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Uptake of Air Pollutants by Paper’

by ANNA JOHANSSON, PETTER KOLSETH & OLIVER LINDQVIST

INTRODUCTION

The effects of environmental pollution on the ageing stability of archival materi-
als have been addressed in several investigations'™. The studies have been fo-
cused mainly on the interaction between paper and sulfur dioxide, since this
pollutant has been predominant from a historical point of view, due to the com-
bustion of sulfur-containing fossil fuels. The impact of nitrogen oxides and ozone
on the degradation processes has attracted less interest in the field of paper con-
servation. . '

It is suggested that SO, adsorbed in papers is held in two ways, elth.er reversi-
bly or irreversibly. SO, is physically adsorbed on the paper surface, d‘lssolved in
available moisture in the paper structure and eventually converted into sulfite

S(Iv):
SO, + H,0 & SO + 2H" (1)

The sulfite is reversibly bound to the surface and can readily be desorbed sz
gaseous SO,. However, four-valent sulfur is not thermodynamically stable but is
known to oxidise to form sulfate S(VI):

280" +0,—250" (2)

This transformation into sulfate is irreversible, and SO, cannot then be de-
sorbed from the paper. Damage to the paper is probably related to this chemical
change. Studies on several materials exposed to SO, have demonstrated the role
of NO, and ozone as catalysts and/or oxidants for the oxidation of S(IV) to
S(VI)!*-'? and it may be expected that similar processes are important in paper
degradation. ' . .

NO, is produced from reactions between N, and O, in air durmg.hxgh tem-
perature combustion processes. Automotive exhaust is one of the main sources.

*  This work has previously been published as Report no. 8 {1998) of the Swedish R&D project

on paper preservation.
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Uptake of Air Pollutants by Paper

The only man-made source of O, is in reactions involving NO/NQO,. European
NO_ emission has increased from rather low values one hundred years ago to
the present value. Since 1940 the atmospheric emission of NO_ has increased
markedly relative to that of SO,, and this stresses the increasing importance of
NO_ emission. There is often a similarity between indoor and outdoor variations
for the pollutants even though the concentration of the pollutants are consider-
ably lower indoors. Both NO, and O, often occur at higher concentrations than
SOQH,H.

As already mentioned, SO, is by far the most studied air pollutant with regard
to the exposure of paper. It was early shown that the edges of books contained
more sulfuric acid than the middle areas of the pages™'™!. Old books from the
17" and 18" centuries stored in a highly polluted area were more acid than books
of the same edition stored in a rural environment'. It is probable that the higher
acidity in these books is an effect of air pollution.

A number of investigations have been carried out in which the uptake of SO,
by paper has been measured. Lyth Hudson and Milner” investigated the sulfur
uptake on different types of pulp fibres during exposure to 0,5% SO, for differ-
ent times. In general, pulps with low contents of lignin and hemicellulose have a
lower uptake of sulfur. Edwards et al.'® found that relative humidity affects the
initial uptake of SO, (<48 hours). Initially, a higher relative humidity leads to a
greater SO, uptake, but after 48 hours the SO, uptake is independent of the
moisture content. The rate of pick-up of SO, is apparently proportional to the
square root of the partial pressure of the gas. Atherton et al." concluded that
transition metal ions may catalyse the oxidation of sulfur dioxide, thereby in-
creasing its uptake rate.

Recent studies have focused on the influence of NO,, alone or in combination
with SO,. Daniel et al.” and Palm*' studied the ageing of deacidified paper ex-
posed to SO, + NO,. They showed that it is difficult to draw conclusions regard-
ing ageing due to air pollution using data related to mechanical properties of
paper. Iversen and Kolar** measured the mechanical and optical properties of
different types of paper after exposure to NO,. They found that acid-sized chem-
ical pulp paper deteriorated quickly but that neutral-sized rag and chemical pulp
papers containing CaCO, showed no loss of mechanical strength.

Most studies in the effects of air pollutants on paper have used concentrations
of the pollutants ranging from 10 ppm to 0,5%, i.e. considerably higher con-
centrations than those found even in a heavily polluted urban atmosphere. The
degradation of paper due to hydrolysis of cellulose is a slow and temperature-
dependent process. It is therefore not easy to detect any changes in mechanical
properties as a result of exposure to air pollution at sub-ppm levels. Investiga-
tions in high concentrations of pollutants yield rapid results, but there may be
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additional effects which lead to ambiguities in interpretation. One problem not-
ed by Williams and Grosjean is that in air at ambient humidity, and with a high
SO, concentration, sulfuric acid aerosol may be formed and the damage ob-
served on paper may be due to uptake of H,SO, rather than SO,*. They in-
vestigated the nature and yields of the reaction products from the exposure of
untreated and deacidified paper to ambient levels of SO, and NO,. The study of
reaction products is clearly an important way of gaining information about po-
tentially aggressive atmospheric pollutants but there is little to be learned from
such studies about the parameters that govern the adsorption of the pollutants on
paper.

We have chosen in our study to investigate the first stage in paper deteriora-
tion, i.e. the initial dry deposition of pollutants onto a paper surface. Dry deposi-
tion includes the deposition of the pollutant in a gaseous form as well as in a
particle form. This is probably the dominating route for the deposition of pollu-
tants in an indoor environment. The rate of deposition depends on several fac-
tors, including the composition of the paper, and environmental parameters such
as relative humidity, the mixture of pollutants, temperature etc.

We have investigated the dependence on humidity and SO,-concentration,
and the influence of NO, and O, on the SO, deposition on different paper
grades. The rates of deposition of NO, and O, on the papers were also studied.
The concentration levels used were those of ambient conditions in a moderately
to heavily polluted environment**. The depositions of NO, and O, were judged
to be insignificant in the present study. The deposition of SO, was however, en-
hanced by the presence of these pollutants, and also by a high relative humidity.
The total uptake of air pollutants in the paper samples was so low that no de-
terioration in paper properties, such as strength, could be detected.

EXPERIMENTAL

Deposition test equipment

The experiments were carried out using time-resolved analysis of the deposition
(TRAD) of SO,, NO, and O,. The equipment was designed specially for deposi-
tion studies. The main advantages of the equipment were the high accuracy in
the control and regulation of temperature, gas flow, relative humidity and con-
centrations of gaseous pollutants such as SO, and NO,. The apparatus was made
entirely of glass and Teflon®’.

The system was immersed in a thermostated water tank. The polluted at-
mosphere was created by allowing purified and dried air to enter through two
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different channels. One part was saturated with water vapour at the exposure
temperature (22°C). The temperature in the laboratory was kept above the tem-
perature in the water tank in order to avoid water condensation at the humidi-
fier. The other part was used as a carrier for the pollutants. SO, and NO, were
added from permeation tubes which contained the pollutants in liquid form. The
concentration of the gaseous pollutants was controlled to within 2 ppb. O, was
produced by allowing dry air to flow past an adjustable ozone generator that
uses UV radiation to form atomic oxygen from molecular oxygen which then re-
acts with undissociated oxygen molecules to form O,. The O, concentration was
held to within +5% of the desired concentration. The relative humidity was ad-
justed within an accuracy of +0,3% by mixing measured amounts of dry and
humidified air.

The gas flows were then mixed and thermostated and the resulting gas was
passed through the exposure chamber. The tubular exposure cell had an inner
diameter of 48 mm. The gas flow through the cell was 1,00 dm3/min, resulting
in a laminar flow speed of 0,9 cm/s in the cell (Reynold’s number = 12). The pa-
per test piece was suspended by a nylon string in the middle of the chamber so
that the direction of flow was parallel to the test piece.

The gas emanating from the exposure chamber was analysed continuously.
SO, was determined using a fluorescence instrument (Environnement AF21M)
which had a sensitivity of 0,001 ppm and a time constant of one minute. NO,
was determined with a chemiluminescence instrument (Environnement AC230M)
which had a sensitivity of 0,002 ppm and a time constant of one minute. O, was
monitored with a UV photometric O, analyser (Dasibi 1108) with a detection
limit of 1 ppb. Instrument calibrations involved the use of permeation tubes for
SO, and NO,. The concentrations of SO, and NO, were calculated from the
weight loss of the permeation tube and from the flow rate. The deposition of air
pollutants was calculated from the difference in concentration between inlet and
outlet.

Before the start of the experiment, the interaction of the pollutants with the
chamber walls had reached a steady state, and the effect of the absorption of pol-
lutants by the apparatus could therefore be disregarded.

Paper samples used in the study

Five commercially available papers, four copy papers and one archive paper,
were chosen to represent different paper grades:

A Acid lignin-free copy paper: Bleached kraft pulp (SW" 40%, HW™ 60%),
18% kaolin, rosin sized.
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B Alkaline lignin-free copy paper: Bleached sulfite pulp (SW" 60%, HW™ 40%),
18-20% CaCO, (chalk), neutral sized.

C Acid lignin-containing copy paper: Groundwood pulp (SW' 35%), bleached
chemical pulp (SW™ 30%, HW" 35%), rosin sized.

D Alkaline lignin-containing copy paper: Groundwood pulp (SW’™ 520),
bleached CTMP™ (aspen 26%), bleached chemical pulp (SW" 20%, HW' 2%),
2-3% CaCQ,, neutral sized.

E Archive paper: Bleached cotton (linters and combers), 2-3% CaCO,,
0,5-1% TiO,, neutral sized.

" SW = softwood, " HW = hardwood, ~ CTMP = chemi-thermomechanical pulp

Paper is a material with a rather high porosity and a high specific surface, and
the surface that may be exposed to air pollutants is therefore much larger than
the macroscopic sheet surface (Table 1). The table also gives the content of metal
ions, that may already have been present in the native fibres, introduced with
different papermaking additives, or could emanate from the pulping and paper-
making process equipment. These metal ions may play a significant role in the
uptake of air pollutants. The equilibrium moisture content in the papers at differ-
ent RH levels is given in the last three lines of the Table.

Table 1: Characteristics of the papers samples

Paper A B C D E

Grammage (g/m?2) 80 80 75 75 80
Specific surface (BET*; m2/g) 1,37 0,95 1,53 0,90
Specific surface** (R 2 0,1+*m; m2/g) 0,95 0,86 1,35 0,87
Metal ions (AAS***; *g/g) Cu 0,7 3,9 4,6 1,4
Fe 55,1 91,4 209 13,8

Mn 12 265 6,0 4,0
Pore volume** (¢cm3/g) 0,395 0,416 0,702 0,419

Porosity** (%) 34 34 44 32
Char radius** (R0,50V,**m) 1,63 1,72 2,51 1,57

Equilibrium moisture content (%) at RH  15% 3,00 3,00 3,80 3,30 2,90
50% 5,40 5,30 6,20 5,40 5,40
85% 11,30 11,00 13,80 11,60 10,90

Determined according to the method of Brunauer, Emmet and Teller
Determined by Mercury Porosimetry

’ Analysis by Atomic Absorbtions Spectrometry
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Tést piece preparation

All the investigated papers were of A4 size. The paper test pieces for exposure
were taken from the centres of the sheets and cut into strips, 3x10 cm. The geo-
metrical exposure area of the test piece was 60 cm’ as both sides of the paper
were exposed to the gas. The weight of the test piece was 0,24 g. Since paper is a
quite porous material, the true surface which is “hit” by SO, molecules is much
greater; we estimate it to be approximately 2.400 cm”. The test pieces were pre-
conditioned in desiccators containing saturated salt solutions giving the desired
humidity for at least five hours prior to exposure. Only one test piece was ex-
posed at one time and the uptake of the gases was recorded continuously. One
exposure lasted until a steady state was reached or at least for 20 hours.

Evaluation of data

The deposition rate is defined as the amount of the gaseous pollutant deposited
on the test piece surface per unit time per unit mass of exposed sample, and is
calculated from the difference between the input and output concentrations of
the pollutants. The deposition rate can also be presented as the amount of gas
deposited per unit time per unit area.

The deposition rate in all the graphs is given with respect to unit mass of pa-
per. In all the experiments, the resolution of the SO, concentration measurement
was 1 ppb which in relation to the flow rate and sample weight corresponds to
an SO, deposition rate of 0,18 ng-s*-g". Calculated with respect to sample area,
this is 0,72 pg-s'-cm”. The deposition rate must be considered in relation to the
deposition velocity to an ideal absorbing surface. The deposition velocity, vg, is
defined as the deposition per unit area per unit time *, i.e. the flux of SO, to the
surface is divided by the concentration of SO,. The concentration is taken as the
mean of the input and output SO, concentrations in the cell. The deposition ve-
locity in all experiments was calculated when the deposition rate had reached an
apparently steady state.

