broad and cover the peaks of the
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Hydrolytic and Oxidative Degradation of Paper

Table 2: Viscosity measurements of the non treated samples. [N]?* cgp 5 = intrinsic viscosity at
25°Cin 0.5 M CED; - DP_;,, = mean viscosimetric polymerisation grade.

Sample Viscosity [“]25021) os (dV/g) DPiex
Whatman No.1 8.2 1230
Sigma-Aldrich 1.22 184

carbonyl groups of the cellulose samples. Comparing the spectra of disks, freshly
prepared according to the previously described procedure, with those of the
same disks kept in a dessicator for a month, we observed significant differences in
two regions of the spectrum. That around 1640 cm! corresponded to the ab-
sorption of water, and that around 3400 cm™! was related to the stretching of the
hydroxy groups. Nevertheless the absorption of water did not alter the absorption

capabilities of the sample; in fact, the spectrum was the same except for these two
modifications.

Finally, we emphasise that it is of crucial importance to prepare correctly the

KBr disk in order to estimate the absorption capabilities of the sample in the re-
gion of the carbonyl groups.

RESULTS

The samples of Whatman filter paper no. 1 and of Sigma-Aldrich 6288 cellulose

for chromatographic use were treated with sodjum hypochlorite (NaCIO

) and so-
dium metaperiodate (NalO))

for different lengths of time. Viscosity measure-
ments were used to estimate the effects of the treatments on the polymerisation
grade. Table 2 gives the viscosity measurements of the original samples.

Oxidation with sodium hypochlorite

Table 3 shows the viscosity and DP of Whatman no. 1 paper oxidized with hypo-
chlorite at three different pH values obtained with the Mark-Houwink-Sakurada
equation. Fig. 6a gives the decrease of DP. The curves at the three different pH
values have a similar shape; in the first section, the DP values decrease rapidly,
afterwards the depolymerisation process slows down until a nearly constant value
is reached. It is evident that the PH of the oxidizing system affects the speed of
the degradation process. If oxidation occurs in an acid medium (pH 5)

, the mini-
mum value of DP an be reached in an hour, the hydrolysis of the

glucosidic bond
74
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Table 3: Viscosity (n]*cgp o.5; (d1/g) and DP of Whatman no. 1 filter paper oxidized by NaClO.

pHS pHS8 pH12
toxidation (HOUTS) viscosity DP viscosity DP viscosity Dp
0 8.2 1230 8.2 1230 8.2 1230
1 1.00 150 5.1 770 4.7 713
2.5 0.82 123 3.0 450 24 360
3.75 0.80 120 2.6 400 22 330
5 0.76 115 2.3 350 2.0 300
24 0.73 110 1.6 250 1.3 190
48 0.72 109 1.2 160 1 150

Table 4: Whatman No. 1 paper treated with hydrochloric acid.

Ph toxidation (hours) ViSCOSi‘y [’1]250151) 0.5 (dl/g) DPuni(ex
5 2.50 8.16 1225

0.7 2.50 6.1 915

0.7 96 4.5 675

is speeded up by a high concentration of hydrogen ions. In an alkaline mediur?l
the degradation is slower. Comparing the curves of oxidation at pH 8 and 12 it
becomes evident that, at the higher pH, DP also decreases more rapidly, im-
plying that an alkaline medium also has a catalytic action on the hydrolysis of the
glucosidic bond. With an increased oxidation time the three curves converged to
the same value. This means that the pH had only a kinetic effect on the decrease
of DP. Depolymerisation was not only influenced by the pH but also by the oxi-
dizing effect of hypochlorite. As mentioned above, the possible points of attack of
a non-specific oxidizing agent such as hypochlorite, are the Cs, Cg and C3 bonds,
and, as a consequence, also the atoms C; and Cy are involved. The presence of
oxidized functional groups at carbon atoms adjacent to an atom involved in .the
glucosidic bond affects its stability, that is it increases its sensitivity to hydrolysis.
In order to evaluate the effect of acidity on the depolymerisation process, What—
man paper no. 1 was treated with hydrochloric acid. The viscosity data are ll.sted
in Table 4. The effect of this acid treatment is less pronounced than the combined
effect of the acidity and the oxidation. Comparing the DP after 2.5 hours of trfeat—
ment at pH 5 (Table 4) with that after hypochlorite oxidation for the same time
and at the same pH (Table 3), a decrease to 1225 can be seen in the first (HCI)
and to 123 in the latter case {NaClQ), that is degradation is ten times more. 'Ijhe
data confirm the symbiotic action of oxidation and of acidity on the depolymerisa-

tion process.

75



Hydrolytic and Oxidative Degradation of Paper

Table 5: Viscosity ([n]%CED o5 (dVg) and DP of Sigma-Aldrich 6288 cellulase oxidised by NaClO-

pH5 pH8 pHI12
toxidation (hoUTS) viscosity DP viscosity Dp viscasity DP
0 8.2 184 1.20 184 1.20 184
1 47 137 117 176 113 170
2.4 114 1 167 1.01 152
3.75 22 108 1.04 157 0.97 146
5 2.0 107 1,00 150 0.92 138
24 13 106 0.90 136 0.81 122
48 1 104 0.79 119 0.75 113

Table 6: Sigma-Aldrich 6288 cellulose treated with hydrochloric acid.

ph toxidation (hours) — Viscosity [n}¥cgp o5 (di/g) DPynigex
5 2.50 1.22 183
0.7 2.50 1.18 178
0.7 96 113 170
Table 7: Viscosity data of the oxidation by NaClO for two weeks (336 hours).

pH {NaClO) Viscosity [0} cpp o5 (di/g) DP,iex

5 0.72 109

8 0.73 111

12 0.72 109

Table 8: Viscosity ([Tﬂ%CED o5; {dl/g) and DP of Whatman no. | paper oxidised by NalOy.

0.01 M 0.03 M 0.1 M

toxidation (hoUTs) viscosity DP viscosity Dp viscosity DP
0 8.20 1230 8.20 1230 8.20 1230

1 5.93 890 3.06 460 1.60 241

2.5 2.60 390 1.95 293 1.23 185

3.75 220 330 1.66 250 113 170

5 2.00 300 1.60 240 1.10 165

24 1.60 250 1.42 214 1.07 160

48 1.46 240 1.40 210 1.07 160

Similar results were obtained with Sigma-Aldrich 6288 cellulose samples for
chromatographic use. The experimental data are listed in Table 5 and Fig. 6b.
The curves were very similar to those of the Whatman no. 1 samples; this led to
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1400 7 200 7 chromatographic celluiose
filter paper...... 4 pHS5

NaClO

- —
0 20 hours 40 6C 0 20 hours 40 60
1400 200 chromatographic cellulose
1050 filter paper 40,01 M
NalO4 =003 M
a 7060
——0,1M
350
"""" E EEERLEEEEE ]
0 T ' ' !
0 20 hours 40 6t 0 20 hours 40 60

Fig. 6: Decrease of DP vs oxidation time of Whatman no. 1 filter paper (left column) and of
Sigma-Aldrich 6288 cellulose (right column), with hypochlorite at different pH (first row) and
with sodium periodate in different concentration (second row).

the conclusion that the results depended on the oxidizing system and not on the
kind of sample.

The data of depolymerisation of Sigma-Aldrich 6288 cellulose induced by the
hydrochloric acid treatments are given in Table 6. Comparing themn with the data
of Table 4 it became obvious that the relative reducing rate was smaller than that
of Whatman paper under the same conditions.

Our study of oxidation with hypochlorite was completed by submitting the sam-
ples to prolonged oxidation increasing exposure for up to two weeks (336 hours)
(Table 7). We observed that the DP for both kinds of samples, irrespective of the
pH value did not drop below 109. This is the value of the complete degradation
of cellulose caused by a treatment with hypochlorite.

Oxidation with sodium metaperiodate

We studied the degradation of cellulose oxidized by aqueous solutions of meta-
periodate at different concentrations: 0.01 M, 0.03 M and 0.1 M. These solutions
were slightly acid with a pH of 5.4-5.7 for the more diluted and 4.7 for the more
concentrated solutions. Table 8 shows viscosity data and DP, Fig. 6c and Fig. 6d
show the average DP vs. oxidation time. It can be seen that by increasing the

77



Hydrolytic and Oxidative Degradation of Paper

Table 9: Comparison between 2.5 hours oxidation with metaperiodate and 2.5 hours treatment
with hydrochloric acid.

treatment pH DP
HCl 5 1225
HCl 0.7 915
NalO, 0.01M 5.7 390
Nal0,0.03M 5.4 293
Nal0,0.1M 47 185

Table 10: Viscosity ([n]*’cep o.5: (dl/g) and DP of Sigma-Aldrich 6288 celtulose oxidised by NalOy.

0,01 M 0,03 M 01 M
toxidation (DOUTS) viscosity DP viscosity DP viscosity DP
0 1,23 184 1,23 184 1.23 184
1 1,20 180 1,16 175 0.86 130
2,5 1,06 160 1,03 155 0.78 117
3,75 0,98 148 0,90 135 0.73 110
5 0,94 141 0,82 123 0.72 109
24 0,86 129 0,78 117 0.70 105
48 0,81 122 0,77 110 0.69 104

Table 11: DP of the Whatman no. 1 paper and of the Sigma-Aldrich 6288 cellulose after oxida-
tion {336 hours) with NalO,.

NalO, Whatman no. 1 Sigma-Aldrich 6288
0.01M 110 109
0.03M 109 105
0.1M 109 105

concentration of the oxidizing agent, DP decreased faster; nevertheless the three
curves converged to a common final number that corresponded to complete deg-
radation. The shape of the curves was similar to that produced by the oxidation
with hypochlorite, although the depolymerisation curve was somewhat smaller.
As said above, metaperiodate does not act directly on the glucosidic bond, but
attacks only the link between carbons 2 and 3 of the pyranose ring. The de-
polymerisation observed in metaperiodate oxidized cellulose was therefore the
combined effect of acidity and the presence of aldehyde in the ring. Comparing
these data with those of the treatment with hydrochloric acid, we concluded that
depolymerisation occurring after treatment with oxidizing agents was not only
caused by acid catalysis, but also by the formation of aldehyde groups. Table 9
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CH,OH
_*NalO, o W/H
H
H H

cellulose dialdehyde

CH,OH
H
H
HOH HO H
partially hydrated hydrated hemiacetal hemialdal

Fig. 7: Cellulose dialdehyde.

gives the data of the 9.5 hour treatment with the two agents. It can be seen that
increasing the concentration of the oxidising agent t.enfold ha?ved the DP and de-
creased pH by one unit. This supports the hypothesis that an mcreased'concen.tra-
tion of metaperiodate means an increased number of aldehyde groups in th‘e ring,
and the glucosidic bond becomes more sensitive to acid catalysed hydrolysis.

Table 10 and Fig. 6d give the data of Sigma-Aldrich 6288 cellulose. It can be
seen that the effects are the same as for Whatman paper. Table 11 c.ompar.es the
DP of the two types of samples after prolonged oxidation (.35'36 h with Perlodate
of different concentrations). Maximum degradation i.e. minimum DP is r'lea.rly
the same for both kinds of samples and all three concentrations; and also similar
to oxidation with NACIO (Table 7).

Infrared spectroscopy

As said above, FTIR analysis, both of untreated paper and of oxidized samples, is
complicated because of the high affinity of the samples to wate‘r: the peak of the
absorbed water is in the region of carbonyl groups and sometlm(?s even c.overs
the C=0 band. Also, the identification of the functional groups 1s. complicated
because aldehyde, keto and carboxyl groups of oxycellulose absorb in a .ve.ry Orllatt)r
row region of the spectrum between 1730 and 1780 cm'. For samPles oxidize h y
metaperiodate the situation is even more complicated because dxaldeh)fde cel u-
lose (Fig. 7) can exist in partially or completely hydrated f?rm, as hemxacetaldor
as hemialdale, i.e. under forms that do not present a classical peak of th.e ad e-
hydic carbonyl'. It is useful to compare the spectrum of the sample submitted to
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Table 12: Presence of the peak at 1720-1740 cmt.

non-treated samples treated samples assignement

no yes CHO
yes yes CO and CHO*
no no COOH**

The presence of aldehyde groups (CHO) can be deducted by the increase of absorbance
after thermic treatment.

the COOH absorbs at lower frequencies {about 1650 cm-1)

and is covered by the band of
the absorbed water,

a thermal and vacuum treatment with that of a treatment in the absence of heat.
The former showed, at least partially, aldehyde functions under non-hydrated
form, visible in the spectrum by a peak around 1750 c¢m! that corresponds to the

=0 stretching of the carbonyl group (Fig. 8a). In the untreated sample this peak
was absent (Fig. 8b).