The flux to the surface may be described as being retarded by an aero-
dynamic resistance and by a surface resistance. The aerodynamic resistance may
be estimated by measuring the deposition velocity to a surface with no surface
resistance — an ideal absorber. This mass-transfer-limited deposition rate of SO,
to the test piece surface, was found to be 3,8 mm/s at 85% RH and 107 ppb SO:

The ideal absorber was prepared by soaking a paper test piece in 0,1 M NaOH,
and then drying it between filter papers before exposure.
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RESULTS: DEPOSITION OF SULFUR DIOXIDE

The influence of different parameters on the SO, deposition rate was investigat-
ed and the results are here presented in the following order:

e Influence of humidity: 15, 50, and 85% RH,

¢ influence of NO, at 50% and 85% RH,

* influence of O, at 50% and 85% RH.

The deposition velocity at a steady state deposition rate was calculated when
the decrease in the deposition rate was less than 1 ppb in 5 hours. For most runs,
a steady state was reached after approximately 20 hours of exposure. Table 2
shows the calculated deposition velocities on papers exposed to 107 ppb SO,,
350 ppb NO, and 230 ppb O, at different relative humidities.

Table 2: The deposition velocities of SO, after 20 hours, SO,=107 ppb, NO,=350 ppb and,

0,=230 ppb.
Atmosphere Deposition velocity (v,; mm/s) in paper sample:
A B D E
SO, 15% RH <0,03 <0,03 0,07 <0,03
50% RH <0,03 0,08 0,34 0,14
85% RH 0,03 0,21 1,17 0,14*
SO,+NO, 50% RH 0,03 0,06 0,27 0,13
70% RH 0,15
85% RH 0,11 0,95 1,08 0,39*
SO,+0, 50% RH 0,09 0,13 0,7 0,18
85% RH 0,23 0,68 0,99 0,38*

" after 25 hours

Influence of relative humidity

Fig. la shows the SO, deposition on papers exposed to 107 ppb SO, at 15% RH.
At 15% relative humidity, the SO, deposition rate was low on all papers. The
initial deposition rate was almost the same regardless of paper type. Alkaline
CTMP (D) was the only paper which still had a measurable deposition rate of
SO, when the exposure was interrupted after 20 hours.

At 50% RH, the initial SO, deposition rate was higher than at 15% RH on all
papers, Fig. 1b. Differences in SO, uptake on the papers due to paper quality
was noted primarily during the initial stage of exposure. The decrease in deposi-
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10
10
8+ o . .
Paper A: acid lignin free 8+ Paper D: alkallme cTmp
g Paper B: alkaline lignin free —-— Paper E: alkaline cotton

~==~ Paper C: acid groundwood

Fig. 1: The SO, deposition rate on paper
exposed to 107 ppb SO, a: at 15% RH. ~ b:
at 50% RH — c: at 85% Ordinate: Deposi-
tion of SO, (ng * s * g'); abscissa: Time
(hours).

tion rate with time was lower on alkaline CTMP (D) and the deposition rate at
steady state on this paper was almost five times higher than the rate at 15% RH.
At 85% RH, the uptake of SO, was substantially higher on all papers, Fig. lc.
Just as at lower humidities, alkaline CTMP (D) differed from the other paper
grades. Instead of a fast rate decline during the first 10 hours of exposure, which

was the case for the rest of the paper grades, a steady-state was reached from the
start of the exposure on this paper.

The effect of the presence of nitrogen dioxide

The deposition rate curves for SO, in the presence of 350 ppb NO, at 50% RH
Fig. 2a are similar to those in Fig. 1b, i.e. there was no significant influence o’f
NO, on the SO, uptake on paper during exposure at 50% RH. At 85% RH, the
presence of NO, increased the rate of deposition of the SO, at steady state fc;r all
papers with the exception of the alkaline CTMP (D), Fig.2b. The effect of NO,
was most pronounced on alkaline lignin-free (B). The decrease in the depositiori
rate with time on alkaline cotton (E) was much slower than during exposure to
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10 Paper A: acid lignin free L Paper E: alkaline cotton
g L Paper B:alkaline lignin free
--~~- Paper C: acid groundwood 0
6 L ——-PaperD: alkaline CTMP 8 [r~rmmommm et L
1
15 20

Fig. 2: The SO, deposition rate on papers exposed to 107 ppb S0, and 350 ppb NO,; a: at 50%
RH - b: at 85% RH. Ordinate: Deposition of SO, (ng*s”* g'); abscissa: Time (hours).

SO, alone; after 20 hours, the deposition rate was almost three times higher. The
exposure was continued for five more hours and the rate of deposition of SO,
did not change during this time, but remained at approximately 2,5 ng.s'.g!. A
significantly higher SO, uptake on acid lignin-free (A) was noted in the presence
of NO,. The initial rate decline was slower than in the corresponding run with
SO, alone.

Since the synergism between SO, and NO, was so pronounced on alkaline
lignin-free (B) at 85% RH, additional runs at 70% RH were carried out at an SO,
concentration of 107 ppb. Fig. 3a shows that an increase in humidity from 50%
to 70% RH primarily enhanced the initial SO, uptake. Results of corresponding
runs with the addition of 350 ppb NO, are shown in Fig. 3b. The strong syn-
ergetic effect of NO, at 85% RH was not found at 70% RH.

10 10 | ——- Paper D: alkaline CTMP
Paper A: acid lignin free —.—. Paper E: alkaline cotton

8 b Paper B: alkaline lignin free 81
6
4
2

0 N i L O A 1 1

0 5 10 15 20 0 ) 10 15 20

Fig. 3: The SO, deposition rate on papers exposed to 107 ppb SO, and 230 ppb O, a: at 50%
RH — b: at 85% RH. Ordinate: Deposition of SO, (nges™ g"); abscissa: Time (hours).
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The Effect of the Presence of Ozone

The addition of 230 ppb O, accelerated the rate of deposition of SO, on all pa-
per grades at 50% RH, Fig. 4a. The SO, uptake at steady state was three times
higher in the acid lignin-free (A) and twice as high in the alkaline CTMP (D), but
was only slightly higher in the alkaline lignin-free (B) and alkaline cotton (E).
Fig. 4b shows that the presence of O, enhanced the SO, deposition rate on all
paper grades at 85% RH with the exception of the alkaline CTMP (D). The up-
take of SO, on acid lignin-free (A) appeared to be more affected by the presence
of ozone than on the other paper grades. The uptake of SO, on alkaline lignin-
free (B) was also considerably greater in the presence of ozone.

»
"N
WY 85% A

Fig. 4: The SO, deposition rate on alkaline lignin-free paper at different relative humidities.a:

Exposed to 107 ppb SO, ; b: exposed to 107 ppb SO, and 350 ppb NO,. Ordinate: Deposition of
SO, (ng~ s+ g"); abscissa: Time (hours).

Paper A: acid lignin free

Paper D: alkaline CTMP

assosomsasanas met T N

1 E_., ‘\_..........--u--“------.-....._____._
B,E: alkaline, lignin free and cotton
0 b==o
i 5 10 15 20

Fig. 5: The NO, deposition rate on papers ex
- I posed to 350 ppb NO, at 85% R i :
Deposition of NO, (nges” e g"); abscissa: Time (hours). ‘ " . Ordnate:
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DEPOSITION OF NITROGEN DIOXIDE ON PAPER

Fig. 5 shows the NO, deposition on different paper grades. The papers were ex-
posed to 350 ppb NO, at 85% RH. The NO, deposition rate was very low, or
non-detectable (below the detection limit of 2 ppb), in all the papers. Acid lignin-
free (A) picked up a minor amount of NO, during the first hours of exposure,
but the deposition rate decreased rapidly and, after three hours exposure, no
further deposition of NO, could be detected. Alkaline CTMP (D) differed from
the rest of the paper grades in that a low but invariable NO, deposition was re-
corded on this paper during the 20 hours of exposure.

CONSUMPTION OF OZONE ON PAPER

Fig. 6a shows the rate of consumption of ozone on different papers exposed to
290 ppb O, at 50% RH. Ozone consumption was recorded on all the exposed
papers during the first 15 hours, but it decreased rapidly. After 20 hours of ex-
posure, it was below the detection limit of the ozone analyser on alkaline lignin-
free (B) and alkaline cotton (E) whereas the consumption rate on acid lignin-free
(A) and alkaline CTMP (D) had reached a steady state level of approx.
2ngs'g.

Fig. 6b shows the ozone consumption on different papers exposed to 230 ppb
O, at 85% RH. High humidity affected the interaction with alkaline CTMP
paper (D) where the ozone consumption was increased three times. The con-
sumption rate at 20 hours on acid lignin-free (A) seemed to be unaffected by the

20 20

A: acid lignin free paper D: alkaline CTMP paper
15 B: alkaline lignin free paper 15 E: alkaline cotton paper:

Fig. 6: The ozone consumption rate; a: on papers exposed to 290 ppb ozone at 50% RH. —
b: on papers exposed to 230 ppb ozone at 85% RH. Ordinate: Deposition of O, {ng e s'eg");
abscissa: Time (hours).
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Uptake of Air Pollutants by Paper

humidity. A small but significant consumption of O, was detected on the alkaline
papers, alkaline lignin-free (B) and alkaline cotton (E).

DISCUSSION

The uptake of NO, seemed to be insignificant in the present study. At higher
concentrations, chemical reactions may of course occur between NO, and paper
compounds®, but this was judged to be of minor importance at the con-
centrations studied in this work. The experimental results indicated that O, may
react with paper at sub-ppm levels, but at the present time we cannot judge
whether this should be attributed to decomposition of O, at the paper surface or
to direct chemical reaction with the material. The higher ozone consumption on
alkaline CTMP could be attributed to reactions with lignin®”*, — but further ex-
periments are needed if possible reactions between O, and paper components
are to be clarified. This discussion has therefore focused on the uptake of SO,
and the effects of relative humidity and the presence of NO, and O, on this up-
take.

The intention of this study has not been to establish meticulous relations be-
tween the exact composition of the different paper grades and the uptake of air
pollutants. Instead, we concentrate the discussion on the overall differences be-
tween the selected papers such as pulp composition and inorganic fillers and
from that point of view discuss parameters that potentially govern the uptake of
gaseous pollutants in paper.

The influence of relative humidity on the deposition of sulfur dioxide

Humidity primarily influenced the initial SO, -deposition (< 15 hours) on paper.
This is in agreement with Edwards et al.'"®. The initially enhanced uptake of SO.
at higher humidity was probably only an effect of the higher moisture conten:
which resulted in more gaseous SO, dissolved in a greater amount of adsorbed
water. The moisture content at a given RH did not differ greatly between the pa-
per samples (Table 1), and this could not therefore explain the large differences
in deposition rates. When an equilibrium between gaseous and adsorbed SO
was achieved, the uptake of SO, slowed down markedly for all papers Accordf
ing to Edwards et al. '*, the pick-up of SO, is independent of the mois'ture con-
tent after 48 hours. This is in keeping with our results provided that the papers
did not contain additives, reactions of which with SO, are governed by ths pres—
ence of water. The influence of humidity on the SO, uptake at a steady stal.)te is
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best illustrated by the two extremes of acid lignin-free and alkaline CTMP, the
former being almost resistant to SO, at any humidity whereas the deposition rate
of SO, on the alkaline CTMP was highly humidity dependent. Apart from the
different pulp compositions of the two papers, alkaline CTMP contained CaCoO,
as filler whereas acid lignin-free contained kaolin.

The uptake of SO, on alkaline lignin-free, alkaline cotton and alkaline CTMP
was probably related to the calcite content. The reaction mechanisms of SO, and
calcite have been thoroughly investigated in numerous studies related to acceler-
ated deterioration of cultural buildings, statues etc.***. Even though the reaction
mechanisms for the attack of SO, on calcareous stone are far from clarified, it is
our belief that similar processes occur in CaCO, -filled papers.

CaCO, reacts with SO, and forms gypsum which is the thermodynamically
stable end product according to:

SO, + CaCO, + %2 H,0 & CaSO, + . H,O + CO, (3)
CaSO, * %2 H,0% CaSO, » 2H,0 (4)

At room temperature, however, the reaction of SO, with CaCO, is very slow.
The reaction rate increases when the adsorbed water layer on the CaCO, partic-
les increases with relative humidity®*. Since the intermediate reaction product
calcium sulfite (eq. 3) forms a fairly stable layer on the surface of calcium car-
bonate in a humid SO, atmosphere, it hinders SO, from reacting with the under-
lying CaCO, with a decreasing reaction rate of SO, as a consequence. In the
presence of an oxidiser/catalyst, calcium sulfite is readily oxidised to calcium
sulfate (eq. 4), which is less dense than the sulfite and allows passage of SO, to
the underlying CaCO,.

This may be a possible explanation for the different behaviours of the three
alkaline papers which contain calcite as a filler. The high reaction rate of SO, on
the alkaline CTMP at 85% RH may have been due to the presence of additives
with a catalytic effect. Atherton et al."” noted that the occurrence of metal ions
such as Cu(ll) and Mn(II) strongly accelerates the uptake of SO, in paper. In-
vestigations by Elfving et al.*¥ demonstrated the catalytic sulfation of calcite in
the presence of Fe,0, and MnO,.

A more plausible explanation would be the high mechanical pulp content in
combination with the alkaline filler in the alkaline CTMP. It has been shown that
SO, reacts with lignin in a mechanical pulp*. Any acidic products formed
should be neutralised by reaction with calcite which also reacts directly with SO,
according to egs. (3) and (4).

An increasing deposition rate with increasing humidity was also recorded on
acid groundwood, although it was somewhat lower than on alkaline lignin-free
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SO, + 0O,+H,0 - S0 + 0, + 2H" (5)

The deposition velocity of SO, on acid lignin-free was three times higher in
the presence of O, at 50% relative humidity. The effect was even more dramatic
at 85% RH as the deposition rate of SO, was seven times higher in the presence
of 200 ppb O..

The consistently high rate of deposition of SO, on alkaline CTMP suggests
other reactions besides the sulfation of calcite in this paper, e.g. sulfonation of
lignin. The higher rate of deposition of SO, in 50% RH in the presence of O,
supported this suggestion of parallel reactions in paper. A deposition rate after
20 hours comparable to that in the alkaline lignin-free would be expected if the
adsorbed SO, had reacted solely with calcite.

The reaction of SO, with alkaline lignin-free and in some measurements with
the alkaline cotton was consistent with what has been demonstrated on sulfation
of calcite. The higher SO, deposition rate on alkaline lignin-free and alkaline cot-
ton may again be assigned to the presence of calcite. The adsorbed four-valent
sulfur on the paper was either oxidized directly to its six-valent state or reacted
with water and calcite to form gypsum via calcium sulfite (eqs. 3 and 4). The
synergetic effect of ozone is favoured by a higher humidity®.

These results, especially for acid lignin-free, clearly demonstrate the negative
influence of O, on the permanence of so-called unprotected papers such as rosin-
sized and those containing groundwood. We believe that ozone plays a signifi-
cant role for the air-pollutant-related deterioration processes of paper. The
results indicate the importance of regulating humidity and controlling air pollu-
tants besides SO, in the air supply to archives and libraries.
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Fig. 7: The estimated lifetime of 15% CaCO, filler in the alkaline li

_ gnin-free copy paper in differ-
ent polluted environments. The concentrations are: SO, = 107 ppb, NO, = 350 ppb, O, =
230 ppb ' o
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The consumption of alkali reserve due Lo the uptake of sulfur dioxide

It was established early that the presence of CaCO, favours ageing stability'. If
a small percentage of CaCQ, is present, paper is regarded as “permanent™’.
Under controlled conditions, this is probably in agreement with reality. How-
ever, one should bear in mind that under severe conditions, the alkalinity of the
filler may rapidly be consumed. Fig. 7 presents a rough estimate of the durability
of the buffer in alkaline lignin-free paper calculated from the steady-state deposi-
tion rate of SO, under ambient conditions. This rough estimate describes the
relative importance of the relative humidity, NO, and O, on the uptake of SO,
in an alkaline paper. However, it should be noted that paper sheets are rarely ex-
posed freely but are stacked in boxes or bound volumes.

CONCLUSIONS

The main conclusions from the present study of how air pollutants are deposited

on and attack paper materials may be stated as follows:

o Investigated papers showed slow deposition rates of SO, on exposure to SO,
alone.

e The addition of NO, increased the uptake of SO, at high relative humidities.

e The addition of O, also increased the uptake of SO, at intermediate humidi-
ties.

e The capacity of an alkaline buffer for neutralising acid pollutants in paper
probably depends upon the paper manufacturing process and the origin of the
filler.

o The relative humidity in repositories should be kept as low as possible in or-

der to minimise the interaction of air pollutants in paper.
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and alkaline cotton. As this paper contains approx. 30% mechanical pulp, the
higher SO, deposition rate compared to that on acid lignin-free can probably be
assigned to sulfonation of lignin.

Of the papers investigated, only the kaolin-filled acid lignin-free showed a low
deposition rate of SO, at all humidities (v < 0,03 mm/s; cf. Table 2) after
20 hours. Kaolin has no buffer capacity towards acidic species and provides no
protection of the fibres. The pick-up of SO, is therefore to a higher degree relat-
ed to reactions with cellulose than in the calcite-filled papers. The rate-con-
trolling step is probably the conversion of adsorbed S(IV) to S(VI). Efforts have
been made to prove the presence of S(IV) species in paper®. Due to the in-
stability of SO; in aqueous medium, wet chemical analysis methods are un-
fortunately too vigorous and subsequently only SO has been isolated. It is,
however, probable that the deposition rate of SO, is related to the oxidation of
S(IV) species adsorbed on the fibre. This process is obviously slow in ambient
concentrations of SO, at room temperature and is independent of humidity.

Since the calcite in alkaline cotton paper probably shields the fibres from re-
acting with SO,, we cannot comment upon the stability of cotton cellulose to-
wards dry deposition of SO,. The uptake of SO, on pure cotton cellulose was
however studied in a parallel investigation®. A similar behaviour was then found
for cotton cellulose as for acid lignin-free, i.e. SO, at ambient concentrations did
not react at any significant rate with cotton cellulose at any of the humidities
studied.

The effect of nitrogen dioxide on the deposition of sulfur dioxide

The addition of NO, at 50% RH had no effect on the SO, deposition on any of
the exposed paper grades. The deposition velocities at steady state were un-
altered compared to the corresponding runs in an SO, environment.

On addition of NO, at 85% RH, the rate of SO, uptake was significantly en-
hanced on all papers, except for the alkaline CTMP. Simultaneously with the
SO, measurements, the NO, concentration was monitored. The NO. concentra-
tion was the same irrespective of whether SO, was present or not i.:z. there was
no NO, consumption that corresponded to the increased deposition of SO,. No
detectable NO was formed. The results indicated that NO. took part onl 2.as a
catalyst. If so, this is in agreement with earlier observationszon several ma{erials
where the catalytic action of NO, has been demonstrated!®!!.

The most interesting result in high humidity was achieved on acid lignin-free
A four-fold increase in the deposition velocity of SO, in high humidity was not:
ed when NO, was added. The increase in the SO, deposition rate was probably
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due to an increase in the oxidation of adsorbed four-valent sulfur on the surface.
The enhancement of oxidation of S(IV) on an “unprotected” paper with no al-
kali reserve will probably result in an accelerated accumulation of sulfuric acid
(egs. 1 and 2) which then promotes the hydrolysis of cellulose.

The strong synergetic effect on the SO, deposition when the alkaline papers
were exposed to SO, plus NO, at high humidity may be explained by the high
CaCO, content. The catalytic effect of NO, on the oxidation of four-valent sul-
fur adsorbed on a calcite surface has been reported by Johansson et al.'’. The
presence of NO, promotes the forming of gypsum, CaSO2H,0 according to
egs. (3) and (4), and thus allows a greater pick-up rate of SO, on the paper. As
this strongly synergetic effect was not seen below 85% RH, the presence of water
seems to be crucial for the SO, / NO, interaction on paper.

The addition of NO, had no effect on the rate of deposition of SO, on alka-
line CTMP, indicating that the limiting deposition velocity on this paper was al-
ready reached in an environment of SO, alone {(sg= 1,1 mm/s).

Alkaline cotton behaved unexpectedly, as the rate of SO, deposition de-
creased with time in the presence of NO, in spite of the excess amount of
CaCO, present. At steady state, the deposition velocity was barely half as high as
for the alkaline lignin-free and alkaline CTMP papers. The CaCO, in both alka-
line cotton and alkaline lignin-free originated from chalk, and for that reason we
expected the same behaviour in the SO, + NO, environment for both papers.
Whether or not this lower deposition rate compared with that on the alkaline
lignin-free is a disadvantage for the ageing stability is a matter of discussion. If it
is assumed that all the adsorbed SO, reacts with CaCO,, the alkaline filler in al-
kaline cotton will last longer than that in the other two papers and thus prolong
its permanence. However, an alternative explanation of the low deposition rate
on the alkaline cotton could be that the calcite particles were partially shielded
from reacting with SO,, for example through the formation of a film of dry-
strength resin over their surface.

Since humidity seemed to play a significant role in the SO/NQO, interaction
on paper, the higher rate of oxidation of SO, due to the presence of NO, may be
avoided by keeping the humidity as low as possible.

The effect of ozone on the deposition of sulfur dioxide

The uptake of SO, by paper was significantly increased by the presence of O,
Table 2. Ozone is an efficient oxidizing agent and we believe that it accelerated
the deposition rate of SO, by oxidation of the four-valent sulfur bound to the

paper surface according to:
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SUMMARIES
Uptake of Air Pollutants by Paper

The objectives of the study have been to investigate the uptake of air pollutants (SO.I, NO, and
0,), especially synergistic effects when these pollutants are present together, and the effects of cli-
mate.

The initial dry deposition of the pollutants onto a paper surface was studied using on-line gas
analysis. The paper samples were exposed Lo synthetic atmospheres with careful control of pol-
lutant concentrations, relative humidity and {low conditions.

The depositions of NO, and O, were judged to be insignificant in the present study. The in-
vestigated papers showed a low tendency to pick up SO, alone. The deposition of SO, was how-
ever enhanced by the presence of the other pollutants, and also by a high relative humidity. The
addition of NO, increased the pick-up of SO, at high relative humidities, while the addition of O,
also increased the pick-up of SO, at intermediate humiditics.

The presence of CaCO, favoured a high pick-up of SO, on the alkaline papers. However, it
was found that the alkaline papers responded differently to SO,. This may indicate that the alkali
reserve under adverse conditions is cither too rapidly consumed or p

assivated, probably due to
the paper manufacturing process and the origin of the filler.

Absorption des gaz polluants par le papier

L'objectif poursuivi par cette étude consistait a rechercher comment les
et O,)

synerg

gaz polluants (SO,, NO,
¢taient absorbés par le papier. Des recherches ont été effectuées notamment sur les cffets
¢tiques de ces gaz polluants lorsqu'ils étaient présents en méme temps dans Pair environ-
nant. Le dépot initial, lorsque Pair est se,

des gaz polluants sur la surface du papicr a été mesuré¢
selon Ja méthode de I'

on-line gas analysis. Les échantillons de papicr ont été exposés a une at-
mosphere créée artificicllement comportant des concentrations de gaz précisément dosées sous
des conditions bien déterminées d’humidité relative et de circulation d'air. Cette étude a permis
de considérer que le dépot de NO, et de O, a une signification négligeable. Les échantillons de
papier étudiés ont démontré une certaine tendance, cependant assez minime a absorber SO,
lorsque celui-ci est le seul gaz présent dans Patmosphére., L’

rablement renforcée par la présence d’autres gaz polluants
ambiante monte. L’

absorption de SO, se trouve considé-
ainsi que lorsque le taux d’humidité
addition de NO2 entrainait une plus forte absorption de SO, lorsque les taux
d’humidité relative étaient élevés alors que P'addition de O, favorisait Pabsorption de SO, méme
a des taux moyens d’humidité relative. La présence de CaCQ, favorisait une forte absorption de
SO, par les papiers alcalins. On a cependant observé que les papiers alcalins réagissaient diffé-
remment & SO,. Ceci peut signifier que, sous certaines conditions défavorables, soit que la réser-

ve alcaline se consomme trop rapidement, soit qu'elle se désactive, probablement pour des

raisons liées au processus de fabrication du papier ou a I'origine de la matiere de remplissage.