The results of spectroscopy on the samples oxidized by hypochlorite depended
on the pH at which oxidation was carried out. The spectra of the samples oxi-
dized in a slightly alkaline medium (pH = 8) were similar to those of the cellulose
dialdehyde. The spectrum of the sample submitted to thermic treatment (Fig. 8c)
was different from that of the untreated sample (Fig. 8d), the first showed a peak
of the C=0 band, the other did not. Oxidation at pH 5 and 12 did not signifi-
cantly alter the spectra. The only differences were the intensities of absorbancy
relative to the OH band and to the absorbed water, which were less intense in
the dehydrated, i.e. in the thermally treated samples. In the spectra of the What-
man paper oxidized by hypochlorite at pH 5, the C=0 band peak was observed
even in the absence of heating (Fig. 8e and 8f). In contrast the spectra of the sam-
ples oxidized at pH 12 are characterized by only one value of absorbance in the
region of the carbonyl groups (Fig. 8g and 8h). Comparing the spectra of ther-

mally treated and untreated samples is a useful tool to identify certain chemical
structures. Table 12 summarizes the differences,

CONCLUSIONS

The results of this research support the hypothesis that there is a symbiotic action
between acidity and oxidation on the depolymerisation of cellulose. The presence
of functional groups formed by oxidation (carboxyl and carbonyl) increases the
susceptibility of the B-glucosidic bond to hydrolysis reactions catalysed by a high
concentration of hydrogen ions. The nature of the functional groups seems not to
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INTRODUCTION

Papyrus is one of the oldest writing materials in the world. In ancient times, it
was produced from the stem of the reed Gyperus papyrus Linné, which was culti-
vated for nearly 4000 years by the Egyptians on the banks of the Nile. This reed
served many purposes: the stem was used as food and in the production of vari-
ous objects, including carpets, sandals, and boats; the root was employed as a

fuel. However, these uses were secondary to the value of C. papyrus L. as a writ-

ing material. The oldest papyri date from 3100 BC

(blank papyrus discovered in
the tomb of Hemaka)

- Papyrus was used in the papal chancellery up to the 12" cen-
tury AD. This continuity in time has left the curators of museums with an ex-
tremely complex collection, in terms of the w
There are hieroglyphic, hieratic, and demotic
and even Latin, Aramaic and Arabic docume
writings (mainly Greek and Demotic)
only the long course of history,
this unique material. Thus, the
veritable library in which impo
rich illuminations lie next to rep

ritings and languages represented.
writings, Greek and Coptic texts,
nts, to which we can add bilingual
- These major linguistic families witness not
but also the vast selection of subjects covered by
collection of the Louvre, for example, includes a
rtant historical pieces and true works of art with
etitive sets of documents and simple texts.

THE HISTORY OF A COLLECTION

Papyrus occupies a special place in the histor
ment of Egyptian Antiquities of the Louvre,

In terms of number it consists of over a thousand Greek papyri but much
more Egyptian ones, among them more than a hundred Books of the Dead. How-
ever, these figures do not correlate to the size of many individual items, as certain

Egyptian papyrus rolls are 21 m long, whilst some of the Greek documents are
very fragmented.

y of the collections of the Depart-
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i i 9" century. The first were the largfe
The. papyrus .COl(lielc)tlOtﬁew:(jnf::lr:;jlltna:;eDlrovetti, ar>1,d later A.P..Ch. Anasltlamsz
Clzl(;el():tlotﬁs T:?tlel;r(;nd )103 by the former. Among them werfe rarethpuslclijéi s1(1)cr t :e
i nts of poetry from the ,
the well own Pa‘pymfs orrrll I;g:rorizg::,lirjgs::)lls of fEnera{)’y relig_ious papyri an;i
Mouni Pepyrus & ng lr((;ocuments, contracts and letters. The initiators of the C(})1 -
alarge numbe'r of legah time when Champollion had just discov'ered how the
lection, who lived 2 tked already realized that the documents wr.1tt<?n on paPy—
Bgyplian language wor el , works of art, but also documents rich in mformatloil
rus proved 'to }?e, i }?nlzlharaohs. The first entry in Salt’s inventory reads as fo t
on the civilization f)f t li autiful writing with rubrics and symbolic sce.nes of grea:j
lows, “A long text in faEe tian psychology. The drawing of figures is bo.lddanIt
value to the stuy © gz(fn » In 1853 the Clot-Bey collection was af:gulre .H
careful PerfteCt prese'rv'alar v-alue, including the Neferubenef and Horned]ltef’scfrtl) s.
contained pieces of Sl;ntlhe manuscripts was produced by Théodule Deve'rla -Ht
The first Cz'ltak')g;\le c(l) the wealth of the collection with more than 400 entries, in
1872. and highlighte lete illuminated series of Books of the Dea.d. | Bustne
cluding an almost Comlf? the 19" century, the philologists Paul Pierret an .ugle !
In the last 4uere” O1 important acquisitions on behalf of the museum, inclu
Révilout made Sever? l 'tFen documents, partly limestone tablets.and partly pa
ing a large nu.mber of}m ents of many different languages. A smgl? t?ntry Zag
pyri with a mixture o ra}i:ldred items (for example, E 6846). -As Rev1l'lc})1ut r}n
include up to some Oni of buying exemplary pieces, he co'ntmued, wit .coS]
pot have the oppto rr::(? 1t>(,) extend the demotic collections, which were previously
mendable competence,

. h ion. He also ac-
in the museum, and to enrich the Greek section

ented in
poorly repres

ries, such as the Brugsch collection, consisti.ng m.airltl}i’r;):
quired homogeneous s¢ tl;e Chester collection, which was acquired in v
objects from Fayum. Orts are contracts (sales, rents, or marriag(?s). quteI(_)I \e/:
stages’. These d'ocumel?'storical value because they include preFlse datesl.l S ’
they are of partlf:ulér 1 acquisitions was not in accordance with the co 'ec io f
ever, this specialization 1n 1836 the Museum Council stopped all acqul_sm.or;ls\ ©
policy of the museuin Itn and even envisaged their transfer to the szlz.of ‘€que
palacographic documen Sthe collection was practically frozen. A few ?C‘]ulsxt;]()_nlsl
Nationale. From theﬂlhO“’ tury. Some of them were linked to other objectsvfw ‘Cx_
were made in t.he 20 ;;}:vrubyg.an Book of the Dead, others completed a sf;t ( }‘:r fll
was the case Ymh thet Pe ri bought in 1995) or filled in gaps, such as the liisi)i
ample, the IVine Mdglf .aS‘iizz‘men and Nespakachouty. The most spectacularhalC q ical
decorated papy™ from Ihac Papyrus in 1945, which is an important myt o1 (ig;el
tion was thatl O.f thihj:i’ZIigious legends of an entire region of Egypt at a relatively
document relating

late period (Fig: 1)- g5
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influence the phenomenon. The results obtained for the paper samples oxidized

by sodium metaperiodate (NalQOy), that is for aldehyde cellulose, are comparable to
those submitted to random oxidation (NaClQ).

In order to evaluate and compare the effects of the specific and non-specific
oxidation, the samples were submitted to FTIR analysis. The results of the spectro-
photometric analysis demonstrated the importance of our sampling procedures
for accurate identification of the functional groups introduced by the oxidative pro-
cedures in the cellulose molecule. The ability to absorb in the C=O region was
influenced by the thermal treatment undertaken prior to analysis. Particularly

informative for the identification of the functional groups is the presence or absence

of compounds at around 1720-1740 cm™! in the spectrum of the untreated sample.

SUMMARIES

Hydrolytic and Oxidative Degradation of Paper

Twa samples of pure cellulase of different degree of polymerisation values were submitted to
oxidation degradation by a specific agent (sodium metaperiodate) and by a non-specific agent
{sodium hypochlorite). The degradation process was monitored by viscosity measurements in
order to check the degree of polymerisation. It is demonstrated that both samples have similar
behaviour and that the degradation process results in a common value. The samples were also

submitted to FTIR spectroscopy and the results make obvicus that different functional groups
derive from the oxidation process,

Dégradation hydrolytique et oxidative du papier

Dans cette étude deux échantillons de cellulose pure 2 différents degrés de polymérisation ont
€t¢ soumis a une dégradation oxydative par un agent spécifique (
un agent non-spécifique (sodium hypochlorite)
fectuant des mesures de la viscosité afin de
démontré que les deux échantillons ont un co
dation aboutit & la méme valeur limite du

sodium métapériodate) et par
- Le processus de dégradation a 616 controlé en ef-
déterminer le degré de polymérisation. L’étude a
mportement similaire et que le processus de dégra-
degré de polymérisation. Les échantillons ont été

R et les résultats ont mis en évidence que différents
ssus d’oxydation.

également soumis a une spectroscopie FT1
groupes fonctionnels proviennent du proce

Hydrolytischer und oxidativer Abbau von LPapier

Es wurden zwei Proben aus reiner Zellulose von verschiedenem Polymerisationsgrad einer Oxi-
dation durch ein spezifisches (Natriumperjodat) und durch ein unspezifisches Mittel (Natrium-
hypochlorit) unterworfen. An den Proben wurden Viskositdtsmessungen zur Bestimmung des
Polymerisationsgrades durchgefiihrt. Es wird gezeigt, daB die beiden Proben ein snliches Verhal-
ten zeigen und daB der Abbau zum gleichen Grenzwert des Polymerisationsgrades fithrt. Die
ebenfalls durchgefiihrten Messungen mit FTIR-Spektraskopie zeigen, daB sich an den verschie-
den behandelten Proben verschiedene funktionale Gruppen identifizieren lassen.
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Fig. 1: The Jumilhac Papyrus E 17110 (

Ptolemaic period: ca. 140 BC)

It is a special characteristic of the Louvre collection that there was no acquisi-
tion of papyri from excavations at the end of the
larly, in the first half of the

Mariette, explorer of the Ser
ments of the Greek poet Alk
Clermont-Ganneau on the is

19" century and, more particu-
20" century. Apart from the donations of Auguste
apeum of Memphis, which included some rare frag-
man, and sacks of fragments from the excavations of
land of Elephantine, there have be no real donations
from excavations. However, there were some donations given by Egyptologists.
They understood the scientific value of the texts they had acquired and were gen-
erous enough to offer them to the Louvre, Examples of this kind of acquisition
are the Sarcophagus texts, donated by Alan Gardiner and Raymond Weill, the Rames-
sides Letters donated by Emile Chassinat, the exceptional Titular of Rameses II do-
nated by Stier, and the Gosset donation of the Pentaour Poem.

The state of preservation of the collection in the Louvre is extremely variable.
The early papyri were stored in rolls, often cut into many smaller sheets and then
glued onto cardboard supports for better presentation and documentation. Scat-

tered and fragile fragments were repeatedly moved and re-housed, often without

any protection, suffering inevitable damage. Certain pieces have been repeatedly
restored, some for the better, others for

the worse. Finally, the most spectacular
pieces were exhibited for many years in the public galleries of the museum, con-

trary to modern recommendations on Preventative conservation.
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LIMITS OF KNOWLEDGE

While the palaeography and the reading of a pz%pyrus document enzbtlest}fhii
Egyptologist to understand its purpose, mo.st papyri cannot be clonzectfi \; Cen
archaeological context. Only a few papyri have. been accuraFe y dated. We ca
understand why religious and funerary texts, VV.hICh were destm.ed to ac.cc.)mpa-ny
the dead for eternity, remain undated, but this is not the case with administrative
documents, where we would expect a precise dating. The.oldest samples are also
the most rare, for example, the Abusir Papyrus, tl.de archw.es of th? N‘efenrk;re
temple (V" dynasty) and the Mounir Papyrus, Wthh. described de':hverles 1un er
Pharaoh Tutmosis I1I. However, some of the most important series of religious
i isely dated.
pa}’)ryhr; Cca:)rxlxr:i(;tti:rex g;i;e cgllection has highlighted thfe need for r?storat%on, Yvhich
means the need for prior scientific studies. ResAtoratlon automatically 1mph§? an
understanding of the different materials use.d m. the mzmu.facture of t:e 0 ]ect:
Through close contact with the object during its restorafxon, researc ca; enf
lighten the methods of its production. This research combines the apprf)ac es od
a scientist, a curator and a conservator. It aims to understand the techmqlues az
“recipes” used, to follow the working proced.ures of the craftsman},1 to ar‘lahytscle] tv:
“ageing” processes of the constituent materials af‘ld to reveal w. at Tlg adi-
been the original function of the object. Hence, it touches on dlSClI.:) ines as
verse as cultural history, botany, physics and th'e many facets of .chemlstry. .
Even though the literature on the production ?md restoration of p?pﬁ/rus' is
quite extensive®™, many intriguing questions are still unansvs.'ered. The fo 0\'~mg
are the most common, which have been posed repfatedly since .the f}i:s;v;rlts:
commentary’, Natural History by Pliny the Elder (1" cent. A.D.), in which he

scribed in detail papyrus production.
How do the two layers of papyrus stick together? Is it because of alluvium
e Ho

0 the Nile’, sugars liberated by the plant*’, the presence of some sort of
rlom uch as s;arch”"” or the imbrication of the cells provoked by the pres-
glue, s ,

sure imposed during the drying process?

. 712
» Which part of the stem was used to cut the strips of papyrus”'#:

e Why are some papyri whiter than others?

e What is the impact of time on papyrus?

In order to answer these questions, we decidedhto produce o.ur ow.n ptaf)::i
and analyse the various organic compounds and mfneralﬁ found in aquuenle f; <
mens. We also examined the behaviour of papyrus in various types of acce

ageing experiments.
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PRODUCTION OF PAPYRUS USED AS A WRITING MATERIAL

T.he stems of C. papyrus L. are triangular in cross-section and can reach 4 m long.
First, the stems are stripped, and then the pith is cut into strips'®, A series of 37- to
45-cm strips, according to the format desired, are laid parallel to each other to
make up one layer. A second layer of 10- to 20-cm strips is then laid perpendicu-
larly to the first; this forms the writing surface. The whole is then pressed or

F)eaten, until the sheet of papyrus is completely dry. Scrolls were made by stick-
ing many of these sheets together.

Some researchers have manufactured papyrus” 16

tions’, we ma.de some .Of our own from the stems of C. papyrus L. cultivated in the
Muséum National d’Histoire Naturelle in Paris. The method described above was
used. The papyrus was dried in 2 press between blotting paper, which was

changed regularly. We also tried beatin i i
g the papyru t )
procedure. We observed the following. PP i water belore the cryine

and, using their observa-

* The action of the press is sufficient for the a

. dhesion of the t )
The addition of glue is therefore unnecessar of the two papyrus layers

y.
* Smpcsihcm from the IO\tver part of the stem are more translucent and give a bet-
ter adherence than strips cut from the upper part, which are more opaque.

The colour of the Papyrus is related to its thickness. The thinner the papyrus
the quicker it dries, and the whiter the resulting sheet. This can be ex I:)ini)c,l b ’
the. fact. that C. papyrus L. contains enzymes such as phenol oxidase alr)xd lactasey
which, in the presence of OXygen, acts as a catalysts for the oxidation of the lan;
ph'en‘ols. The monophenols are oxidized into orthophenols, which are irlptllrn
ox1'dlzed into the Corresponding quinones; quinones are cc;loured compounds
This process is the reason Papyrus turns brown on contact with air. Wien th(;

pith of C. papyrus L. dries, these enz .
) ymes are deact
any action on the plant phenols. Thjs js coctivated and can no longer have

: . why, once the pa i i
combined action of water and oxygen has ; e Thie s 1 o
cord i i

or arllce with what we have observed in the collections of the Louvre, thicker
papyri are darker, whereas the thinner on ,

es are much lighter. A brown dis-

coloration can also be induced by beating prior to drying

ANALYSIS OF MINERALS

The mineral analysis was carried oyt by proton
using the AGLAE particle accelerator of the Ce
musées de France (CRMF)

-induced X-ray emission (PIXE)
nire de recherche et de restauration des

88

FRANCOISE FLIEDER ET AL.

Description of PIXE analysis with an external beam

The proton beam leaves the accelerator through a kapton window. B‘ecause the
sample is outside the accelerator, PIXE has the ad.vantage of ‘performling at‘n:)nl—c
invasive analysis of works of art irrespective of their form or S.IZE. .At the poin tc.)
impact of the beam, the object emits X-rays the energy of which is characteristic

for the elemental composition of the object. The external beam line of the ac-
: 17
celerator comprises a number of different parts’’.

e The document is mounted on a support that can be moved in three dimen-

sions and position the zone of analysis correctly within the particle beam;

e a small camera allows observation of the document and its position from the

control room; _

e two X-ray detectors are used for low- (<5 keV) and high-energy X-rays;

e a helium atmosphere between the object and the detectors permits the de-
tection of X-rays emitted from the light elements, which would be absorbed by
air: all elements above sodium can thus be determined quantitatively.

The detectors are calibrated using thin targets of accurately known elemental
ition (in mg/cm®). .

Corg;\(,):;lf}l klow senetration of 3-MeV protons into solid materials (a few tens ?f

micrometers), PIXE analysis is particularly well suited to the analysis of thin

: 4 18-21
films, such as inks, miniatures, and drawings™®™*".

Experimental conditions

The proton energy is 3 MeV. This is reduced t? 2.85 MeV at the.sampl’e, a}ftezthi
beam has passed through the 8-mm kapton window. The beam intensity 1s & ou
100 to 200 pA. The beam diameter is defined by a tantalum aperture 0.5l mm in
diameter. The analyses of the standard samples and the samples t}.lemse ves a.r::ei
carried out at a constant dose, as measured by the number of particles scattere
it window. 2

ba?llfhiyatr}:;e:fl te:::r}lldX—ray line is calculated using the GU.PIX_ program“. :l{‘: ¢
apparent concentration in atomns/cm? is deduced from calibration curves. ‘ 113
value is then corrected for the self-absorption of X-ray photons by the material;

the energy loss of the beam is not corrected.

Results '
The most abundant elements detected in all the papyri analysed were sodium,

silicon, chlorine, potassium, and calcium (Table 1). Magnesium, aluminium, phos-
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Table 11 Concentrations of clements detected in the papyri using PIXE analysis (atoms/cm’ x
10",

N 3074 N 3092 E95565 K 25353 E 95353 N 3265 L3226 3298 114703 L 25416

cleaned cleaned

Na 14 14 1.5 144 1.5 90 63 40 55 68
Mg 48 43 16 62 22 3s 15 12 9.7 16.7
Al 1 33 2.4 9.0 4.5 1.0 12 7.7 9.3 19
Si 48 42 33 60 69 64 41 87 50 98
p 1.8 2.7 0.3 7.8 59 7.3 55 6.1 4.9 13
S 23 6.7 2.6 43 57 14 7.1 6.0 5.6 14
i 6.9 8.4 29 96 52 51 57 6.1 22 107
K 82 67.2 6.0 52 47 60 72 84 72 183
Ca 72 38 69 64 138 145 54 66 192 332
Ti 1.4 0.5 0.6 1.3 0.9 19 n.d. 2.8 1.5 3.8
Mn 0.3 0.6 0.4 0.5 0.3 0.8 0.3 0.4 0.7 0.8
Fe 1.0 5.3 3.9 10 6.2 1.3 6.9 3.4 6.9 14
As 0.9 3.5 2.3 nd.  nd. a4 nd. 83 n.d. nd.
Br 0.1 0.1 0.1 0.2 0.1 0.1 0.3 n.d. 0.1 0.3
Sr 0.2 0.1 0.2 0.2 0.1 0.2 0.1 0.1 0.1 1.0
all 267 197 127 494 944 445 334 330 430 706
— =7 77F % 334 330 430 706

phorus, and iron were usually present, but in lower concentrations. Traces of ti-
tanium, manganese, bromine, and strontium were present. Arsenic was found in
only a few fragments.

In the case of the papyri that had not been cleaned, most of the elements de-
tected came from the surface layer of pollution. This is particularly the case with
the low-energy X-rays, which correspond to the lighter elements. For the high-
energy X-rays, the Corresponding elements may come from the surface layer or
the papyrus itself, provided the energy is high enough for the X-ray photons to
cross the layer of pollution without being absorbed too much. A previous study
has shown that total mineral content of modern papyri is no higher than 100 x
10* atoms/cm?. Table 1 shows that the Papyri analysed had a variable degree of
pollution by various polluting agents. In the papyri that had not been cleaned,
the mineral content varied from about 200 x 10% atoms/cm?, for the least pol-
luted papyrus (N 3092), to more than 700 x 10' atoms/cm? for the most polluted
sample (E 25416).

The main polluting agent for all the

papyri that have not been cleaned (except
N 3074 and N 3092)

appeared to be salt, characterized by sodium, chlorine, and
traces of bromine. This contamination is characteristic of many Egyptian objects.

Potassium, which is present on all the papyri, could be associated with the salt.
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Fig, 2: Histograms of mineral element content demonstrating the effect of washing,

However, the two papyri that contain very low amounts of sodium (N 3074 and
; h high potassium contents. | |
Y ‘?I‘Ohgg) :)ci:ndha\;;utigigent is calcium, which seems to exist on the papyri as
its carijnate Hr())wever the presence of small amounts of sulphate and phosphate
i . :
ded. |
car:;x;;t b;"' e;(CIZHEting agent is silicon, which is present on all the samples pxlob-
ably 'xel :h: foFr)m of a mixture of quartz and earth and which can be characterized
1
x others.
by aluminjum, iron and manganese, among o » |
y; um;nolf arsenic were found on four papyri (N 3074, E 3228, and two fragments
f tgaceame apyvrus, N 3092 and E 25565). These documents were pr.obably
zont:msinatedpwlzgm arsenic pigments (orpiment) either during being inscribed or
by contact with the environment in which they were found.

Fffect of cleaning upon polluting agents

As there were two pairs of fragments from the same Obje?t’ 'one ;‘;\;hgeor;;lia&if‘
and the other not cleaned (two fragments of papymS‘E 20953 m-]bl to d t’ rmine
remained dirty and E 25565, which was cleaned), it was possi be ol ete e
the effect of washing with water. The element.s most.ly affeC.ted {ﬂc caning o
those which form water-soluble compounds (Flg.‘Q)‘, Le. SOdfum’ ¢ orme,vpz N
sium, and sulphur. The rare earth elements, alumm)u‘m and iron ar.e r.emOh-e . ‘)’

ine llicon is relatively stable. The amount was increased during washing in
waSh;Zi Sall:soéecreased in another. Calcium increased in both cases, probably
one
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due to the temporary hardness of the washing water. However,

sibly more feasible hypothesis is that when the
washing,

another and pos-
pollution layer is removed by
only the elements in the papyrus itself are analysed. The same may ap-
ply for silicon. This effect is less obvious for the other elements because it de-
pends on the difference between the concentration i

n the pollution layer and that
in the papyrus itself,

Special case of the Abousir Papyrus (E 25416)

One of the fragments analysed in Table 1 (E25416)
cium and also a quite high sulfur content levels. X-
surface of a sample revealed the presence of calciu
sum. Also zinc (not reported in Table 1)
relevant compound was not identified. E,
firmed the presence of sulphur and calci
ized in submicron grains attached to the
two compounds in these fragments remaj

shows exceptionally high cal-
ray diffraction analysis of the
m sulphate in the form of gyp-
is to be found in this fragment, but the
lectron microscopy of that sample con-
um, and showed that the zinc was local-
calcium sulphate. The presence of these
ns unexplained.

ANALYSIS OF ORGANIC ELEMENTS

Starch

C. papyrus L. contains native starch, which is situated around the conducting fi-
brer. The form in which starch i found in papyrus used as a writing support is an

important key to know how papyrus was manufactured in the past.
Our method was to cut sections

lugol for study under the optical m
cient papyrus.

using a freezing microtome, stain them with
icroscope® *!. We analysed two types of an-

Undated papyri of uncertain ori

gin, provided by the department of Egyptian
Antiquities in the Loyvre,

Papyri dating from between the 3rd century BC and the 8th century AD,

which mostly came from papyrys cardboard {i.e. several sheets stuck together)
given by the Sorbonne Institute of Papyrology.