Die Aufnahme von Gasen der Umweltverschmutzung durch Papier

Das Ziel der Unlersuchung,

tiber die berichtet wird, war es festzustellen, wie die Gase S0, NO,
and O, von Papier aufgeno

mmen werden, und insbesondere ihre Zusammenwirken, wenn sie
nebeneinander in verschmutzter Luft vorkommen.
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Der anfingliche, bei Trockenheit stattfindende Niederschlag der Umwcl'tgase fluf die Papier-
oberfliche wurde durch laufende (on line) Analyse dieser Gase ermittelt. Die l’avpxcrp‘robenA wur-
den einer kiinstlich geschaffenen Umluit mit genau cingestellter Gaskonzentration, Feuchtigkeit

y ausgesctzt.
unf\tt}l;frt:negvzg;némeriuchung wurde geschlossen, daf der Nicdcrschlug von NQ: und O, un-
wesentlich ist. Die untersuchten Papicre zcigen eine gewisse, aber geringe Neigung S(?z auf-
zunchmen, wenn es allein in der Umluft vorhanden war. Die Aufnahme von SO, wurde Jed“och
erheblich verstarkt durch das Vorhandenscin der anderen Umweltgase und auch durch er‘hoh'te
Luftfeuchtigkeit. Der Zusatz von NO, erhohte die Aufnahme von SO, b‘c1 hoh'cr Ijuftfcuc}ltlgkcu,
wiihrend ein Zusatz von O, die Aufnahme von SO, auch bei mittleren Feuchtigkeiten erhéhte. .

Das Vorhandensein von CaCO, beférderte cine hohe Aufnahme von ”SO._, durch das la]ka]:-
sche Papier. Es wurde jedoch festgestellt, daB alkalische Papiere sich gcgenubcr SO, verschieden-
artig verhalten. Das mag cin Zeichen dafiir scin, daB entweder .dlC al‘l.wl‘xsche R.eserv? gnlt(_?r
ungiinstigen Bedingungen zu rasch verbraucht oder inaktiviert"v\vlrd,hmogllchcrwmsc als Folge
des Herstellungsprozesses oder bedingt durch die Herkunft des Fullstoffs.
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Changes in Some Properties
of Aged and Historical Parchment

by GOMAA ABDEL-MAKSOUD & EWA MARCINKOWSKA

INTRODUCTION

The use of parchment dates back to the Middle Kingdom in Egypt'“. In spite of
tbe ability of modern technology to preserve information in t}lngf)orr;x Zfsgi:r&
film, tl‘u?re are many instances where old parchment records are still recognized
as certified and trusted documents?, .
Conservators have long been concerned about the damage caused by expo-
sure tf) temperature in display and storage conditions. Because of naturaly1 rei}; y
historical parchment is likely to be warped and buckled. to have disint ‘t&d t&
have‘ become hard, brittle and stained, and also to have, been e lsmdegré e 'O
crobl.ological attack. The factors provoking natural ageing of Xpo;e e mtl
reaction to both atmospheric moisture and water, and thegeffch)ta rCf }rlnert]'tti?e.ll i
probably being the major factor in the deterioration of a large . f v
untanned skin (i.e. parchment) in museum collections* e porfon o
There is no doubt that the first stage of any conse'rvation ro hould al-
ways.be a detailed study of the condition of the object, with anp cdeSS ts Ocl;' . f
deterioration processes, in order to establish a con’servationutrl e:s antm"[g“h(i)s
study on parchment, therefore, aims to examine the effect of heatr:saam?nd.'vidu-
al factor of deterioration by comparing the changes in properti fn lrtl'f'1 iall
heat aged parchment with those of historical samples. petes of ey

y th
In Egypt, there are many parchment manuscripts at different sites (museums,

libraries a i
stores, nd excavation areas). Many of these sites, especially museums

an'd .stor}:e.s,:re old and rarely built with a controlled environment. Changing hu-
midity, high temperature, excessive light, air pollution, or a combination of these
factors have caused the deterioration of these parchment objects
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EXPERIMENTAL SAMPLLES
New samples

Modern parchment from goat was prepared by Abdel-Maksoud® acording to
Reed® and Abdel-Hamid’.

Historical samples

e Library of the Medical Faculty, Cairo University. Most of them date back to
the time of Kolut Pek (19" century) and to the time of Ali Basha Ibrahium
(20" century). The studied samples were taken from a parchment certificate.

e Tanta Excavation. Three parchment manuscripts in Hebrew, presenting the
th

Pentateuch of the Old Testament 18" and 19", centuries. Jewish cemetery,

Tanta city, Egypt.

e The Coptic Museum. This museum contains a library for parchment manu-
scripts. Some samples were taken from this library; written in black ink, most

rth

of them date back to the Coptic period in Egypt (5" and 6" centuries).

ACCELERATED AGEING
Heat treatment was used in the accelerated ageing process according to Larsen®
and Chahine? at 70°C, 100°C and 134°C. The period of ageing was between one

and four weeks.

SHRINKAGE

Generally, one property of collagen fibres is that they exhibit a sudden shrinkage
when heated. The shrinkage temperature of limed collagen ranges from 50°C to
60°C". Degraded collagen fibres have a lower shrinkage temperature'' ", To

prove this the shrinkage temperature was measured by using the micro-hot table

technique and a polarizing microscope.

Preparation for shrinkage temperature measurement
Haines'* noted that shrinkage temperature should be measured under controlled

conditions, which include the need for the parchment samples to be thoroughly
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m m ing at room tem-
M hment after accelerated ageing '
. . . ictures of modern parc i et aieiog
iy 'CfOSCOIPm'Ca; Z,:d at shrinkage temperature (right column). 1,2: ageing C
perature (left column

ageing at 100°C; 5,6: ageing at 134°C.

e t ears to tolerate temperatures of 130°C forﬁpertlodcsucr)lf 2:
enerally, parchmen z}lf')pher temperatures modern Par?hment begins (1)1 ch-
foast a few weeks. At l%' htly darker in colour. Reed” reported thzlt'ak p_axcall
the edges and becomes s:]ge of between 130°C-150°C, generally S.hrm tS . el
fent & 2 temperamr? Z froll which, on removal from the_ ovem etX ?errnmez
dimensions a';d Cucrlli);z:ves to be impossible of being reconditioned to its fo
hard and brittle an

state.
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wet in distilled water. This was achieved by using several changes of distilled wa-

ter. It was felt that the changes of water would help to lessen
by salts for instance, inﬂuencing the pH. The samples we
3°C per minute.

any contamination,
re heated at a rate of

Measurement of shrinkage temperature

The procedure, according to Young

Y, for measuring the shrinkage temperature
using the hot stag,

¢ was followed. Once cut, the fibers, positioned between glass
depression slides, were degreased in acetone for five minutes and then soaked in
distilled water for approximately five to ten minutes. After this procedure they
were transferred using steel tweezers to a second bath of distilled water for a
minimum of 45 minutes to allow ful] saturation. moved to a microscope slide
prepared with a small reservoir of distilled water containing
kept the fibers continually hydrated and unrestrained througho
cle. Each transfer, from acetone to water and water to slid
quickly to ensure that the fibers did not dry out, as this woul
shrinkage temperature. The slide containing the fibers was in
stage, which was placed onto the stage of the polarizing micr

age process was observed at magnification factor 100 usin
microscope.

glycerine, which
ut the heating cy-
e, was performed
d falsely lower the
serted into the hot
oscope. The shrink-
g a polarizing light

Once the hot stage was activated and the shrinkage temperature range of the

sample was reached the structural order within the fibers became disrupted. The
fiber shrank and lost birefringence. This shrinkage

and loss of birefringence con-
tinued as the temperature increased.
Measurements were performed on moder

and 4 of heat ageing. Additionally,

samples.

n parchment after weeks 1, 2, 3
measurements were made on the historical

MECHANICAL PROPERTIES

Mechanical properties were measured according to ISO 337616,
taken from adjacent zones of a skin, These samples were
between jaws of the testing machine was 50 mm, and
was 10 mm. The average thickness of the new sample
The average thickness of the historical samples was
samples were taken from the modern skins, three
parallel to the backbone, and the three results avera

Samples were
90 mm long, the free length
the width of the free length
s was 0.33 mm % 0.02 mm.
0.43 mm % 0.03 mm. Six
perpendicular to and three
ged for each direction. Only
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one sample could be taken from the historical parchments. The spned Aolf\ztrc;.ch—
ing during measuring was 100 £ 20 mm/min. A Universal .Testmg ! ?chgi
(Model 1435, producer: Zwick (Ulm, Gernflan);)Sv;;asu:zf Qfgtcmszu(rilsn%/.o he

d after conditioning for 48 ho '
Zircri)}?':isngv f(r)elgga\s‘;j”. The tensile strength is found by dividing th%bre:im;i
force (N) by the product of width and thickness of the‘ sar'nples' (r(l);m) he resu
are expressed as N per mm?. The elongation at break is given in %.

HuMIDITY SORPTION

Determination of moisture content was base.ad on the weight l(l)ss(}:)fta. Sal;:g:s
dried by the action of infrared heating rays directed nn the samP e eanxtre)g rom
within), using a Mettler LP16 Infrared Dryer. The mstrumen‘t ltS .mouthat on e
recision balance, which is connected to a cnmputer and printer sc:i L
p] te records of the drying profiles and the final results can be produce : f?e
f:afn erature during this process is 105°C. Water mnlecules strongly abso;b in tr—
dp diation. which result in the rapid evaporation of tne water. Be nre e
ocodure fli ing, the samples were placed for five days in top of a desiccator,
prncedure Om] ;}"wi’h saturated solution of di-sodium hydrogen orthophosphate
Z‘II\}I“C:H:VSS °11§ H,0) to create a relative humidity of 95%. The temperature was
4, 4 3

20°C.

CHANGE OF COLOUR

easured using the CIE*Lab system,

- ihazfjj ti)aliier(rilpzz/e lt]lfztcr;zrrsn;f two sample%. The L scale measures

1cior}imon b d varies from 0 (black) to 100 (perfect white). The a-scale measluref

e ore red, -a means more green. The b-scale measures yellow

e n'lee'ms me ellow, -b more blue. Differences in colour between two

blueT +b meanén%eg:ngd by ,the use of the Greek letter Delta (AL, 'Aa,mAb); the
:E;CIIZ(;ZISAraEffeerence (AE) is found according to the following equation™:

AE =V (ALY + (Aa]” + (ab)

Th urement was made using a Shimadzu Double Beam UV-2101 PC Spec-
e meas pdan
trophotometer equipped with ISR 48 Integrating Sphere.
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50
40

30

Tensile strength (Nmme )

ageing time: w eeks

Fig. 5: Effect of accelerated heat ageing at different temperatures on the tensile strength of
modern parchment.

O @ ageing at 70°C - O M ageing at 100°C — A A ageing at 134°C — Solid symbols: parallet
direction — Outline symbols: perpendicular direction.

elongation (%)

ageing time: w eeks

Fig. 6: Effect of accelerated heat ageing at different temperatures on the elongation at break of
modern parchment.

Table 1: Some mechanical properties of historical parchment.

e Tonsile strength (N/mmY) Elongastion at break (")

Tanta Excavation sample 1

2.35 4.0
Tanta Excavation sample 2 1.99 2.2
Tanta Excavation sample 3 2.141 3,1
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Fig. 8: Determination © +USamples of Tanta Excavation — XSamples
of the Medical Library —
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increasing deterioration. In our case the loss percentage after 25 days was 52% at
70°C, 62 % at 100°C and 74 % at 134°C, Fig. 8 shows that the humidity sorption
of historical samples is distinctly lower, i.e. on a level that i reached for modern
parchment after longer accelerated ageing at high temperature only. It was noted
that relatively high sorption of moisture was obtained from parchment manu-
scripts from Tanta Excavation and low sorption of moisture was obtained from
parchment manuscripts from Coptic Museum. Hallebeck?! proved that for arti-
ficially aged samples there is a general tendency for the amount of total moisture
to fall when the samples are more degraded, but that for natural (historical) sam-
ples the percentage of total moisture content is higher when the degree of deg-
radation is higher. An explanation for the deterioration mechanism of water ab-
sorption of artificial aged and historical parchment could be as follows: water is
present in parchment in three forms, free, associated and bound. The occurrence
of bound water acts as protection against denaturation, whereas associated and
free water are reserve sources? *!. Bound water is held by strong chemical bond
in polar groups in the protein molecules, while free water is held by capillary

nd on the formative structure of the parch-
mbrane. The force, which coheres bound
h greater than the force which coheres free

1 parchment. This indicates that the ability of
ch greater than its

water with protein molecule is muc
water with walls of capillary pores i
parchment to lose free water is mu
Therefore, it can be said that the
the variation in free water cont

ability to lose bound water.
amount of free water depends on humidity, and
ent depends on environmental conditions. The
s on the chemical and physical properties of the
nt continues to retain bound water if it is not ex-

rioration, due
structure and physical properties. In our
study we found that the ability of new

parchment to absorb humidity was about
50% higher than that of historical p:

archment, whife the decrease during ac-
celerated ageing was 52%, 62 o, and 74 0,

depending on the ageing temperature
(cf. Fig. 7).

CHANGE OF COLOUR

Colour by definition has three dimensions, The first is known
defined as value of lightness. The second dimension of coloy
Hue is the attribute of colour that distinguishes green from

yellow. The third dimension of coloyr is saturation of chrome.

as reflectance, also
r is known as hue.
red and blue from

48
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‘ ¢ ageing at differ-
ameters of modern parchment after accelerated ageing a
Table 2 Change of colour param

ent temperalures.

Weeks
Ageing at . | ) ; \
w e wm w1 s
; 1 4,01 5
° 84,23 0,67 o 5
" e 85,66 3,22 3,93 5,818 1457
o §2.20 7,56 11,58 15,8 X
134°C , K
> > -27,42
3,0: -6,11 15,46 27,
| ° oot o 2 18,39 40,12
Aa 700C 19,91 -10,73 12,57 ixdj 2
e 10,49 12,02 -33,43 52,6 57.0:
134°C 30,16 :
50 2,52 -5,43 12,95 237(1
Ab  70°C ! 7;(’0 851 9,32 15,62 1 ;;,78,
o 1(7)3)2 414,08 22,49 -25,1 994
134°C Kt ,
o0 56 O
9,01 4,00 8,24 20,56 35,_)?
AE 70°C 33‘22 14,07 16,13 24,8 (;?:;7,
e :5)39 19,99 41,91 60,43 36,
134°C , :

i 400 to 430 nm), blue (430 to 458 nm),
The colour wer see ra)ngez”fgsvm(s\;z)oltzt 5(1(;0“;])’ e (585 10 ()10 DR
green (485 to \)70,11:.“ ,rzn re comprises what is known as the visible s].)e.ctr.ur}?.
(aboxfe (,)10 ant is e o?a colour change can be understood by exammcllng the
Qu.ah(zmvel}’, the na “rtrum before and after the sample has been exposi to ar:
Yl:ll.)lf }r]eﬂfc;:;ic;gsp;ﬁe colour change is indicated by the change in the spec
tificial hea .
o™ nt data (Fig. 9) it becomes clear that the vz}lues (?f'the
from colour measuremeased with an increase in temperature durxflg ageml;g.
righiness [value Y Cl(;)Crehtness after four weeks of ageing in relat19“ :0 t fe
The reduction of the' .rlg 6 Y at 70°C, 17 % at 100°C and 21. % at 134°C {cf.
prighiness before age ns “‘I’Eg the decrease was slow during the first two or three
Table 2). A1 70°C and 00 duction increased continuously during the whole pe-
© the're Uf les are significantly darker than the modern
istorical samples ture.

weeks, while at 134

; ing. All h . iohest temper
flod O{,:ngzlflt]fr the longest period of ageing at the highest temp
ones e

) d with increasing temperature during the course. Of a%ezzg:,
The a-value increase - of the samples is changing towards red du'rmg, age lg.
indicating that th'e Co.lom ) les. the a-values of the Tanta excavation samples
Regardinghthe }(;lsmnl:a:]i?}?: th;m the a-values of modern parchment after a
are as high and eve

749



Changes in Some Properties of Aged and Iistorical Parchment

Fig: 4: Microscopical pictures of historical parchment at
shrinkage temperature (right column).
seum sample.

room temperature (left column) and at
1,2: the Tanta excavation sample; 3,4: the Coptic Mu-

Shrinkage

The It .
iy Cler;:slu rsep‘rec():\t/ej .that heat dgemg affected the collagen of the parchment, which
y ed in the shrinkage temperature, considering that parchrrient of

the control sample (b i
efore ageing) prese i
A nt : !
The reduction in shrinkage tempeiltp ol e temperalure of 54C

after 4 weeks at 70°C was 13 %, at 1

(Fig. 2 and 4) 00°C 17 % and at 134°C 28 %. From the data

18- < it becomes clear that the reduction i .

historical ion in the shrinkage te

lace ThePZ;Ci;ITrl:Snutlstscolmpared with the control sample difff:rs frrzsrer;lt:crj ?of

from degradation mor: SO slﬁow that all the historical parchments have suffered

tion of the shrinliage tens]o than those which were artificially aged. The reduc-

with modern parchment (bperature f)f the historical parchments by comparison
efore ageing) was as follows: P

* Certificate from the Facult i
and 3: 99 0 y of Medicine Library (Cairo University), sample 1

Certificate from the Facul
t f . . . .
98 00, y of Medicine Library (Cairo University), sample 2:

Manuscrlp .
{s ll()“l Ianta excava (¢
v tlon’ Sample l 30 (/
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ure of aged modern parchment (Fig. 1 and 3)’
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¢ Manuscripts from Tanta excavation, sample 2: 33 %.
e Manuscripts from Tanta excavation, sample 3: 33 %.
 Manuscripts from Coptic Museum, sample 1: 38 %.
¢ Manuscripts from Coptic Museumn, sample 2: 36 %.

e Manuscripts from Coptic Museum, sample 3: 35 %.

MECHANICAL PROPERTIES

It becomes clear from Fig. 5 and 6 that there is a significant reduction in me-

chanical properties (tensile strength and elongation) for both aged and historical
endicular and parallel directions as compared with samples be-

samples in perp
f tensile strength after four weeks is:

fore ageing. The percentage loss 0

e at 70°Cin perpendicular direction: 29 %; in parallel direction 60 %;

e at 100°Cin perpendicular direction: 51
8 %; in parallel direction 87 %.

%; in parallel direction 70 %;

e at 134°Cin perpendicular direction: 8

The percentage loss of elongation after four weeks is:
e at 70°C in perpendicular direction: 79 Y%; in parallel direction 37 %;

e at 100°Cin perpendicular direction: 62 %; in parallel direction 59 %;

e at 134°Cin perpendicular direction:

The effect of heat on tensile strength at 20°C and 100°C after one week is
quite different in the perpendicular and in the parallel directions, but, as can be
seen from Fig. 5, after two and after four weeks these differences almost disap-
pear. At 134°C there are already no differences after one week.

The historical samples (Table 1) show significantly lower tensile strength and
elongation. The reduction in mechanical properties is due to the decrease in dis-
tance between the polypeptide chains, resulting in the strengthening of cross-
links and the eventual deformation of the gross structure. The increased prox-
imity of the chains is initiated by the loss of water. Water molecules no longer
form bridges between adjacent chains, or natural plasticizers, such as small
amounts of grease and fatty substances, may be removed or decay.

92 %, in parallel direction 93 %.

HuMIDITY SORPTION

can bee seen that humidity sorption of new parchment at 95 % RH,
creases with an increase in temperature dur-
otal humidity sorption curve decreases with

From Fig. 7 it
and 20°C is quite high, and that it de
ing ageing. Larsen'® proved that the t
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longer period of ageing at the highest temperature. During the two or three cen-
turies of their history these parchment sam

sive conditions, comparable to the harshnes
temperatures.

The yellow colour (value b) also increased with increasing temperature during
ageing, but not as much as the a-value. Accelerated ageing seems to provoke red-
dening of parchment more than a yellowing. Most striking is the fact that the b-
value of the historical parchment samples has not increased with their age. One

of the oldest samples (Coptic Museum no.l1) is significantly less yellow than any
of the modern samples even before ageing.

ples must have suffered very aggres-
s of longer accelerated ageing at high

DISCUSSION

Measurement of shrinkage temperature of heat aged and historical parchment
shows that there is a clear connection betwe
the chemical changes in the studied samples due to deterioration. In the histori-
cal samples, used for this study, shrinkage takes place at a much lower tempera-
ture, in one of the Coptic Museum samples close to 33°C.

From the physical point of view, the most important characteristics of col-
lagen are the way in which fibres swell in solutions and the way in which they
shrink at a definite temperature. When collagen is denatured, i.e. when its helical
structures, though not necessarily its components, are destroyed, it forms gelatin;
a familiar substance, but unusual among proteins in so far as it has no internal
ordered structure.

An explanation for the shrinkage temperature
ward®, is as follows; collagen stability is largely de
semi-crystalline structure of the fibril, which is sta
molecular hydrogen bonds between peptides of t
cule. Loss of stability can occur in the following

When a collagen sample is in an a
collagen molecule due to its affin

en the shrinkage temperature and

process, according to South-
pendent on the highly ordered,
bilized predominantly by intra-
he triple helical collagen mole-
manner.

ter increases the spacing between the col-
this effect is seen as a swelling of the sample in
heated at a certain temperature, the thermal en-
reak the hydrogen bonds in the amorphous areas
s together, each individual chain then folds into
en macromolecule loses its ordered structure and
s denatured has lost its partially crystalline nature,
larized light by a loss of birefringence.

lagen chains, Macroscopically,
question. If the sample is then
ergy will become sufficient to b
holding the polypeptide chain
random coils, and the hydrog
denatures. Collagen which ha
as can be evidenced under po
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it can be noted that the physical disintegration of
! .y . :
chment is caused by competition and inter
ollagen in limed parchment. The cause of

On the basis of the study,
both artificially and naturally aged par

heti ' at ‘ n“; df to environmental factors, such as heat for
i i ue to
the oxidative breakdown is mainly

tificiall d parchment and several combined factors (heat, light etc) for his-
artificially age )

torical parchment. -
The shrinkage tempera ture of hist

hment samp ‘ o °
E}ll;lz t(l)l)at of the lmo;i:rrnp(}:;gcdl i weeks). We observed only little difference be
34°C) over a lon

. . temperature of the samples from .the Tanta Excavlz(l)tz)(())n :;li
tween die shrinkage te pt‘ ¢ Museum, despite there being more than a 0y
the samples from the COKE 1m The main reason for this are the agg.r?SSIV(_: C?}?_
agf_’ difference betweel.l eite. compared to the envirOnmenFal conditions in the
ditions of the e,'(cavatl;)n sffectiveness of the first conservﬁ“‘On treatmelnt,kl.eiz
museum collection. T etlfe excavation area, may also Conmbl,lte' Thi ac't (zm'
temporary treatn.*tent'lnl ircumstances of the Tanta Excavation ma is (11 lain
report on the historica Cof the conditions in which the parchmentll at n
possible to take accou.n.t before and after arrival in the museum co (;)C] 10t h.
buried and/or the CODdltlolrlls ent are aPParently less h)’drothem.]auy " ed ag

Some parts of the pa[r)ctir:n or deterioration of their cr'yStallme f:mdt or e;ea_
others because of pert';lha less stable regions begin to Sk,lrmk " 10Wertem§ an-
amorphous structure. The table regions denature at higher .ter?npezia e i Pn
tures, whereas the morehs'nka e temperature (T) values. A M milar d etShCFleoC;e
proaching more normal s lr;"ibrilgdeterioration in each fiber varies, arIi , Ielff? has
applies for ﬁbers: The toté?. k at a lower temperature than otherS-> ars'e 1 sam-
some fibers begin to Shrlm in hydrothermal stability of tbe oud h;S torlcfnecha.
s}llown th}j t the .Csu;et(iosrevoesrsal combinations of the two main breakdown
ples can be ascribe

nisms. In general this is:

orical parchment samples is distinctly lower
les. even after sharp accelerated ageing
)

d hydrolysis,

* Strong oxidation and strong acl
is
* Strong oxidative and less hydrolysis,

* Strong acid hydrolysis and less oxidation.

”)/Ofﬁbr Siﬂa
hal (he (1[’“61 ences l’]l the hydrothermal Stab l t e

Larsen" reports t o |
actors:
sample may be ascribed to three main

‘s t of the skin;
¢ Differences in stability due to initial treatmen

* Non-uniformity in production; .
deterioration.