Altogether, fifteen papyri were thus examined under the optical microscope,
and classified into three categories.

y

* Starch was totally absent in three of the samples from the Sorbonne Institute of
Papyrology (Sorb. 1, Sorb. 3, and Sorb. 6)

. The various restoration treatments
to which these objects had been submitted

could explain this observation.
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te 1. Left: A longitudinal section of the conductipg fibers with
Cop erfa.ce Right. Transversal section of another fiber. The en-
the su ' en as grains inside the papyrus and as starch

Fig. 3: Section of papyrus
the burst starch grains on .
dogenous starch appears darker and can be 8

on the surface (x 190).

ontained endogenous starch (A2, A6, A7, Copte 1, Sorb. 2,

e Seven papyri only ¢ These samples must, therefore, have been manufactured

Sarb. 4, and Sorb. 7)
’ L. ue.
~ ddition of a starchy g S
without the grains varies greatly among the papyri. This can ‘be
lained by the age of the C. papyrus L. stem when it was harvested and dried
explained by

to the sun. Two of the papyri were found to have grains of starch
by exposure .

J burst due to thermal effects experienced over the centuries (Fig. 3).
that had burs

apyri (A3, A4, Copte 2, Copte 3, and

» Astarchy glue va- founz\(;nai‘f gfo;?tz g)pv};ere(a made of three layers (Fig.z%),
sorb. 4. TW-O g theseas found. In these cases, the starchy glue was found in
between which glue Wf apyrus from the same scroll. Wheat and barley flours
the join o fWO Sl'leettlieo El)u;)s. Indeed, the size of the intact grains looks very
were identifiec 18 1 gIn two other samples (Copte 3 and Sorb. 4), a starchy
much like fhese e :-surface of the papyrus. They came from the Sorbonne

d were found as papyrus cardboard, made from many

s The density of the starch

paste was found on th
Institute of Papyrology an
layers of papyrus stuck together.
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100
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Q
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100
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Temperature <)
Fig. 6: Thermograms for cellulose and li

gnin. The broken line is the
thermogravimetric curve.

“First Derivation” of the

peak, we did the same thermogravimetric

experiment with pure cellulose and lignin (Fig. 6).

Results

Because of the large amounts of mineral co
pyri, the relative concentrations of or
deduction of the percentages of ashes
Fig. 7 gives the thermograms of mode
(Louvre E 25416) and the papyrus So

* The thermal degradation of pa
to the loss of the following pro

* between 100 and 250°

mpounds detected on the ancient pa-
ganic compounds was calculated following
and water linked to each sample (Table 2).
n white, modern brown, the Abousir Papyrus
rbonne 3. The following can be observed.

pyrus is divided into three stages corresponding
ducts:

C: bound water
* between 250 and 380°C: cellulose

* between 380 and 600°C: lignin
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igni i f bound water and
Relati lues (percent)of cellulose and lignin (after deduction o
Table 2: Relative va

ash) in modern and ancient papyTt.

: ! S6 S7
modern modern  E ‘ S3 S4 S5
white  brown 25416

56 ) 60 58
N . 58 67 66 61
cellulose (and decomposition 60 68 0 .
. g . QA
roducts of lignin) . 49 33 34 39 4
p 40 32
lignin

ysed decomposition occurs in a narrow tem-

|
» When the pure products are ana he derivative curve is very sharp. Cellulose

perature range and the pfakfi?hits (Fig. 6)
. s eo e .
provides a trking exalrlml) se and lignin found in the modern papyri (:?ble 2)
f cellulo 25 hi oxi-
. nt w;:th the results found by others? ,J:me :rovrv:s, Dl.l%mr)l’g e
are In agreeme different thermogram from the w 1€ papy J : & of lignin
dized papyrus has ai- in degrades first. The decomposition pro ;c o
ageing of pap?frus’, ltghne same temperature range as cellulose ( 1gl. .in o
become VOlatdl(: :in to cellulose is thus broader, and that due to lign
pap.). The peak due

rower.

e The percentages 0

the base of the results found in this re-
* It would be prema.ture ;Zrdt;;w;ntim papyri. Nevertheless, we car; }llypo::;
search, Ay o 6. Sorb. 5, 6 and 7 have percentages of cellulose X
size. The Papyri Eh25iloéern white papyrus and appear to ha\(;e t:g:crigzzd
lignin similar to the r. Sorb. 3 (Fig. 7) appears to l?e more Tlg aded and
e oxication Howeviic;n of lignin in Sorb. 4, in which the polluti mragon
e ey o ancznctlr:aned with acid (recognizable by the low conce
seems to have bee

joration. .
of ash), reflects a strong deteriora ising, but should be interpreted with
vel’)’ proml ) ne pa-
iminary results are . io can vary from one p
These prel'xmll.1 ythat the initial cellulose-lignin rati N ;)S’ the season of
caution, considering ding on a number of parameters su he current state of
pyrus to another ‘depe.n'rl the technique of manufacture and the
harvest, geographic origin,

the manuscript.

In order to provid :
place of origin, we are planning
and lignin in fresh papyrus stems

i i ine their
ion to help date ancient papyri or determi 1
e inormao tudy the relative concentrations of cellu os;
to s ! "
grown in different regions (France, Egz;pftf, t
ill also analyse ditferen
i ing or autumn. We wi !
N in cither Sprng llection of samples an
Sicily) and harvested i ' O end our €0
i mportan
m. It is also 1

parts of the ste e and location.

i dat
study many more papyri of known )
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Fig. 4: Section of papyrus A4. Three layers are visible. A starchy paste
been used between the wo layers (x 190).

(darker area) has

Finally, we analysed a join from a Greek papyrus (A3), in which a starchy glue
was also used. Some of the very small starch grains remained intact
in size) but these cannot be attributed to any known starch (Fig. 5).

Thus, it became obvious that no glue was used to stick together two papyrus
layers during manufacture. Starchy glue seems to have been used only to stick
two sheets of papyrus to make a scroll or to make cardboard at a later date.

{2 mm x 4 mm

Cellulose and lignin

Papyrus is mainly composed of holocellulose, comprising cellulose (54-60%)
hemicellulose, and of lignin (36-40%)'? their proportions determined by lo
and season.”* These polymers are organized accordin
(a-, B-, and y-cellulose).

The problem is to find out whether the relative proportions of these compo-
nents can be used to characterize a papyrus and determine its state of preserva-
tion. To examine this hypothesis we have analysed by thermogravimetry papyri
from different epochs and various geographic locations®

Thermogravimetry analysis is a simple, rapid and reliable method requiring a
small sample. It involves monitoring the loss in mass of a material as a function

and
cation
g to different morphologies
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A f he bla(;k vertica bar |d co |esp0 dS foa starcl Yy ger In-
yl 1S 3. Le 1.

Fig. 5: Section of pap center of photo (x 470).

he
tact graing can be observed near t

¢ as a function of time at a given temperature

range of physical and
is). The change in mass correspo.nds toa . gs o 1;131 p); ey
(isothermal analysis)- hich can be used to characterize the variou omponents
. ¢ \
chemical PrOijseSv 2/ t;on curves. In the case of a composite material,
studying their degrada

t useful.
pyrus, dynamic analysis has proved to be the mos

of temperature (dynamic analysis) 0

Experimental conditions .ed out using a TGA7 Perkin-Elmer thermobalance,
carrie

to () P i i f IOOC
‘““ ( tem erature range Wlth a heatlng grale O

ixture Of OXygeIl (200/0) alld nitrogen (80 /U) and
mix

96 ighs about 1 mg.
is ini essure of 1.35 ba *. The s.ample W:Iz‘éorb 6, Sorb. 7 and Abousir
is injected at a pr les of dated papyrt (Sorb. 5, Sorb. ,t o 1o analysed.
We worked on samp dern papyri manufactured in Egyp. T o, was
Papyrus E 25416). Ewgtrr::r)as made in a press. The other, which wa ,
One was very light; ¥

beaten before being dried.

In the thermograms prese.nte cterized by the
cellulose and lignin which is chara
e 2]

These experiments were

which operates in the 50 :
a

per minute. The purge g3 is

Jow, we can see the rate of degradation of
d beow slope of the curves or the
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| brown papyrus
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Fig. 7: Thermograms for the modern and anti

que papyri. The broken line is the “First Deriva-
tion” of the thermogravimetric curve.
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i i °C 65% RH), light
Table 3: pH of the modern papyri after accelerated ageing by moist heat (80°C 65% RH), lig
able 3: pH of the

(25°C 50t RH) and pollution (SO, + NOy)

i Polluted
80%565% Light Pollute
hi brown white brown white Brown
white

5 7,7 6,8
control 7.7 6.8 7,7 (;,i o
I week 7,0 6,5 7,2 5 o .
2 weeks 7,1 6,3 ;,g ;,7 n

58 ; ) ‘

oo 23 2 7 6,9 44 39 1,9
6 weeks ; 5,

STUDY OF THE DEGRADATION OF PAPYRUS

0] on C i P p i € ec'ded to
l‘ 1 O d ‘()n 1 t y 1, W 1

1 nditions for ancien a I d
deﬁne the beSt conserva

dy the behaviour of papyrus in the presence of the principal agents cansing
study the behaviou

hysical and chemical degradation: heat, humidity, light, and pollution. We have
physical and che

. . - th
th lvsed the behaviour of two modern papyri (white and brown) in the
us analyse

i ive agents.
presence of these various aggressive g

f 3 tests
Experimental conditions: Choice of ageing and

Ill OIdEI t for the kl“etlcs Of the degladatlo“, the Pa-p)‘ll were a!lalysei[ 211 er
O mor

2, 3, and 6 weeks exposure 10 three types of aging: I
* Heat and humidity according to the IPSQ 5630/3: )

at 25°C, 50% RH.
* Light irradiation: 1500-W xenon lamp

¢ I()u\l“{)][ m an a“ll()sl)he[e COIltamlng QG PF“) I : 2 ﬂnd ]C pp“l SOQ at 30 c)

50% RH. o

For describing the degradation of t :
strength (zero span tensile strength), aci
and oxidation {copper number).

he aged papyri we measured the mechanical
dification (pH), optical constant (whiteness)

Results | .-
H measuring are¢ presented in Table 3, thoszei of wllnteness and oxi
?‘te res'“k;";’fg T}r:: following general conclusions can be drawn:
ation in Fig. 8.

; ibres in papyrus, the re-
i h: Because of the heterogeneity of the fibr Z np Ezl/ o allow
" Tensle Strenit f‘ the zero-span measurements are too diSpers
sults obtained from

reliable interpretation.
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whiteness

copper number
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Fig. 8: Variations in the degree of whiteness
brown papyrus.
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a significant acidification of the white pa-

rus. and a pronounced drop in pH for the brown papy.rus.'We noted that
brows ; also acidified after accelerated ageing with light (Table 3).
wed under the action of heat. This
appeared in the first week and then stabilized. The bef:aviour1 of tl:. pa}?yri
upon exposure to light was Very different. A.fter 1 w{eek s acce eratel. ahg:ubxgz
the white papyrus had yellowed, but then, with ongo‘mlg ez(posure;oh:;gr ; be
came progressively whiter. The brown papyrus rapidly became hg

the beginning. (Fig- 8)-

brown papyrus was

bservation was that the copper number of the nox.x—aged
brown papyrus was three times higher than tha% of thg Todn_taged Yvh,itgcsz t
pyrus. This indicated that the beating of'the pith ha de to ZSng) ean
amount of oxidation in the material. Following acce.zler;.xte age;]ngb ue ag :
both papyri suffered significant oxidation. The o.x1dat10r1 ;:f c; ealuzvizoph};gyh
rus, after 6 weeks exposure to pollution and to light, reached v

to be measured (Fig. 8)- )
These results show that during accelerated ageing, the white papyrus reacts

much better than the brown papyrus. This can be explained fby the high degree
i d of manufacture.

idati apyrus, due to its metho .

3 (')f)ﬁj ai?;;ﬁ;ﬁi: rc(;t?eg g;r/ six weeks exposure to pollution appears to have

i th
little effect on the cellulose in the white papyrus, but has more effect on the

. . ] f both types.
brown. Light causes neghg1ble degradation of 0O yp Y .

CONCLUSION
This study has shed new light

writing material. We can draw s
¢ No glue was added for the adhe
e The sheets made with the lower

stick together better than sheets mal o contain hi
¢ The sheets dried after beating are very brown al

lulose.

The analysis of the minera
papyri provided an opportunt
Considering the valuable natare
favoured non-destructive metho
Some proved to be moreé appro
prormising.

of the technique of manufacture of papyrus as a
everal conclusions.
rence of the strips.

part of the plant are
de from the upper part of the plant.
ghly oxidized cel-

more translucent and

al and organic elements in the ancient. and mc;de;n
ty to test 2 number of different analytical met. o ls.
of the documents concerned, we have obviously
ds. or those which required very small sa?mples.
pr’iate for our studies, while others remain very
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We have, thanks to the PIXE method, analysed the mineral content of the pa-
pyri. The identification of the chemical content in the pollution layer of each
papyri reveals the influence of the cleaning process. However, the analytical re-
sults are difficult to interpret because the mineral content of the papyrus itself can
interfere and also the elementary analysis gives little information on the chemical
compounds present in the pollution layer.

Regarding the organic compounds, we used thermogravimetric apalysis to
measure the respective concentrations of cellulose and lignin in some modern
and ancient papyri. The results brought us to form the hypothesis that there is a
correlation between the cellulose-lignin ratio and the condition of papyrus.

Our experiments will be continued and be extended, not only in order to
confirm this hypothesis, but also in order to find a better understanding of the
history of papyrus conservation, alterations and any treatment that such an object
may need at present. We hope that this technique may also prove to be useful in
dating and locating the origin of papyri.

This work has also brought a result for practical conservation. The behaviour
of modern papyri during accelerated ageing has demonstrated the disastrous con-

sequences of exposure to light. This very important point should be taken into
account for exhibiting papyrus collections.

ACKNOWLEDGEMENTS

We would like to express our thanks to Prof. Blanchard, who kindly provided the
ancient papyri. We thank M.C. de Bignicourt, who has done the analysis regarding
starch, Prof. Roland, Michel Abadie and Monique Mousiniak, who helped with
them and Prof. Vairon for his help in the interpretation of the thermograms. We

also thank the team at the AGLAE accelerator of the C2RMF for their help
during the PIXE analyses.

SUMMARIES

Papyrus: The Need For Analysis

Papyrus, one of the most ancient supports for writing, is made from the heart of the reed Cyperus
Papyrus L. As the Egyptian Antiquities Department of the Musée du Louvre has a famous and sig-
nificant collection of papyri, it is of great importance to understand the mechanics of this material
and monitor the condition of these manuscripts. Historians still have many questions concerning
the manufacturing techniques of papyrus and so an attempt was made to answer a few of them
by examining some dated and undated fragments from the Louvre and the Institut de Papyrologie.
Analysis of the mineral and organic elements, in particular starch, showed that the plant material
strips, which make up a papyrus, adhere to each other without any additional glue.
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The rescarchers also tried to predict experimentally how these docume.nts would detertl)or;:c
over time, by submitling some modern papyri to artificial ageing cycles. Light proved to be the
most deteriorating factor, a very important parameter, which must be taken into account when

exhibiting the collections.

Papyrus: La nécessité d'analyse

lus anciens supports de I'écriture, sont fabriqués a partir de
rus L. Le département des Antiquités Egyplicr.m-cs f‘lu Mu-
sée du Louvre ayant une importante et trés prestigieuse collcc}ion de p::pyl:u.s, il ct;: }:Li:if;ﬁ
d’analyser ct de étudier I'état de conservation de ces manuscr.ns. I.qurs cc l]lqu(j: de fabricaion
faisant encore I'objet de nombreux questions de la part des l’nstorxens on a essay! y N}i)uséc -
certaines d’entre elles cn étudiant quelques fragment’s,'dates ou non, pro{vcnranf uues st du
Louvre et de Institut de Papyrologie - L’analyse des cle‘me.nls mmcraltlnx e ‘ Orsa‘: ,ljucu;} a-ozt -
culier 'amidon, a permis d’observer gue les bandes adhéraient entre elles sans q j

colle.

Les papyrus, qui constituent I'un des p
la moelle d'un roscau, le Cyperus Papy

dans le temps de ces documents a é1¢ suivi en soumettant des

i ent ) - o
Par ailleurs, le comportem llissernent artificiel. La lumiére sest avérces

feuilles de papyrus moderes & des cycoes de viei . :
& esi é te lors
Pagent de dztgr)i’oraﬁon le plus agressif. Ce parameétre tres important doit étre pris en comple

des expositions des collections.

Paprus: Der Bedarf an Analyse

i ilfpllanze Cyperus
Pa ; sltesten Beschreibstoffe, ist hergestellt aus dem Mark der Schx]fp. anze ‘
Pa,};))::; S‘If lrg;edzrbitﬁing fiir Agyp(ische Antiquititen des Louvlr':c-hMlLLlscurn"(ls) s‘:;jgéi Z‘;Z:lbii
deutenden und berthmien Besiand, o cine Untersuells dCSUbr al ‘:“ ngzs sind sich Histori-
sowie der Herstellungsweise von Papyrus erscheint angebracht. : 'err ; Lv cncauf d sich Hisort
ver immer noch nicht voll im FWE De?al;mv;?tje :Lfsml;ce}rl: eir:s:reauild dfm Institut fur
ini i atierter Yraj VT ‘ .
llzlzf;y:(:zig Zia;‘:;::w;r:jn‘“gge Analyse der mineralischex.l und ex(;ugerpzrgz:zxssi)k:zeﬁtest:}rl\:e
teile, insbesondere Stirke, ergab, daB das pﬁanzliche Material, aus dem Papy ,

. 3 H der haften. o X
Zug?bifl?es Klibemlgt:;clsa?]:;":: langfristigen Daucrhaftigkeit. Einige moderne Papyri wurden
e Untersuchung

ics i i adigende
einer beschleuni Alterung unterworlen. Licht erwies sich als der am mc1sl;ndscl::ci;irdm
Fak: es'c eu_mhg:'e“ Erkenntnis, die bei der Ausstellung von Papyrus-Objekten bedac
or: eine wichtige 1t y

muf,

APPENDIX: LIST OF PAPYRI ANALYZED

Non-dated papyri

Papyri from the Department of Egyptian Antiquities of the Louvre:

L Al A:Z A 5 A 3 7 te (:()l)te 2 C()pte 3 ) GleC 1, AT 1
3 A4 A (), A s COP l, 2 ) ] } abe
h,ese p’ap I’i COI’Ile f,IOIn Vely di\/erse batches Of pa]))‘]l, pl’lrlClpaHy from the
y
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excavations either on the island of Elephantine or Sakkara; they are practically
intact since their discovery.

Dated papyri
Papyri from the Department of Egyptian Antiquities of the Louvre

* E 25416. Abousir Papyrus. Old Kingdom (2780-2190 BC). This was found in the
funerary temple of the King Neferirkare and constitutes the archives of the

temple for the epoch 2390-2250 BC. (Two fragments analysed with 5-point
PIXE analysis). PR pom

¢ E 14703. Fragments of sarcophagus texts datin
(2160~1780 BC), which show the unusual fa
were inscribed on coffins. {
sis).

g from the Middle Kingdom
shion in which the funerary texts
One fragment analysed with 4-point PIXE analy-

E 3226. Epoch: 1478-1426 BC (New Kingdom).

docmment e oo ens 98 1 51 This papyrus is an accounting

of the reign of King Tutmosis I1I (18" dynast
from Thebt'es, where it was acquired by the collector Anastas; ( ( e
analysed with 3-point PIXE analysis). .

* N 3092. Book of the d ” .
PIXE analyors) e dead, 18 dynasty. (Five fragments analysed with 8-point

One fragment

* E 25565. Book of the dead, 18" ¢
ments, cleaned, and analysed with

* N 3074. Book of the d "
PIXE sl e dead, 18 dynasty. (Two fragments analysed with 6-point

ynasty, same papyrus as N 3099, (Two frag-
6-point PIXE analysis).

¢ E 25353. Literary and count texts, 3"
cleaned and not cleaned, analysed with 9-point PIXE analysis)

e E 3228. Epoch: 690-664 BC, same collection as papyrus E 3226, describes a

special justice ruling in year 6 of King Tah th
analysed with 4-point PIXE analysis), § Taharga, 257 dynasty. (One fragment

* N 3265. 103-102 BC under Ptolem
fragment analysed with 5-point PIX

intermediary period. (Two fragments,

y X, describing an act of donation. {One
E analysis).

Papyrus from the Sorbonne Institute of Papyrology:

¢ Sorb. 1. Ptolemic period, 3" centur

BC. Thi
using an enzymatic method. y This papyrus has been restored

* Sorb. 2. Roman period, 2™ century AD.
* Sorb. 3. Byzantine period, 8" century AD.
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o Sorb. 4. Ghoran period, 3“ century BC. This papyrus has been restored with
hydrochloric acid.

Sorb. 5. Reinach 19. Date: 108 BC.
Sorb. 6. Reinach 94. Date: AD 193-98.
Sorb. 7. Reinach 105. Date: AD 432.
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included in the trials the Whatman Paper, in order to check, once again, the ef-
fects of irradiation on those chemical and physical properties that can be meas-
ured only on pure cellulose, for example the degree of polymerisation.

The main negative effects of radiation on the paper {
metric and infrared Spectroscopic measurements)
components, which do not pertain to the struct
polymerisation of cellulose, which is proportion

observed through visco-
are: the formation of unsaturated
ure of the polymer, and the de-
al to the absorbed radiation*. The
- Therefore, it was decided to com-

effects of irradiation on already de-
situation after a flood. Moreover, we
he microbial flora. Finally, the effect
d. All the samples, having undergone
€ compared with a similar series of
ed ageing.

rk were:

teriorated paper, imitating, for example the
controlled the in vivo effect of radiation on t
of irradiation after a certain time was verifie
the different experimental treatments, wer
samples. which were submitted to accelerat.

In brief, the objectives of the present wo

of irradiation on paper;

to verify the action of irradiation op Paper over time.

The objective of the experimental wor
structural changes induced by the decon

evaluating the effects of these changes, i
has to be cal

k was not only to find the most relevant
tamination treatment. We also aimed at
N view of a costs/benefits analysis, which

culated before Proposing the method on a large scale.

MATERIALS AND METHODS

Cellulose and paper

A commercial Paper, manufact
the trials. This Paper is a “pe
stand a long ageing period of

ured by the Cartiere Milian; SpA, was selected for

fmanent paper”, one that is able, in principle, to

several hundred years without suffering substantial
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i 40%
5. Fibre: 100% chemical pulp (ca.

:th ISO 9706. Fibre: ulp (e .
w“ht Sizing: cationic starch and alkyl-diketene
e tural and synthetic substances, such as
e o' additives: a fluorescent

changes and one that complies
softwood). Filler: calcium car.b
Additional surface sizing: a mixt
oxidized cornstarch and an acr :
whitening agents, small quantities of b;uir)l
Whatman Paper n.l (Carlo Erba Sp

radiation on cellulose.

i und. Other :
e agents and sodium chloride.
gwas used to determine the effects of

Irradiation technologies . . its Research
da- - : formed at the Calliope plant o'f ENEAHm :Sirradiation
Paper irradiation was per e, Italy). The Calliope plant is a pool-typ with maxi-
Centre at the Czsac‘ct::%):a’) source, having a cylindrical geometry,
facility equipped wi ; .
mum);lo?nirf)a‘; activity of3.7;(t1:; I?Z:set doses that had to be z?pp]ied‘;ne t;‘;’;;d
To determine the levels o d I:he Fricke dosimetry acc.ordl“g. to th Doses of
perimental programme, W’; zlll Seamma sadiation dose in the Fricke doS'”'iter-vhere the
Standard D 1671-72: Abs.of. ierid using a dose/rate of 14.700 G'yI y ,I‘Joule per
2 and 5 kGy were ajsm o absorption of ionising e e ol 3 kGy was
Gray (Gy) correspon ) . ical trials, also .
kg gf Ere);)ted material. For t:e ::Cl;:f;zlz,gli:l previous irradialio‘n e)(()pgle::'css \(12
tested. Such dose/rate was ¢ Zj)se/rates were 323 Gy bt and 16.40 dcyrradz;lion
Whatman Paper (where the ted compounds developed and a largteg orf;cd dose.
observed that more unsatufal er dose/rate for equal amount Of-d S d spectra
of cellulose occurred, at the low f polymerisation (DP) and the infrare f than
In that experience, the degr}?e ;)or:;ation of carbonylic Compolmdsh(n:lozrl lower
(IR) were utilised. In fact, tt:;ral changes could be observed o l?j e
515% /0 f ffnﬁl?noiiriﬁifﬁcdose greater than 10 kGy were applicd
ose/rate

Asociated treaiments e conditioned at 23°C and 50% RH ac-
er

samples w o
Before all treatments, the samp les were prepared:

cording to 1SO 187. Four groups of samp
¢ Z: No pre-treatment.

e V (“Vacuum”): Put into pll-asx:ic(fl));%; (0/0 vacuum
ir aspiratio :
gen through alr

tus). . -
2)}?:’ tl:o)gen”)' Same as V, but, prior t0 sealing,
[ ] i .

twice with nitrogen.

i : heric oxy-
— PP), deprived of atmosp .—
e ) pby the MiniPack MV50

the samples were washed
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Gamma Radiation Treatment of Paper
in Different Environmental Conditions

Chemical, Physical and Microbiological Analysis

by M. ADAMO, M. BRIZZI, G. MAGAUDDA, G. MARTINELLY,
M. PLOSSI-ZAPPALA, F ROCCHETTI & F. SAVAGNONE

INTRODUCTION

This study is part of larger research, which aims at finding new systems for the
decontamination of books and documents, stored in libraries and archives, which
are damaged by biological organisms such as insects and mildews.