* Anonuniform degree of tance of the three reasons for differences
porta

It has been shown that the ;mQ o
may be arranged in the order 3 )
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t “ .
he remaining hydrogen bonds and, therefore, fibre shrinkage occurs at a lower

temperature. Larsen? prov ;
. ed that :
ageing P shrinkage temperature decreases during

CONCLUSIONS

¢ When modern parchment is heated, the
tures at 70° C and 100° C for four weeks
down into very small lengths which, unde

for a long time (more than four weeks)
process of oxidation.

fibres of collagen tolerate tempera-
but at 134° C the parchment breaks
r the further action of the same heat
, change into a complex material by the

" Several properties of artificially heat aged modern parchment samples in-

ftemperature increases. For historical samples,
actors, and depend more on the condition of
an on the age of a sample,

* A study of moisture sorptj
ption characteristic of par i
dy o c ndia
of its relative state of degradation. The rep' bip by incication

these changes depend on many
the surrounding environment th

* Another possible method of estimatin
measure shrinkage temperature. The
decreased as the time of ageing and t

samples the reduction de
pends on th it . )
cal sites. e condition of the object in archaeologi-

collagen fibres are required

1
:eal:s)iizhmertlts.f lfamples of only 0.1 to 0.5 mg are needed. Therefore, the
ment of hydrotherma] stability using a polarizing microscope witI; the

154

o Measurements of the shrinkage temperature of
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hot table technique can be considered as being practically a non-destructive

method.
historical samples proved that

the percentage loss of hydrothermal stability was high. .T.his is a clea.r indica-
tion that all historical samples studied are in a bad condition, depending from

their age: the lowest shrinkage temperature was found with the s:zmr}I)‘lest frgm
the Coptic Museum (5" century), followed by the samples ;rohm the zlm z; Ox-
cavation (18" century), while the shrinka%‘e temperature of ¢ etsagllptesf Sra :
the Library of Faculty of Medicine (19/20 century) was nearer to that o

ples after prolonged accelerated ageing at very high temperature.

e It is clear from this study that most archaeol
up a plan for monitoring the condition of pa

ogical sites in Egypt need to draw
rchment manuscripts.
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parchemin ancien ¢t historique

MOdiﬁcations de certaines [)roprzetes du . N
dans le triste état des objets en parchemin tels

Egypte : dans les musées, les bib]iolh?qucs, sur
t chez les antiquaires. Des échantillons de ]::arc.hcomm moder-
& a différentes températures (70°, 100%, 134- Q).

ésistance mécanique, absorption de I'eau,
parées avec les propriétés correspondantes
éthodes appliquées semblent

¢ se ici se situe
e Pétude exposeée ict

i é d
Le point de départ endroits ¢n

qu'ils sont conservés dans beaucoup
les sites de fouilles archéologiques € he
ne ont été soumis au vieillissement accélér ;

Certaines propriétés {température de contraction,

fté ées et com
ificati ouleur) ont été mesur mpar
modification de la ¢ ) o 18/19 et du 20 Siecle. Les m

du parchemin historique du 5
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¢tre adaptées pour évaluer P'é
vers la restauration. La temp
platine chauffante. Cette m

tat de détérioration du parchemin, ce qui constitue le presuier pas
erature de contraction a été mesurée seton |a technique de fa micro-
éthode peat étre considérée comme non-destructive car clle ne re-
quiert que de tres petits échantilions pour cffectuer les mesurces.

Anderungen in einigen Eigenschaften von gealtertem und historischem Pergament

Der Ausgangspunkt fiir dic Un(crsuchung, iber die berichtet wird, ist der schlechte Zustand der
Objekte aus Pergament in viclen Aufbewahrungsorien in Agypten, in Muscen, Bibliotheken, an
Ausgrabungsstiitten und bei Antiquititenhindlern, Proben modernen Pergaments wurden ciner
beschleunigien Alterung bei verschiedenen ‘Femperaturen (70°, 100°, 134° C) unterworfen. Be-
stimmte Eigenschaften (Schrumpfungstempcralur, mechanische
Farbianderung) wurden gemessen und mit den ents
Pergament aus dem 5., 18./19. und dem
chungen scheinen geeignet zu sein zur Be
erster Schritt zur Konservierung gilt.

Die Schrumpfungstemperatur wurde auf cinem Min
kann als nicht maaterialzerstorend g

Festigkeit, Wasseraufnahme,
prechenden Eigenschaften von historischem
20. Jahrhundent verglichen. Die gewithilten Untersu-
stimmung des Abbauzustands von Pergament, was als

iatur-Heiztisch gemessen. Diese Methode
elten, weil nur sehr kleine Proben dafiiy benotigt werden.
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Permanence of Paper 2:

Correlation between Permanence of Paper
Made from Straw Pulps and Ageing Variables

by HOUSSNI EL-SAIED, AITAF H. BASTA & MONA M. ABDOU

INTRODUCTION

Today two generally different methods are use
written or printed word:
that is microfilming,

d to ensure the preservation of the
preservation of the object itself and format conversion,

electrostatic copying or other methods of reproduction.
Direct preservation is the most common method

storage, and the use of permanent paper'.
Permanent paper is paper that can have 2
years or more'. Rasch? proposed that the perc
days at 100°C should be termed the “perman
The use of permanent
and value is, obviously,

reasonable life expectancy of 200

entage of folding endurance after 3
ency factor”,

paper for books and documents of lasting importance
the most practical method that can be used to ensure the

san and low gamma cellulose content. The aver

COpper number, as well as with B- and y- cel-
echnical literature it s said that the type of
bleaching is important, too, i.e. that chlorine dioxide bleached pulps are more
permanent than those bleached with hypochlorite; and slightly bleached sulfite
pulps are more colour stable than highly bleached sulfite pulps®
generally considered to be me
quality of some sulfate pulps h

lulose content®. In the relevant t

. Sulfite pulps are
re stable than sulfate pulps®, even if the ageing
as been reported to be comparable to that of rag.
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Rag papers are generally estimated to have the highest permanence of all kinds
T

s colour stable as rag
of paper used as information carrier. Wood pulp can made a:

4 Wi 1ners
O Ck u“del spe t Xed ra; and Iehned Chellllcal ()()(l ‘ ])
p Cla.] Condl 10ns Ml g

7. 1t is be-
with alkaline filler are specified for many gT.ades of permnatne:;e;;agirsst s be
lieved, however, that for the greatest longevity, permanent p
e coton 'Or finen ragEﬁberts‘ deprived of extensive forests, the agricultural r?si-
d N Cou?rz::s’stsr‘;?sa:ndg);séarcane bagasse etc, are often usled :}sh :l:(e);r;a::g
S(;frs;essu;f B e e ;iledprr(:lcil;ftilos:doicl))rafﬁ; };)lrlorzilction of these
krillft p;ﬂping i)roac e:je;:i;: lTjgrrf;(;:e: wsood pulp is added to 1I‘ijcef st:a:ata:])d/(;i
E: e 1 nlws tp i}r)n rove the quality of the paper prod.uced. . 3 Ortuat lov{, -

gasse pu p.s‘ oo s for writing and printing papers 1s carrie (‘)u i P !
present the sml.lg PrOCFS as a sizing agent together with alum. This acxdxty? to
e 'by usmglro'sml low a-cellulose and low DP of pulps from t%le given
get}'wrlt\’m}l1 th:::str:s a::: Zecognized contributory factors to a decrease in paper
agricultural wi ,

permanence® ®. (

In our previous work’ .
sheets, compared with acidic 51'zed w00
and mechanical permanence either by
tem or by minimizing the amount of ad

tral sized woad pulp paper
RO Cgearulth;ta;:: sheets, have a higher optical
agdirI:g sodium silicate to the sizing sys
ded alum This article studiei thIi Il)os:bxl;
Egyptian raw materials. It looks a
1y of maki.ng Perman;:: gla;:::axi ]:))fc a:ucfy gapers from local ;gricflfdn:r:lf
relevant criteria for de from imported wood pulp and compares the e :c f
wastes and .Papers n?a.ne systems on the optical and med?amcal ;?rolxner ;efn Z_
s oo en Si‘zflic;gal ageing. The change in the chemical, o[;txca an me
tl;lese. };?pers aft;zsarv:ith sizing systems of differing pH levels and ageing
chanical proper

i dels.
was clarified and correlated by pdynomlal mo

EXPERIMENTAL

Paper sheets used

KTA Paper
P repared from rice straw soda pulp produced at RA P
* RSP: aper p

Mill, Alexandria. 1
* BP: Paper prepared from bagasse kraft pulp,

o i d pulp.
* sVP I?yper prepared from bleached imported kraft softwood pulp
ra

produced at Edfo Pulp Mill, Up-
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* MP: Paper prepared by blending 60% rice straw soda pulp, 20% bagasse kraft
pulp and 20% imported kralt softwood pulp.

The pulps (bagasse and rice straw) were first bleached according to the three-
stages system CEH (chlorination, alkali extraction, hypochlorite). The bleached
local pulps and softwood pulp were chemically and physically analyzed for o-
cellulose'’, pentosans'!, lignin'’, ash content and degree of polymerization (DP)"
(Table 1). The paper sheets were prepared according to the method described in
part I of our research” and the sizing system is shown in Table 9. Table 3 gives
the chemical, physical and optical qualities of p

aper sheets made from the pulps
without sizing.

Table 1: Properties of the pulps

Rice straw {RSP) Bagasse (BP) Wood pulp (WP)
a-cellulose (V) 71.22 77.6 87.62
Pentosans (%) 17.40 20.70 6.90
Lignin (%) 1.32 0.67 Traces
Ash content (%) 3.31 0.43 0.16
Degree of polymerization 686 772 843

Table 2 : Sizing system of the papers (% based on weight of pulp)

- hligsin /\_lui\; o l{osinx Alum  Sodium Silicut{
pH 3.65 0.0 5.6 pH 6.75 2.74 1.84
~pH 4.8 2.7i 5.6 o pH 7.0 2.74 1.84 0.6

Table 3: Properties of unaged paper sheets made from the pulps without sizi ng

Rice straw Bagasse Wood pulp Mixed pulp

(RSP) (BY) (Wp) (MP)
u-cellulose {Yo) 65.91 6.4.71 74.50 70.13
Curbonyl content {mM/100g) 5.60 16.00 13.60 6.00
Degree of polymerization 935.16 982.72 862.67 880.93
Brightness (%) 77.50 78.80 89.00 78.00
Whiteness {%) 77.40 79.10 88.40 78.50
Opacity (%) 69.35 67.80 67.50 68.43
Number of double folds 50 100 250 80
Tear factor 53.10 52.90 128.30 71.20
Burst factor 60.20 58.10 84.50 82.10

Breaking length (m) 4200

495¢ 4467 4005
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Ageing and properties of the sample paper sheels

i Ips were artificially aged us-

i i from the different pulp d us-

Unsized and sized paper sheets D o coveral cycles: 3, 6
i reing in an oven at , e

ing dry thermal accelerathej z;g:[,]e(; ft,he aged paper sheets Well.f cll:emlccxlly anc;

o s, The e 10 carbonyl content™ degree o

. a-cellulose™, . G
?Ogmenzatkl)o'n htr?:ss opacity) and mechanical strength'” (double folds,
Wwhiteness, brig >

burst factors, breaking length).

Experimental design

The two following variables were chosen: e
* pH of sizing system during paper sheet formation: P
s Time of artificial ageing: 0-12 days. . b e LAl
The desi sed was a two factor rotatable design, WH lue (X and time of
I e ;mg;n u elate the ageing variables, such as pH-va |
n order to corr

(X,), with the values of chemical, optical and str(f;ngth properties of paper
et be f i roposed:
sgeetsg(Y)zthe following polynomial model wils prop “
Y =b,+bX +b.X2+b“X,"+qu2+ XX,
= o l 1 2

the coefficients b, — by, of the above model

. and
I ression constant by "
he regressio ssion analyses'™.

were obtained using multiple regre

RESULTS AND DISCUSSION e 3 ndependent from the
. - a -
. erties as given in . ) ) i
Figs. 1-11 show the same propcentages of the change in properties are given in
per

two ageing variables, while X, which give the optimum responses.
2

Table 4. Table 5 shows the values X, and

Effect of ageing variables on chemical properties

ageing. At a constant
; hange of a-cellulose caused by thermal “éﬁmg r t.r:e e
Fig. <l1 shoyrS th6) :h::agcellulose content decreased when the ageing ti
pH (left column -

: - chains to de-
.« attributed to the inclination of cellulose longC 4 oxsgen
. : .
creased. This 115 ) e at the glycosidic linkage between t};e] | ontent gen
i eava : ose ¢ -
Conl]posl.3 ”’W;l . begseen that for all the four pulps the a-cellu
molecule™. it can
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Table 4a: Percentages of change in chemical, optical and physical propertics of paper sheets
made from different pulps with different sizing systems before and after accelerated

ageing in relation to unsized and unaged sheets.