At present, decontamination is usnally performed with treatments based on
ethylene oxide, a harmful product utilisation of which will no longer be allowed
in the future for such purposes. Therefore, alternative methads, such as ionising
radiation and particularly gamwma rays, are presently being investigated and
evaluated.. These, if compared with other types of radiation, have the advantage
of a higher penetrating power. Therefore, we can treat considerable amounts of
damaged material. In addition, irradiation with gamma rays does not cause sub-
sequent problems and leaves a restored material free from contaminants.

Previous experiences’ showed the reducing effect of the ionising radigtion on
the microbial flora and, at even lower doses, on insects”. In another work®, the re-
action of Whatman Paper n.l to gamma radiation was examined. Whatman Pa-
per n. 1 was chosen as a reference material, because it is made of pure cellulose
without fillers or sizing. Therefore, it is possible to measure the effects of any
treatment on the main component of paper, without interference from other ele-
ments.

In the present study, a permanent, commercial paper, manufactured with
chemical pulp was examined. This paper does not contain lignin and is suitable
for the conservation of documents. The study was performed by testing the
chemical, physical and mechanical properties of the paper before and after radia-
tion treatment. The treatment was set with the same dosage of gamma rays
thought to be necessary for a future standard treatment of decontamination. We
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* S {“Saturated”)

: The samples we i :
re .
water. p put in plastic bags and saturated with tap

Vand N w i
L were done in order to study the influence of oxygen, S in order to
study the influence of water. After treatment all ba ’

by the same apparatus MiniPack MV 35
[o verify the effects of radiation aft
according to ISO 5630/3 80°C 65,

gs were automatically sealed
0 and then exposed to irradiation.

er time, accelerated ageing was performed
RH, but for 12 days.

Measurement of physical and chemical properties of commercial paper

All samples were characterised by measurin

properties: § the following chemical and physical

.\IC‘Ch al p Op(' N (:‘dSlll(,‘d 1t e d e d m ‘he
[ anic I rttes, m 1 he
. machln rec

. { “/ 1 ton (MD) an

* tensile strength (SO 1924.2)
* tearing resistance [ISO 1974,
* folding endurance (1SO 5626)
s stretch at break (ISO 1924-2;
* Optical properties
¢ diffuse blue reflectance factor [ISO brightness) 1SO 2470)

¢ light absorption coefficient using Kubelka-Munk Theory (ISO 9416)

lig ing i i
» light scattering coefficient using Kubelka-Munk Theory (ISO 9416)

0l0 men lll(} C r Vllh the
( l ur measure ts. Olou
mcasurements wer f i
- € pel Ormed v
SpE: :phO[O!“(‘tef lcrk\n'E‘mC] I_.ambda 1\'), using an in[(fgla[i“g Sphele Ih
SpaCC COIOUI CIL I‘ a b .

, the Mlluminant D o
measuring geometry d/8°, were adopmdn ..» the 10° observer angle and the

¢ Chemical properties

S o p extracts IS() ().)88, COld ex
° ll\dlo en ion CO“CC““LI“O“ ( H Oi (he ape

* Kappa Number [degree of oxidability) (1SO 302

l‘ ”R S s l‘Or l I ne I spectr OpllOtO
measuremer . P R (}' i
. N \ . \ . \rournier ransform Infrared) p

in KBr pellets. Spectra » nstrument was used, dispersing the samples
were obtained by transmission in the range 5000-350

em’, in resolution 96 .
obtained in thi ” 2 (0964 cm b mediating on 128 scans. The spectra
S way were re-read as they were, or normalised at suitable
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r as a second derivative of through procedures of curve fiing

frequencies eithe .
Fourier.

and doing a deconvolution according to

Results of physical and chemical property measuret
urements; only 5 for the colour measurements) are giv

mission FTIR spectra are given in Fig

ements {average of 10 meas-
en in Tables 1-8. Trans-

s. 1-2.

Statistical analysis
he mean separation were done for

. ) " for t
An i and Tukey’s test S o
analysis of variance Y lly set up to test if pairs of means

each measured variable. Tukey's test is norma' o e airs of means
are different. The letters displayed in Table 1-7 Column I' symbolically mdxc:a.c~
' ficantly different at « level 0.05 if

the results of Tukey’s test: means are not signi

they have at least one letter in common- o
For each paper property, the statistical analysis aime

Ing questions:

e Does irradiation affect the paper pro
increased from 2 to 5 kGy?

¢ If the paper is irradiated, what hap

d at answering the follow-

pcrtics? At what dose? What if the dose 1s

1 Al i 2D
pens to its properuies after a certam time:

[ PR . aue?
e Are the treatments N or V able to protect the paper from irradiation damage
e the treatm
ards irradiation the same after
i i fNorV towards irradi
* Is the possible protecuve effect o
ageing? | !
e when it is saturated with water?

* What happens to the paper during irradiation

. . ?
What is the effect of time on such a paper’

[)ro/)crtia of Whatman paper

Measurement of chemical and physical | |
merisation (DP), colour anc

3 degree of polymerisation {DI),

For the Whatman Paper no.1, only the pol

werepmeusurcd the latter two usmg the swme

P we used the French Srandard AFNOR NF 12 005 in

methods as for the
infrared spectra
commercial paper. For D
cupri-cthylen-diamine.

Microbiological tests |
' he commercial paper. 1Uwas no

! i i ; erformed only on t

fhe biological (e WHE b already pclfurmcd on the

i 4t previous experiences
considered necessary to repeat previ I

Whatman Paper'.
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Paper contamination with microbial stocks
For the biological test, cellulolytic fungi originating from two different sources,
were used. The first type was taken from a photograph full of fungi colonies that
had developed after an accidental water infiltration. The second type was taken
from the surface of a rotten lemon. The spores of this mixed population of
microscopic moulds mainly consisted of Penicillium spp. They were put in tap
water containing a surface-active substance (Tiveen 80, 0.2 %). Spores were counted
by microscope using a Burker’s counting chamber, and the water was diluted
down to the concentration of 5 x 10° per ml. The solution was then sprinkled
with an atomiser onto the paper samples until they were completely saturated.
The contaminated paper was kept for 15 days in daylight in a warm and damp
environment (25°C 95% R.H.), imitating favourable conditions for the growth of
micro-organisms. A non-contaminated set of samples was prepared too (“blank”).
They were kept in plastic bags, under environmental conditions not favouring
mould growth, to avoid any contamination by handling. The paper samples were
exposed to N, §, V treatments and then irradiated at 2, 3 and 5 kGy.

Evaluation of the microbial load

The microbiological test was carried out on both the artificially contaminated and
on the non-contaminated set of samples. From each sample, pieces 6 x 6 cm were
obtained. Working sterilely and using the microorganisms on the paper itself
(tampon technique), a first series of Petri dishes was seeded on a solid culture me-
dium (yeast extract medium with 0.5 g/1 of glucose, pH 4.5). The same samples
of paper were subsequently incubated on the same solid culture medium in
another series of Petri dishes. The incubation was performed at 30°C, for 10 days.
After this period the microbial population was quantified by counting the colo-
nies, on the culture-medium surface (first series of dishes) and directly on the paper
(second series of dishes). The results are given as the average of 10 measurements
(Table 12-14).

This method made the microbial population visible and therefore measurable.
It also allowed the microbial populations that were present as quiescent spores to
be detected, which could not be seen by visual examination.

The tests on the mechanical, optical and chemical paper properties, as well as
the colour measurements, were performed at the laboratories of the Istituto Poli-
grafico e Zecca dello Stato. The tests on the polymerisation degree and the infra-
red measurements were performed at the Istituto Centrale per la Patologia del

Libro. The Ente per le Nuove tecnologie, 'Energia e ' Ambiente performed the
microbiological trials.
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Table 1: Tensile strenght (kN m').

Machine direction Cross direction
0 kGy 2 kGy 5 kGy _0kGy _2kGy _5kGy
¥ T ¥ T X T X T X T X T

< 2 454 ab 437 abc 414 cdef 2.39 abed 230 defg 231 bedef
$ N 416 cdef 446 abc 412 cdef 223 efgh 252 a 233 bedef
£V 441 ab 434 abed 432 abed 212 k243 abed 238 abede

S 405 cofg 394 fgh 861 § 211 h 249 a 233 bede

Z 431 bede 432 abed 380 ghyj 212 h 247 ab 231 fgh
B N 382 ghi 431 abed 412 cdof 222 fgh 248 abed 214 gh
<V 430 abcd 399 efg 400 efg 233 bedef 2.30 edef 2.08 h

S 409 def 357 j 373 hij 246 abc 229 defg 218 igh
X = average T = Tukey test

RESULTS: EFFECTS OF TREATMENTS ON THE PROPERTIES OF THE COMMERCIAL
PAPER

Mechanical properties

The tensile strength of paper is directly correlated ta the number and to the
Strength of links between the cellulose fibres. It decreases when moisture in the
Paper increases.

The decrease of tensile strength due to irradiation (Table 1} is considered to
benegligible. Statistic tests have shown a significant difference only after a & qu
treatment and only for MD tensile strength. Also after accelerated ageing the 1'r~
radiated papers did not show a reduction of their tensile strength, except only in
the MD tensile strength of papers irradiated with 5 kGy. With the exception of
CD tensile strength in the samples irradiated with 2 kGy and only for the treat-
ment N, no relevant differences were noticed in the associated treatment. After
ageing, the protection effect is shown by the treatment N, only for MD at 5 kGy
dose. The irradiation of paper saturated with water caused a decrease of MD
tensile strength and an improvement of the CD one. Nevertheless, after ageing,
the irradiated papers S show a reduction of tensile strength in all cases.

The tearing resistance of the paper is a function of the length and flexibility of
cellulose fibres. It increased with an increase in water content of the paper (Table 2).
Irradiation alone did not cause relevant variations of tearing resistance. Taking
for granted that usually accelerated ageing causes a degradation of tearing re-
sistance, it can be observed that only irradiation with 5 kGy caused a relevant
worsening of such resistance after ageing. With reference to the treatment V, an
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Table 2:  Tearing resistance (mN).