Rice straw Bagasse
pH days: 0 3 6 12 0 3 6 12
a-cellulose 3.65 225 -3.58 -388 -5.42 0.4 27 451 -5.83
4.8 14 33 43 806 073 269 -2952 -8.314
6.75 117 -147 0 -179 0 -3.03 102 056 -0.062 -3.35
7 -1.05  -1.23  -346 479 139 0.32 2.3 56l
Carbonyl content 3.65 143 300 7286 -28.6 -50 30 130 -90
48 286 500 557.1 -28.6 115 120 260 -90
6.75 357.1 47143 3286 143 -60 90 70 -75
7 429 37141 3429 -714 -30 75 60 -80
DP 3.65 13.2 1.15  -145 -314  -3.012 -104 -283 -284
4.8 39 -127  -349 -382 -135 0 <172 -41.06 -42.04
6.75 2.3 82 266 -368 -11.66 -17.04 -20.5 -31.21
7 38  -1995 249 2772 293 -14.53 -25.92 -30.7
Brightness 3.65 -4 <105 -17.74 -1936 292 546 66 -15.23
4.8 66 -128 -165 -17.03 4.7 698 75 965
6.75 697  -12 -14.32 -159 723 596 -104 -104
7 581 -102  -124 -1471 66 -108 -113 -1L7
Whiteness 3.65 3.5 -112 -193 -198 291 48 65 -153
4.8 594 -124  -1565 -16.2 -42 72 73 -9.61
6.75 65 -12.02 -12.53 -154 -83 56 97 -105
7 530 1120 <122 -145 -6.8 87  -106 -111
Opacity 3.65 -3.1 844 83 -125 0.6 -2.4 -4.9 -6.1
4.8 0.2 92 -116  -16.7 354 221 47 75
6.75 08 714 088 -17. 0.4 -0.3 -4.9 -9.3
7 27 99 132 175 -1 24 75 -105
Fold number 3.65 -40 -40 -40 -60 -50 -70 -70 -80
4.8 60 0 -20 -40 -60 -60 -60 -70
6.75 60 60 40 20 -50 -50 -50 -60
7 20 20 20 0 0 -40 -40 -60
Tear factor 3.65 358 226 226 -226 278 -1096 -219 -32.9
4.8 149.5 64.97 301 72 1225 4499 117 7.9
6.75 725 608 497 124 371 148 34 095
7 729 369 3691 256 382 38 -7 7.2
Burst factor 3.65 366 -174 -204  -23.09 379 -37.7 375 -253
4.8 1460 -299  -1323 332 198 167 -196  -10.2
6.75 43 233 032 332 127 279 134 105
7 1.8 151 316 0.7 4.5 1.6 203 21
Breaking length  3.65 -11.3 -181 -17.7 <173 2892 288 -34.54 -343
4.8 35 -3 -3.1 -21 -16.88  -22.7  -10.65 -16.2
6.75 168 94 6.4 2.6 -86 83 4.2 4.8
7 1.5 9.5 2.4 32 168 108 11.13 11313
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Table 4b: Continuation

u-cellulose

Carbonyl content

np

Briglitness

Whiteness

Opucity

Fold number

Tear lacton

Burst factor

Breaking length

Wood pulp

pi [
3.65 0.4
L8 -0.74
6.75 0.85
7 175
3.65 235
1.8 -52.9
6.75 447
7 -17.6
3.65 17.34
18 1294
6.75 49
7 2157
3.65 491
1.8 -0.74
6.75 494
7 -5.0
3.65 -3.96
1.8 554
6.75 441
7 271
3.65 03
4.8 8
6.75 444
7 2.7
3.65 4
18 156
6.75 248
7 92
365 247
18 15.7
6.75 27.4
7 15.5
3.65 16.7
o8 04
6.75 23.3
7 7.1
3.65 8.0
+8 116
6.75 37.3
7 31.3

0

2.2
-5.87
-2.35
215
170.6
76.5
88.2
[17.6
244
-32.4
-30.86
-29.93
-12.5
-14.3
-12.58
-11.24
-10.63
-13.12
-11.314
-9.16
-0.7

(a1
L=

‘

Aadil N

22
-36
32
240
70
-20.
1728
152
14.8
-20.8
-4
19.5
-1.2
BERY
-7.6
17.1
17.9

N

~1

-88.2
-52.9
-58.8
-36.51
-32.72
-33.97
2403
-18.43
-15.2
1416
-12.81
1742
-13.91
-13.23
-10.07
5.5
13
-6.81
2.5

-56

-1.0
244

25.0

-1.29
0.696
-0.73
-1.84
273
60
33
-20
0.003
0.003
3.3
3.3
-1.03
-8.21

-39

204
0.4

Mixed pulp

6

-5.86
-7.43
-4.38
3,26
513
513
300
313
-23.8
26,5
-39.3
-25.65
-16.9
-15.6
-12.7
-12.31
-17.4
-16.82
-12.99
-12.74
5.7
R
-8.8
-9
0
50
0
150
-22.9
12.9
8.15
7.9
-16.8
-28.3
-27.5
-19.4
-0.82
-0.97
17.6

33.2

0. ALrar H. BASTA & MONA M. ABDOU

12

-3.15

-11.62

-9.13
-6.96
33.3
207
73
0.7
-30.7

-35.42

-10.3

-28.05

7.7

-16.54

137

1244
-18.09

-17.1

1465
-13.76

-10.1
173
-13.6
-13.7

-29.96

-24.9
-17.1
-0
{15
242
333
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Table 5: Cocfficient of multiple correlation and

ageing variables of the optimum  response 3,65 4.8 6,75 7
propertics
Coeflicient of pH ageing Percentage of change with re- fice straw
multiple correlation (X)) lime spect to the unsized sample
, . S VA . & _ (Table3)
R a-cellulose 0.938 7 3 -1.23
i Carbonyl content 0.973 6.75 12 14.29
¢ DP 0.934 6.75 3 -8.20
¢ Brightness (1.998 7 3 -10.19
Whiteness 0.966 7 3 -11.2
s Opacit (.4U79 6.75 3 -7.14
{ Fold nomber 0.890 6.75 3 60 bagasse
r Tear factor (1999 4.8 3 6-£.97 71 J
a Burst factor 0.815 7 3 14.9
w Breaking length 0.932 7 6 2.4
Sizability know 0.960 1.8 3 155
B u-cellulose 0.945 0.75 6 -0.062
a Carbonyl content 0.967 3.65 3 30
g DP 0.979 3.65 3 10,40
a Brightness 0.92 3.65 3 2546
s Whiteness 0.936 3.65 3 4.8
s Opacity 0.984 6.75 3 -0.30
¢ Fold number 0.958 7 346 40
Tear factor 0.989 4.8 3 14.99
Burst factor .939 7 6 20.30
Breaking length 0.885 7 6 11.13 wood pulp - 63
Sizability 0.929 4.8 12 150
u-cellulose 0.94 7 3 18
o Carbonyl content 0.929 6.75 12 529
o DP 0.986 3.65 3 -9.90
d Brightness 0.994 6.75 3 517
Whiteness 1.0 6.75 3 -1.30 mixed pulp
p Opacity 0.930 3.65 6 -0.70
u Fold number 0.884 6.75 3 944
1 Tear factor 0.969 6.75 3 19.7
p Burst factor 0.933 6.75 12 26
Breaking length 0.985 7 12 24,98
Sizability 0.878 6.75 3 165
a-cellulose (.986 6.75 3 -3.33 0
i Carbonyl content 0.861 3.65 12 33.3 365 4.8 6,75 7
x DP 0.794 7 3 -4.32 ' T J— pH 4.8
e Brightness 0.996 3.65 3 -8.9 ays —_
d Whiteness 0.975 3.65 3 48 Unaged e fzddi . PHB75  —omm pH 3.65
Opacity 0.977 6.75 3 <97 . 3 days - y ing time. i.e. days: right
p Fold number 0.844 7 3 250 o variables (pH: left column; ageing time, I.e. Gays:
u Tear factor 0.990 4.8 3 29.20 Fig. 1: Relation between the ageiny axis)
I Burst factor 0.927 7 3 -19.5 column) and a-cellutose content {ordinate )
p Breaking length 0.916 3 34.2
_ Stabily 0088 6.75 6 150
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6 12
i X 1060
7 -
6,75
3,65 4,8 6,75 7 4} 3 6 12 i 365 is s |
. T T e 1060 ho ]
e
rice straw F

rice straw

mixed pulp

o . . right
: - ageing time, i.e. days: ng
n the ageing variables (pH: left column; ageing
‘ . v . Fig. 3: Relation betwee
Fig. 2: Relation between the ageing variables (PH: left column; ageing time, i.e. days: right ig. 3
column) and carbony! content (ordinate axis).

izati i axis).
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erally decreased during conventional sizing at pH 4.8. In the paper made from
mixed pulp the decrease of u-cellulose was greater than in the papers made from
individual pulps reflected by the steeper slope of the lines on the graph.. At con-
stant ageing (left column) a-cellulose slightly increased when the pH of the sizing
system was increased from pH 3.65 to pH 6.75 or to pH 70, at least with the rice
strawpulp (RSP) and bagasse pulp (BP). For the papers containing wood pulp
(WP and MP) this increase was significant for pHs higher than 4.8. All papers
show the release of free acid as a result of thermal decomposition of aluminium
sulfate?’” The rice straw, bagasse and mixed pulp papers may also have formed
carboxyl groups® by the oxidation of lignin and hemicellulose during thermal
ageing. Both reactions produce high acidity in the paper and consequently in-
crease the degradation of cellulose. This occurs to a greater extent in rice straw,
bagasse and mixed pulp papers than in paper made from wood pulp, which is
free from lignin and contains less hemicellulose.

For carbonyl content, Fig. 2 shows that, at a constant pH, the formation of
carbonyl groups during thermal ageing increased during ageing up to 6 days.
Prolonging the thermal ageing to 12 days led to a decrease in the carbonyl
content. With constant ageing there is a tendency for the formation of carbonyl
groups to decrease, at least at pH levels higher than pH 4.8. 1t is obvious from
the graphs that carbonyl content is at its lowest after the longest period of
accelerated ageing. These observations may be explained by the hypothesis that
during thermal treatment, in the presence of oxygen, two reactions take place
simultaneously: degradation of the cellulose chains and oxidation of the hydrox-
yl groups. As a result of this latter reaction, carbonyl radicals are formed. During
prolonged thermal ageing (12 days), these radicals are cross-link with
neighboring carbohydrate chains, which leads to the formation of hemiacetal
bonds*! and to a reduced number of carbonyls. This reaction (cross-linking)
involves dehydration, and may be catalyzed by high acidity in the material.
Because of this the decrease of carbonyl content in sized paper sheets at pH 7.0 is
sometimes lower than acidic sized paper sheets.