Machine direction

Cross direction

_0kGy _2kGy _5kGy _O0kGy _2kGy _5kGy
X T X T X T X T X T X T
- Z 557 cd 545 cdef 530 defgh 587  fgh 601 defg 599  defg
%’ N 561 c 530 defgh 493 ik 595 defgh 581 fgh 573  ghi
SV 600 b 616 B 528 defghi 653 bc 681 ab 577 fgh
S 661 a 538 cdefg 565 ¢ 691 a 608 def 622 cde
Z 499 ik 516 fghij 451 i 577  fgh 575 ghi 512 i
—gc.:o N 549 cde 524 efghi 479 K 593 efgh 563 W 520 j
< V506 hik 510 ghii 512 ghij 581 fgh 626 od 543 ij
S 540 cdefgy 518 fghij 557 cd 601 defg 589 fgh 602 def
Table 3: Felding endurance (Logl0 n® double folds),
Machine direction Cross direction
_0kGy _2kGy _5kGy _OkGy 2kGy 5 kGy
X T X T X T X T X T X T |
- Z 1909 bede 1.791 efghi 2025 ab 1430 cde 1394 de 1.534 abed
Ea N 1958 abcd 1.904 hcde 1.853 defg 1474 bede 1.571 abe 1.583 abe
5V 2016 ab  1.749 fghij 1967 abed 1646 ab 1552 abed 1551 abed
S 2060 a L1793 cfghi 1988 abc 1672 a 1595 abede 1.510 abede
Z 1.784 efghi 1758 fghi 1.740 ghij 1.420 cde 1454 cde 1437 cde
'go N 1670 i 1875 cdef 1.872 cdefg 1458 cde 1496 bede 1495 bede
< V 1939 abed 1.842 defgh 1.624 j 1472 cde 1574 abc 1.199 f
S 1895 bede 1.894 bede 1.710 hij 1502 abcde 1.501 abede 1.359  ef
Table 4: Stretch at break {%).
Machine direction Cross direction
_0kGy _2kGy _5kGy _OkGy 2 kGy 5kGy
X T x T X T X T X T X T
- Z 175 b L75 b 165 b 330 i 480 ab 390 efghi
§° N 175 b 165 b 166 b 465 abecd 445 bedef 3.76  ghi
5 V 185 b 15 b 177 b 415 cdefg 365 ghi 4.05 defgh
5 240 a 179 b 180 b 515 a 450 bede 4.70 abc
- Z 170 b 165 b 156 b 385 fghi 385 fghi 370 ghi
g N L70 b 165 b 165 b 390 efghi 415 cdefg 3.45 hi
< V 165 b 167 b 1795 b 375 ghi 345 hi 380 ghi
S 18 b 167 b 167 b 410 cdefg 380 ghi 4.15 cdefg
X = average T = Tukey test
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Table 5. 150 brightness (%} and light absorption coefficient (%).
Light absorption coefllicient (%)

ISO brightness (%) iy SkCy
0 kGy 2 kGy _
2kG 5kGy _ B
5:0 kGyT X YT ¥ r X T X T X T
Z 934 918 bc 902 d 064 1 0.843 xk 0.96(2 h;l
E oy . ‘ gey d 0711 ki 0.860 i 1009 g
g c 333 . 312 © g d 0669 K 0865 i o.?zg hi
- S 937 : 923 b 913 c 0636 | 0.845 i OJ,
Z 774 s b 727 Gk 1474 de 1728 be 1837 E
T e . 732 1336 of 1520 d 1784
E v oo ;ij ﬁ oo k1220 fg 1590 cd 2063 :
\S/ Zi ff 56 b 743 i 1289 f 1531 d 1873
. € .
X = average T = Tukey test

i { this parameter was observed.
Aovement (restriced 1 e d(izeii i’ks(er)nZd to hi)we an improving effect,
the o kGy. After accelerated ageing, treatment
The irradiation of paper S caused 2 c.le-
Nevertheless, after a certain time 1L.e.

After accelerated ageing,
limited to MD at 5 kGy and to CD at 2
N did not seem to have synergetic ei;fects.
crease of the tearing resistance in all cases. t
after accelerated ageing, such differences are not rele;/a}il . oo depend, ik tear
Both folding endurance and the stretch at break of the pap ,
g restance,on the Pt ) an?(? 16’;82; Zit}rf)tﬁ lt))rr:g new, relevant indications
bers (Table 3 an > :
a“"in:iemeassll\rles?oilsm(;r:;n( from tearing resistance can also be applied to these
con

two properties.

Optical properties .
ightress) is an aesthetic and not a ~
i tance factor (ISO brig th
;[';c})ljatlhffuse ??fetlrlzﬂeiper; But it is important for the readability of tf‘le d;)z\;;nzz:
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necessally mean aloss O r;lgg’ ?)nl:;;ltrc\l::sl litrlle:t (zzzlsiifz)iily relevant way, and this
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reductiolnti;) in correlation to the to the irradiation c%ose. Aftf}:eag;f;ii::?o: e,
ed samples showed a greater reduction depending ltzn e eaased by
Reduction caused by ageing is, in any case greater 1han the reduction of the
irradiation. Treatments N and V did not seem to mﬂ‘:r.m}ft s in the irradiated
1SO brightness. Treatment S increased the loss of ISO brightnes
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Table 6: Light scattering coefficient (%) and colour coordinate L* (%)

Light scattering coefficient (%) Colour coordinate L* (%)
0kGy  2kGy  5kGy  OkGy 2kGy ~_ 5kGy
X T x T X T X T X T T

>

- 7 48.36 abed 48.37 abcd 47.51 abed 93.0 ab 93.4 a 02.8 ab
gg N 4891 abc 48.19 abcd 47.80 abed 930 ab 933 ab 928 ab
£V 4777 abed 47.76 abed 47.55 abed 927 ab 928 ab 929 ab

S 4511 cde 46.51 bede 45.61 bede 933 ab 930 ab Y26 b

Z 5132 a 4897 abc 47.25 abede 916 cd 908 efg 899 h
'go N 4823 abcd 46.74 bede 46.58 bede 909 cdefg 909  cdef 90.2 gh
< V 4320 e 4701 bede 4935 ab 916 c 90.9 defg 904 fgh

S 4682 bede 4465 de 4644 bede 913 cde 909 cdefg 902 fgh
X = average T =Tukey test

samples, both before and after ageing. ISO brightness reduction is less relevant
in samples irradiated with 2 kGy in nitrogen atmosphere, and aged.

The light absorption coefficient is the measurement of the quantity of absorbed
light when this crosses a layer of paper. Therefore, the increasing of such a para-
meter is an indication of the paper darkening, which is inversely correlated to the
reflectance factor determined under various spectra conditions, as for instance
the ISO brightness.

Irradiation increased, in a relevant statistical quantity, the light absorption co-
efficient (Table 5). Ageing, too, increases the light absorption coefficient. An inter-
action between irradiation and ageing was noticed. The treatments N and V did
not show any effect on this parameter. When subjected to treatment N, the ar-
tificially aged samples showed a relatively small increase of this parameter,
limited to the dose of 2 kGy. The irradiation of samples S increased the light ab-
sorption coefficient. This result is confirmed after ageing.

The light scattering coefficient is a measurement for the quantity of diffused
light inside a paper layer when crossing it. In the graphic industry a high light co-
efficient is esteemed as a positive feature: a paper with high light scattering coeffi-
cient allows the better reproduction of images when its tonal range is considered.
This parameter is an inverse function to the quantity of optical contact points be-
tween the fibres; this quantity decreases when the bonds between the fibres break
(Table 6).

Neither irradiation nor ageing substantially modified the light scattering co-
efficient in a relevant way: this parameter can be higher or lower after irradiation
and after ageing, and the differences are very small. Again, there is little differ-
ence between the Z-, N-, V- and S-treatments.
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Table 7: Colour coordinate a* (%) and colour coordinate b* (%).

dinate b* (%
Colour coordinate a* (%) Colour coordina {%)

kG _5kGy
okGy  2kGy KOy 5 Ky PR %

T X~ T T T . g

) 036 e 046 e

o Z 062 abed 050 cdefg 048 defg 0’?8 : 032 e 048 e

© N 058 bodef 0.50 cdefy 042 cfg 'g'zg e o5k e 0l e
g ' 040 fg -0 e '

£V 062 abed 050 cdefg 006 E 098 o 042 ¢ 058 e

S 0.58 bedef 036 g - . .
Z 072 b 066 abed 070 ab 544 bed 576 abed 614 @

N 080 a 058 bedef 066 abed 610 ab 584 abed 600 abce

y bed  5.32 d 592 abcd
V 076 ab 0.64 abcd 068 abc 556 abc 4o

S 074 ab 060 bcde 060 bede  6.16 a 542

X = average T = Tukey test

ks
]
<

Colour measurements
Colour is an aesthetic quality of paper that can be oi)jectxvelzr est:;na?;iEazslds ;2;:
be expressed by the chromaticity co-ordinates L*, a and b .of h(ieh g t)(,) e
{Comité Internationale de I’Eclairage): a* is the red-.greefl axis 1n. whc rlel dom”
ties are in the positive field and green in the neg.afwe field; b dxs ; e gﬁ] Lo
axis in which yellow tonalities are in the positive field and t f; e
negative field; L* is the lightness factor; L*=0 corresponds to the
L*=100 to maximum white.

On the basis of the experimental values sho
firmed that:
* Irradiation alone does not statistically mo

per in a relevant way.

wn in Tables 6 and 7 it can be af-
dify the colour of the commercial pa-

atistically relevant colour variations to the
ic effect
co-ordinates L* and b*. If we compare the aged samples, 2 S)fnergetlc Tf o
can be measured between ageing and irradiation in the direction of a slight,
3 *
but statistically relevant, reduction of the co-ordinate L . X i
* The treatments N and V, when associated to irradiation, do not show any
fect either before or after accelerated 2geing.

.
¢ The treatment S does not, general]y, show relevant colour variation

* Accelerated ageing, alone, causes st

Chemical properties

i iated treatments. The Kappa
The pH did not suffer at all from the various associated tré T ko

number changed only after accelerated ageing when it increase
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Table 8: pH and Kappa number.

pH Kappa number
0kGy 2kGy 5kGy OkGy 2kGy 5kGy
- Z=“open air” .18 9.40 9.11 2.96 2.78 2.40
;:c N=“Nitrogen” 9.30 9.25 9.17 3.12 3.17 3.1
5 V=*Vacuum” 9.55 9.01 9.23 2.89 3.20 3.40
S=“Saturated” 9.43 9.46 9.41 2.99 2.85 2.86
Z=“open air” 9.14 9.18 9.00 3.55 3.92 3.73
= N= “Nitrogen” 9.28 9.40 9.11 343 2.86 3.99
éjﬂ V="Vacuum” .35 9.11 931 3.19 3.73 3.95
S=“Saturated” 9.48 9.11 9.40 3.23 3.59 3.10

phenomenon (Table 8). The statistical analysis related to chemical-physical and

optical properties of commercial paper are summarised in Table 9. A discussion
will be given in the Conclusions.

EFFECTS OF TREATMENTS ON THE PROPERTIES OF WHATMAN PAPER

Colour measurements

Table 10 shows the Whatman Paper L*, a* and b* colour co-ordinates. It can be
observed that irradiation did not cause substantial reduction of the L* co-ordinate
for the unaged samples. The aged samples, however, in comparison with the per-
manent paper, showed a small decrease of L* proportional to the irradiation
doses. The b* co-ordinate increased proportionally with the irradiation of all
samples: less so in the unaged (0.3-0.4 units) and by a more significant amount
{ca. 2 units) in the aged samples. The a* co-ordinate was unchanged for the un-
aged samples, but it suffered a small increase {ca. 0.4 units) in the artificially aged
samples.

On the whole, the Whatman paper had the tendency to yellow: such change

of colour, visible also to the naked eye, is not lessened by any of the preliminary
associated treatments.

Averaged viscometric degree of polymerisation (DP)

The viscometric measurement, which can be executed with reliability only on

pure cellulose, allows an indirect evaluation of the length of the cellulosic macro-
molecule.
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Table 9: Summary of statistical analysis

Pretreatments

Measured parameters Irradiation (kGy) NN v w0
—- 0 0 92 = Z Z Z £
5 g . vs
8 s vs £ vs vs Vs w8 VS &
2 vs vV g v .
& 9 5 r ® N V S
i - - ns. - -
tensile MD * s - - ns. NS iy .
.5. n.s. 1n.5. .S,
Strength CD * + ns. - DS s, NS n+s ) + A .
tearing MD * - - - ns. + -
i ” * ns + + + ns.
o ob n o N + ns. ns s "
folding MD - - - ns ns. ns e
- * 4+ 4+ + s ns ns
endurance CD ns. - - . T s o+ N -
stretch MD o - - ns. n.s. n.s. 8. N .
* ~ ns. ns. o+ - + .
at break D ns. -~ . : : ;
i * - n‘s. - - .
130 brightness - - . T
Ligh i - + + ns. DS, - nsoons
ght absorption coefl. + . e T
i i ns. - - s, 5
nght scattering coeff. n.s. ns ns. NS o me ma ns ns
- - s @S NS NS NS 0s .
Colour co-ordinate L* ns. - n.s ‘ . )
Col ; N .- - - ns. ns  — NS .
Olour co-ordinate a - s
C . " ‘+ ns ns NS ns s nms .
olour co-ordinate b* ns. ns
ns.
Kappa number n.s. s
b A - S S
.
ta=0.05
-
ta=0.01

.
- : negative relevant difference for = 0.05
+: positive relevant difference for &« = 0.05

n.s. = not significant

Table 10: Colour measurements of Whatman Paper. T

— L a* b* Lt a® b* 1. :L- b:m
ir” 96.0 0.0 0.5 955 0.0 05 958 0.0 ().fi
E . “opcn . ” ¢ T.' 0.0 0.5 5.7 0.0 0.5 959 (L0 ()..3
3 N ;(r‘; ()ll ()'f 05.5 0.0 0.5 Y58 0.0 (.7
5 = “Va ” . A E 9. 5 ‘
> ;/_‘ \S/dcuulmd" 95.7 0.0 0.4 956 0.0 0.5 9549 0.1 0.4
= “Saturate 5. .
: 3. 7 g7 08 58
ir” y : 3.1 933 0.5 §.7 !
e oro 3i 3.0 93.0 0.7 51 927 0.8 h8
g =*“Ni » 94.0 B 3.1 93 . 2 v
30 vo S'"Ogc"“ g0 03 31 g3y 04 w1 g2 07 ;.8
=" m i < ‘ 3.2 | >
;/ “8 ztctzl:(cd” 040 02 32 g39 03 4l A-!)f:h‘ ,_,,9;‘,
—_ = “Satu .
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Table 11: Viscometric degree of polymerisation of Whatman Paper. Retention = percentage
compared with the non irradiated samples.

0O kGy 2 kGy 5kGy
DP  retention . DP  retention . DP retention "
- Z =“openair” 1353 100 969 71 732 54
b N ="Nwogen™ 1300 100 986 75 733 36
= V="Vacuum”™ 1366 100 1014 74 739 54
S ="Saturated” 1218 100 980 80 721 59
Z="open air” 1214 100 779 64 352 15
< N="Nitrogen™ 1231 100 780 63 538 43
< V="Vacuum™ 1226 100 789 64 575 46
S= “Sawrated”  124] 100 770 62 589 47

As previously observed' irradiation causes a depolymerization of cellulose in
relation to the absorbed dose. The difference between the Whatman paper DP,
which was irradiated and the Whatman paper DP which was not irradiated is also
evident after accelerated ageing, always in relation to the absorbed dose. The

various preliminary combined treatments did not cause substantial differences
"Table 11

FTIR MEASUREMENT

The FTIR spectroscopy is useful both for identification of extraneous compo-
nents on the examined paper materials, and to appraise structural changes due to
oxidation and other chemical processes "

The samples of Whatman Paper, analysed for this parameter, did not show dif-
ferences, up to an irradiation of 5 kGy; the spectra are nearly identical (Fig. 1).
Considerable differences out of experimental error become evident only with the
application of opportune spectra re-reading procedures'-* and can be taken as an indica-
tion of the presence of unsaturated and structurally altered materials. Also, the
spectra of the permanent paper samples, read as such or normalised at 1059 cm’’,
show only small differences, and can be taken as an indication of chemical
changes in the polymer (Fig. 2).

The spectra of the permanent paper are characterised in the zone 2000-450 cm’',
by substantial absorption due to other non-cellulosic components, prevalemly
calcium carbonate identifiable by the absorption at 1797, 1424, 876 and 713 cm’
and other substances mixed with polysaccarides, partly identifiable by opportune
procedures, as alkyldiketenes, starches and azo-compounds. Such substances, es-
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Fig. 2: Irradiated and accelerated aged permanent paper: the spectra in stack composition
are all normalized at the same frequency.

This is confirmed by the smallness of the signal at 1735 cm™ of carbonyl, car-
boxyl and aldehyde groups, and by the absence of absorption, at 1760~1780 cm’',
due to lactonic components, frequently present in oxidised cellulose.

EFFICIENCY OF TREATMENTS ON THE, MICROBIAL POPULATION

F.ig. 3 illustrates a series of paper samples as they appear after an incubation pe- Fig. 3: Fungi colonies develaped on paper samples.
riod under experimental conditions on an artificial culture medium. The develop-
ment of the microbial flora is evident by coloured stains, more or less extended
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Table 12: Number of fungi stains developed on paper samples; s = standard deviation.

blank 0 kGy 2 kGy 3 kGy 5 kGy
number s number s number s number s number s
Z =“open air” 560 2.80 ' 54.60 8.30 46.80 13.70 12.60 4.60
N = “Nitrogen” 3.80 1.30 36 9.60 350 200 037 0.60 037 0.60
V = “Vacuum” 062 049 >96 320 70.20 29.70 4.50 1.30 8.0 3.00

S —“Satrated”  2.12 200 5850 1720 560 160 400 150 012 030

not measurable because number of fungi stains was too high

Table 13: Number of fungi colonies developed on agar: average and standard deviation,

blank 0 kGy 2 kGy 3 kGy 5 kGy
number s number s number s number s number s
Z =“openai” 410 16 127 20 1880 63 520 16 250 22
N = “Nitrogen” 9.00 5.3 373 459 1.00 1.3 0.00 - 0.00 -
V = “Vacuum” 125 35 >155 280 3280 219 270 25 510 921

S —“Sawrated” 157 05 651 188 200 23 150 21 012 03

Table 14: Percentage of fungi colonies compared with the non irradiated samples {0 kGy).

blank 2 kGy 3 kGy 5 kGy
Z = “open air” 3.22 14.8 4.09 1.96
N = “Nitrogen” 2.41 0.26 - B
V =“Vacuum” <0.8 <21.1 <1.74 <3.99
S =“Saturated” 2.4 3.03 2.30 0.18

or numerous, according to the species used and to the depleting effect of the
treatment.

Table 12 gives the average number of these stains. It must be emphasized that
the number of stains of microbial origin on the paper is not identical with the
whole of the microbial population to be found on the same samples of paper.
Table 13 gives the average number of microbial colonies developed in the micro:
biologially contaminated Petri dishes. Table 14 and Fig. 4 give their percentages
compared to the value of the control sample (0 kGy = not irradiated). A cleargef-
fect of gamma radiation in eliminating the fungous microflora is evident. It is -
portional to the dose absorbed by the examined material. . P

With regard to the results of the treatments associated to irradiation, it must b
specified that under the described experimental conditions ’ e
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These results were not surprising, as they were in accordance with the cellulose
hygrometrical hysteresis'”. Higher moisture content decreases the tensile strength
while improving the stretch at break, the tearing resistance and the folding en-
durance.

In the experiments with the accelerated aged samples it is impossible to repro-
duce exactly the effects of natural ageing. Nevertheless, the accelerated ageing
method proved to be useful when investigating the effects of irradiation and the
associated treatments on paper properties. Accelerated ageing usually causes a
decrease of those mechanical properties that depend on fibre length and flexibility
(tearing resistance, folding endurance). On the other hand, heat can increase the
interfibre bonds and therefore the paper properties, depending on these bonds,
can improve (tensile strength, bursting resistance). Unfortunately, the artificially
aged paper gave quite variable results when tested: all considerations concerning
the ageing effect are therefore subject to a certain error'?!¥,

The colour of commercial paper was resistant to irradiation. Accelerated age-
ing caused the well-known yellowing effect in all samples. After ageing, the sam-
ples irradiated at 5 kGy showed a slight decrease of L* with respect to non-
irradiated samples, suggesting that the effect of irradiation becomes visible only
over time. Only after accelerated ageing and with an irradiation dose of 5 kGy
the lightness (L*) slightly decreased. Nevertheless, this colour modification could
not be detected by visual examination. The irradiated Whatman Paper showed a
slight tendency to yellowing after accelerated ageing.

The viscometric degree of polymerisation of Whatman Pa

per confirmed, as
previously observed?,

the depolymerising effect of gamma rays on cellulose. De-
polymerisation occurs also after ageing, with a synergetic effect when associated
to an irradiation treatment. The cellulose depolymerisation, however, caused by
the low doses of irradiation which are sufficient for paper recovery, is still ac-
ceptable if we consider that this treatment would be used for paper materials
already seriously infected. The advantage of irradiation with respect to other dis-
infectant treatments is that it does not leave behind any harmful residue, so that
the subsequent handling of the documents is free of hazards.

From the spectra obtained for Whatman Paper, some small oxidation differ-
ences are quantified spectrometrically in a maximum of 5% of CO mmol/g". The
commercial paper, which is characterised by substantial si
ate, (content esteemed at 10-15%)
differences,

gnals of calcium carbon-
, shows after the treatment some small spectra
especially in the CHs and aldehydic groups, 2900 and 1360 cm’', and
in the alcoholic groups stretching zone, 1220 cm”, that seem to point out to the
prevalence of depolymerization compared to oxidation'. In fact, in the oxidised

groups zone, 1735 cm™, no absorption with a percentage of CO higher than those

determined for Whatman paper are found, even in curve-fitting and Fourier de-
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tion. Nevertheless, before applying irradiation technology on a large scale for the
recovery of damaged paper materials kept in libraries and archives, we intend in
the future to make a more in depth study of the costs/benefits ratio for this tech-
nology with particular attention to the economical and engineering aspects. The
advantage of irradiation with respect to other disinfectant treatments is that it
does not leave behind any harmful residue, so that the subsequent handling of
the documents is free of hazards.

It is necessary to remember that when irradiation treatment will be used on
books and paper documents to prevent their degradation, a carefully considered
evaluation about the choice of the technologies of intervention® will have to be
done and it will be necessary to take care of other factors instead of only the
material’s answer to the treatment. Between these factors the following are de-
cisive: the available alternatives, the entity and the typology of the biological attack,
the urgency of intervention, the historical and commercial value of the material
to be treated, the quantity, the economic and environmental costs of the treat-
ment.
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SUMMARIES

Gamma Radiation Treatment of Paper in Different Envivonmental Conditions

A multidisciplinary team studied the efflects of a decontaminating treatment with gamma radia-
tion applied to a paper, which had been damaged by microscopic cellulosolytic fungi (mildews).
Special attention was paid to the potentially negative cffects of gamma rays on cellulose. The in-
vestigation was extended to the effects of some associated environmental treatments, such as the
absence of oxygen and water saturation. The mechanical, chemical, physical and microbiclogical
tests confirmed well-known observations already published. They indicated that the microbial
population decreases proportionally to the gamma rays dosage together with the depolymerisa-
tion of the cellulose molecule. Nevertheless, this negative effect does not significantly affect the
basic properties of a good printing paper. A correct analysis of costs and benefits would suggest
the use of a dose of 2-3 kGy. However, this analysis has still to be further investigated for the
practical application of irradiation on deteriorated books and documents.
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Traitement qu moyen de radiation gamma sur le papier en différents conditions de l'am-
bient,

Un groupe de travail pluridisciplinaire a étudié les effets d’un traitement de décontamix'mtion aux
rayons gamma appliqué 2 un papier qui avait été endommagé par des microorgams'mes fon-
giques (moisissure). Une attention toute particuliére a été accordée aux effets potennelleme.r‘lt
négatifs des rayons gamma sur la cellulose. La recherche a également porté sur les effets associés
de certains facteurs environnementaux, tels que I'absence d’oxygéne ct la saturation d’eau. Les
analyses mécaniques, chimiques, physiques et microbiologiques confirment les o’bs.ervations an-
térieures bien connues et déja parues dans des publications. Elles ont mis en ev1dcn.ce: qt{e la
population microbienne décroit proporlionnellement a la dose de rayons gamma admmls'trce et
qu'en méme temps une dépolymérisation de la molécule de cellulose se produit. Né‘anmoms, cel
effet négalif n’affecte pas de fagon significative les propriétés fondamentales d’unA papl,er de bonne
qualité. Une analyse exacte des couts et des bénéfices recommanderait P'utilisation ~d 1’me diose~de
2‘3kGy. Des analyses plus approfondies s'imposent cependant avant de passer‘a Papplication
Pratique du traitement aux rayons gamma sur des livres et documents endommagés.

Die Gammabestrahlung von Papier bei verschiedenen Umuweltbedingungen

Die Wirkung einer Desinfektiion von Papier, das von cellulolytischen Mikroorgasnismen (Schim-
mel) befallen ist, durch Gamma-Strahlen wurde von einem interdiszipliniren Team untersucht.
Besondere Aufmerksamkeit galt der eventuellen negativen Wirkung von Gammast.rahlel? auf
Cellulose. In die Untersuchung wurden auch bestimmte umweltbedingte Gegebenheiten cmbe.-
zogen, wie die Abwesenheit von Sauerstoff und die Feuchtesittigung des Papiers. Die mechar-n—
schen, chemischen, physikalischen und mikrobiologischen Untersuchungen bes}iiligt.en bcrgls
frither publizierte Beobachrtungen und zeigten auf, dal} das AusmaB des mikroblo.lognsc.hen het
falls wie auch der Polymerisationsgrad der Cellulose proportional zur Slrahlendoms zuruckgc .
Der negative Nebeneffekt hat aber keinen nennenswerten Einfluf auf dic wesen.thchen @lgen'
schaften eines guten Druckpapiers. Eine genaue Kosten-Nutzen-Analyse diirfte eine Dosis von
2-3 kGy als sinnvoll ergeben. Hierzu besteht jedoch weiterer Forschungsbedarf.
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