Fig. 3 shows that at a constant pH the degree of polymerization (DP) is
decreased with longer periods of accelerated ageing, i.e. chain depolymerization
is increased with an increased ageing time. The viscosity of cellulose solution is
related to the length of the cellulose chains®. As with the formation of «-
cellulose, the decrease of DP with ongoing ageing time is highest at pH 4.8, for
RSP and BP. The slope of all lines in the graphs of the right column of Tig. 3 is
steeper with RSP, BP and MP than with WP; this means that the DP of lignin
containing pulp is more affected by accelerated ageing than the DP of paper
made of lignin free pulp. It can also be observed that the reaction of chain
breakage is slowed down after 6 days of accelerated ageing.
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Table 6: Kinetic parameters of glycosidic bond clcavage o o

Puper sample plt e Siope(kelv)  Imereepti0”
o : 0277 060
Rice straw paper unsized 0.873; f‘zz/‘/ ‘-tl.(iqi
3.65 0.9973 54714 !
4.8 0.9211 5.5980 2.80
6.75 0.9826 1.5980 0.01
7.0 0.8565 3.3495 1114
35 3.1940 2.94
e wid oo o
J:;) ():8{)-17 5.0780 ([ “lr)()
(i.'75 0.9143 2.8666 %.j{)
7.0 0.9429 3.8072 6.21
3706 3.5333 6.72
Wood pulp paper ux‘lsi%fd 33;3;) s o
i(;) O:;§757 3.5457 2,’3fi
6.75 0.9042 2.6295 9.99
7.0 0.9841 1.5447 0.84
i 9582 3.8114 4.54
Mixed pulp paper m,‘Sl?fd 83;33 1.4600 -4.40
34(;) ()j9623 7.1495 -;2,32
6.75 0.8802 5.5895 :;,iu
7.0 0.9097 Hffilﬁl‘l L nzioh -

kVV on ‘74~#17 idic bonds cleavage 1 correlation coeflicient of the lincar relation
: rate constant of glycost ic bo

: i issi depolymerization of

Studying the kinetic reaction rate of chain scission, the. pol @
Ce])u;/oseg during ageing can be considered as a first ordexdr’eac;on .g;h:; r;tli
constant (k) for the glycosidic bond breakage was'calculate as .escn el in o

i 9 and is recorded in Table 6. With the excepﬂon )
previous paper « 10°) is always highest at pH 4.8, which supports the
: nterpretation of Fig, 3. That is the acidic preparation
sheets has a higher influence on the

number for slope (
statement already given in i
(pH 4.8) of lignin containing pa'per
degradation rate than with neutral sized paper.

bles on the optical properties of paper sheets

and 5 show that both, changing the
ageing time, affected the brightness

Effect of ageing varia

Regarding brightness and whiteness‘ Figs. 4
pH of the sizing system and changing the
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and the whiteness of the paper sheets. The change of these values JsthJ%f;e:N\Z;tZ
rice straw and mixed pulp than with bagasse and,. to'a lesser' e-xten a ; oo
pulp. This is probably related to the oxidation of lignin cc?ntammg pap el
ing in the formation of additional carbony! groups. There is an’expolnen;i‘ !
tion between the formation of carbonyl groups of ceilulos? and its colour N . ;
After prolonged thermal ageing the brightness and whxteﬁngss ;iscre;z;s; Omi z
sizing systems. Increasing the pH from pH 3.65 to pH 6.8 and pit 70, 1e,

i ite at least after
teuatral sizing, has a protective effect on brightness and thte[ness, o least after
longer thermal ageing;, while the pH has little effect on the colour p

Unaged paper. ‘ ' ' ‘
F%g gsiows that, as with brightness and whiteness, increasing the‘nm;h(')f
thermal ageing from 0 to 12 days resulted in a gradual decrease in opacity. Fhis

thi
is true for all sizing systemns by nearly the same amount;‘lThe -;eas?d;?trion ;?
might b duced hygroscopicity as a result of thermal ageing.
; o8 e v ¢ formed, for example, ether

hydrogen bonds and also chemical bonds a i
linkaggs between adjacent cellulose molecules”. These changes decrease light

i i d th
scattering and reflectance and consequently reduce brightness, whiteness and the
i.e. opacity. .

6 and also the numbers in Table ¢ show
iti ity. This
idic sizi 4.8) has a positive effect on opacity
that for unaged paper acidic sizing (pH :
is attribute dgto It)hs action of atum in settling the fines fraction 'd;;)wn, ;h:SeS
tighter, less porous sheet is obtained. This effect is not stable with prolong

ageing.

amount of light transmitted by paper,
The plots of the left column of Fig.

Lifect of ageing variables on mechanical strength properiies of paper sheets
diagram plots in Fig. 7 show that for all

size samples the number of double folds decr&ase.d ‘thh an increasing
agei(igp ff: ; Chai ging the pH of the sizing systex.n frorg‘aadx.cl't; tr;etuotrtzg1e e:(t)l::
by decreasing the amount of added alum or adding so 1u}§nt51‘1 ¢ o the rosin
alum system, diminished the loss of do%xble folds, t z 1sea§ed i} fise (©
embrittlement, during thermal ageing. Tl?is is related to af ectrer' R
acid produced by the hydrolysis of alum in the presen;e o ,WZ im,miShedczﬁ me,
the depolymerization of cellulose in the presence of} e?t];s minished .at o
Table 5 it can be seen that optimum response of dm.xb e .o 1slw noticed at b
6.75- 70 and 3 days. Greatest embrittlement was noticed in all pap - pH 3.

d after 12 days ageing. ' n :
- Risceffz deﬁarf;s gercfntages of the double folds after agemg“ at 100 °C fof;:
days, with respect to its value of unaged paper samples as the “permanency

For the number of double folds, the
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Fig. 12: Average of the percentage changes of the optical properties (brightness, whiteness,
opacity) taking place as result of different sizing systems before and after accelerated ageing,
in relation to the properties of the unsized and unaged samples (cf. Table 4).
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Tabte 7. I’crmancncy factor, i.c. percentages of the double folds after aging at 100° C for 3 days,

with respect 1o the fold number of unaged paper samples

P 365 48 6.75 7
Rice straw (R$p) 100 62.5 160 100
Bagasse (Bp) 60 100 100 60
Waad pulp (wp) 88.5 68.8 98.9 97.9
Mixed pulp) 88.9 109.1 88.9 50

tor”. From Table 7 it can be seen that the optimum permanency factor was ob-

tained most frequently at pH 6.75.

From Fig. 8 it can be seen that, for the lignin containing papers the highest
tear factor is reached at pH 4.8. This is most clear with the unaged papers and is
reduced with ongoing ageing time. Again, for the lignin containing papers, but to
alesser extent also for wood pulp, the sizing at pH 3.65 gave the lowest tear re-
sistance, and, obviously, longer ageing resulted in reduced tear resistance.

Fig. 9 shows that neutral sizing (pH 7/6.75) contributed in providing better
burst factor results than acidic sizing. The deleterious effect of rosin/alum system
Is mare apparent with the lignin containing pulps than with the lignin free (cf.
Table 1) wood pulp. It may probably be related to the adsorption of a cationic
alum-rosin complex on the anionic celtulose fiber which interferes with the hy-
drogen bonding between the fibers and affects the burst strength of the paper
sheets adversely. Optimum ageing variables for paper made from rice straw and
mixed pulp are pH 7.0 after 3 days and pH 7/6.75 after 6 days for bagasse and
wood pulps (Table 5).

For breaking length Fig. 10 shows that at a constant pH the increase of ageing
time is resulted generally in a decrease of breaking length, as with the other me-
chanical strength properties. There is, however, the exception that in the acidic
medium the breaking length of mixed pulp is increased with a longer period of
accelerated ageing. This unexpected result may be attributed to the following:

* Thermal auto-crosslinking in cellulose material with the formation of hemi-
acetal bond?!.
* Prolonged heating time leading to a decrease in sizing efficiency?’.

This hypothesis is emphasized by the decrease of carbonyl content (Fig. 2)
and degree of sizability (Fig. 11) after longer ageing.

The distance between different readings and the steepness of the plots in Figs. 7
and 10 indicate that the pH of the sizing system is distinctly more important for
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weist, nithern sich den entsprechenden Werten von Papier aus Zellstoff und aus Stoffmischun-
gen, hergestellt unter den gleichen Leimungsbedingungen. Die Ergebnisse lassen es moglich er-
scheinen, neultralgelcimte Papicre aus cinheimischen agrarischen Rohstoffen auch fiir wichtige
Dokumente zu verwenden - freilich unter der Voraussetzung gecigneter Lagerbedingungen in
den Archiven.
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the ch i
) uer :ti (z)\igoef Z; gizb};h?:l‘fst and breaikmg length during accelerated ageing than is the
5. is true mainly for paper made from ligni
e st (1 : ) ! rom lignin {ree wood pulp.
gs. 12 and 13) clarify the i g
Lo ‘ y the most suitable per '
sr:n Z z;iier th;rmal ageing .for 12 days (=100 years natural ageilr)lg)m'?;f:: l?afel
§65 pHiwg t e;{ rgl;xgonssup between the type of pulp and size .additivesls(:H.
65, .8, pH 6.75 and pH 70) and th y
D somath orapertis e average of the total change in optical
From Figure 12 it is clear tha
t th i
o o e o e optical permanence according to the pulp

wood pulp > bagasse pulp > mixed pulp > rice straw pulp

HOW p .
ever, the ()lders Of llleChdIlICﬂl ermanence as ShOW“ m Il S 13 aud l ‘
g

wood pulp > mixed pulp > rice straw pulp > bagasse pulp

1t seems that low level alum/rosin sized b i

e eh ; agasse and rice straw pul

be mac (th;)c}; :snree::]sta:; t? alcceler:‘ited ageing, if the pH of the gzi:gza;lz:;r:xaiz
peutrs! PHLT) o breakiyn 1u ra h(pH 6.75). If we look at the percentage change of
purst factor and b egs eng]t of neutral sized paper sheet aged for 12 days it
e e vauts vt po ‘et .pu ;;Ds are comparable to wood pulp paper, insofar as
sults we can recommeI:ldSlt;:; (break) O.r even betier (burst). From the above re-
pulls e can ecommend e neutral sized paper sheets from local agricultural
e Condmonnmp.orfant documents - as long as recognised, suit-

s within an archive are maintained. ,
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the permanen pap
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aper from local agricullural wastes even for important

sully 1
ecommend the use of neutral sized p
al conditions are maintained.

doc
UMEnts — assuming . .
ents - assuming appropriate environment

La relation entre la permanence du papier fabriqué @ partir de pate de paille et les varia-

bles déterminant son vieillissement
L)li?]é;f‘ill‘cs de papier de production {ocale égyptiennc & t‘)asc de pe’m‘: de paille A(puille de ri‘z
e ie a la soude et kralt bagassc} ont été utilisées. LLes differentes variables entrainant uné dé-
terioration de Ja qualilé ont €1¢ studides, & savoir lc pH du systeme de coftage (3,65 - 7.0} ainsi
que fa durée du vieillissement accéléré {0 - 12 jours). Les offets dupH ctdela durée du vieillis-
S?mcnt sur les propriétés chimiques, optiques ¢t mécaniques ont ¢ mis en corrélation et compa-
Tes aux qualites des échantilfons préparcs 2 base de cellnlose blanchie importée ¢t au mélange
d.c celle-ci avec la pate locale. Les résultats obtenus démontrent gue le pt du systéme de collage
afnsi que la duréc du vicillissement sont tous les dewx déterminanis pour la permancace du pa-
pier. On « obtenu 2 partir d’un mélange local de moindre qualité fait 2 pase de bagasse {pH 6,75,
l’)ge de canne & sucre) avec collage de résine et d’alun des fenilles dont Ja permanence du papier
Hait relativement élevée. Les résultats obtenus metlent €0 svidence que le pH du systeme de col-
lage ainst que la durée du vieillissement sont tous les deux déterminants pour fa permanence du
papicr. On a obtenu des feuilles dont le niveau de papier était relativement gle-
vé qui étaient fabriquées a partis d'un mélange local de moindre qualité fait & base de bagasse
{tige de canne & sucre) d'un pH de 6,75 avec collage de résine et dalun et d'une pite de paille de
riz avee collage de résine et d’alu sodinm avec un pH de 7,0, clest-a-dire avec un
collage neutre. La longueur de ropt ion d'éclatement que présente <e papicr apres
12 jours de vicillissement sont compard dantes des feuilles de papicr a
base de cellufose et de mélanges de matériaux fabriqué sous {os mémes conditions de collage.
Ces résultats permettent de recommander putilisation de papiet smanant des produits agraires
locaux avec collage neutre, méme pour Jes documents importants, s évidemment les conditions

appropriées de stockage des archives sont garanties.

permamence du

1 au silicate de
ure ot la press
bles aux valeurs correspon

keit von Papier ats Strohstoff und seinen die Al-

Das Verhdltnis zwischen der Dauerhaflig

terung bestimmenden Variablen
Soda-Reisstroh und Kraft-

m agyptischem StrohstofF {

Varablen, welche die Qualitiit beeinflussen, namlich
schleunigten Alterung {0-12 Tage) wurdent
ischen Figenschalten wuor-

von Papicr, das aus im-

Es wurden Probeblitter aus einheimische
Bagasse, gcbleicht) hergcstcllt. Die beiden

pH des Leimungssystems (3.65~7) und Dauer ciner be
antersucht, d.h. ihr Einflufl auf die chemischen, optischen und mechan

den in Bezichung gesetzt und verglichen mit eben diesen Eigenschaften
portiertem Zellstoff und aus Mischungen desselben mit den einheimischen Stoffen hergestellt
worden war. Die Ergebnisse zeigen, dui sowobl das pH des Leimungssystems als auch dic Alte-
rungszeit von Bedeutung fiir die Dauverhaftigkeit sind, Als relativ dauerhaft erwiesen sicht die aus
geringwertigem einheimischem Bagasse-Stoff unter Harz-Alaun-Leimung bei pH 6.75 und aus
Reisstroh-Stoff unter Na(riumsi)ikat»Har'bAlaun~Leimung bei pH 7.0 hergesteliten Papiere, d.h.
bei Neutralleimung. Reifilange und Berstdruck, die solches Papier nach 12 Tagen Alterung aul-
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