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Abstract:

The study aims to analyze and examine a degraded archaeological
papyrus in the Restoration Laboratory of the Museum of Islamic
Art in Cairo to identify its state of degradation. The study employed
the digital microscope, SEM with EDX, FTIR-ATR, and PH. The
SEM micrographs showed the distinctive waveform in the papyrus,
indicating that this papyrus was made in the manner of the slides.
The EDX Unit confirmed that the ink used was carbon ink and
showed high oxygen levels, indicating damage to cellulose fibers.
Additionally, the result of the FTIR-ATR showed that gum Arabic
was the material used as a binder for carbon ink. The difficulty in the
current study lies in the small size of the samples and the severe
damage the papyrus suffered from. This study is the first to be con-
ducted on this papyrus, making it a promising study to reveal the
nature of the technique used for it, the nature of the inks, and the

FTIR

mechanics of damage that occurred over thousands of years.

1. Introduction

Manuscripts are considered one of the most
important sources of access to heritage thr-
oughout history because of the texts and
drawings that provide much information
about the past. Unfortunately, most of these
manuscripts have not been adequately pre-
served. Thus, they are exposed to many
damage factors, including microbiology. For
example, fungi degrade the cellulose and
lignin of papyrus components, causing par-
chment to become brittle and peeling off
writings and drawings. The length of the
papyrus pages ranges from fifteen to thirty
centimeters. The University of Leipzig has
kept a strip of papyrus about 20 meters long,
showing one hundred and ten columns of
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writing [1]. Papyrus is a giant root plant
that may reach 9 meters high, but it is
usually 4-5 meters. The rhizomes of sedge
are epiphytic, and each apex initially adds
to the length of the rhizome [2]. The papyrus
plant, which was used to manufacture these
manuscripts, consists of a stem with a trian-
gular section and consists of only two parts:
a thin hard shell and an inner cellular nucleus.
This pulp is used in the manufacture of
papyrus [3]. The papyrus plant was used
not only in the manufacture of manuscripts
but also in the manufacture of sandals, ba-
skets, and boxes [4]. It consists of adjacent
strips of papyrus fibers to give a net pattern
[5]. Papyrus was produced from thin strips



cut from papyrus. The pulp was laid out in
two braided layers, pressed or beaten tog-
ether, and dried [6,7]. Once the papyrus was
made, it was bundled together to form lists
[8]. The ink used in writing was one of the
main components of the various records and
documents [9]. Carbon ink was used in wri-
ting the pieces in question. It was used in
ancient times as a writing material [10]. The
inks consisted of a colored or inorganic sub-
stance and a binder, such as glue, and were
diluted with water or other liquids, such as
vinegar or wine, in manuscripts [11]. The
inks were made by mixing ground pigments
into a binder. The ink most commonly used
was carbon black or carbon soot associated
with gum Arabic [12,13]. The most popular
medium of writing and coloring is mainly
the use of gum Arabic when inking, espec-
ially carbon ink, to reduce the flow of liquid
ink on a different writing surface, such as
papyrus and paper. Carbon inks are based
on the dispersion of carbon atoms using a
water solvent [14]. Inactive carbon is che-
mically inert and lasts a long time on old
papyrus, but it is affected and stained by wet
weather or direct water due to the dissolution
of the binder in the toner granules [15-17].
Carbon ink has the advantage that the partic-
les do not fade over time even when exposed
to light because carbon is chemically stable,
but carbon ink tends to smudge in humid
environments [18]. Knowing the composi-
tion of inks and materials helps museums
for ancient preservation and storage purposes
of papyrus [19]. The pigment was black. It
is almost exclusively identified as carbon
in the form of soot, charcoal, or bone black
[20]. Temperature affects the decay of natural
inks and pigments on the papyrus surface
[21]. Papyrus is malleable, but relative hum-
idity fluctuations affect it severely, with
symptoms such as poor mechanical prop-
erties, breakdown from glucoside bonds in
cellulose chains, and dissociation of fibrils
[22]. Cellulose is a photopolymer consisting
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of several units of D-glucose lignin, and it
is one of the main components of papyrus
[23]. Two microcircular arrangement systems
are present in cellulose: regions with limited
crystalline patterns and regions in which
the fibril bundles appear irregular, random,
and pointed [24]. As the cellulosic archae-
ological materials are exposed to microbe-
ological damage, they lose their endurance
and physical and mechanical properties
[25]. Therefore, papyrus is putrefied by
various microorganisms, such as saprotrophic
fungi. Furthermore, the spinning of actino-
mycetes has been observed on papyrus.
Shitumene affects Papyrus frequently. These
fungi dissolve vinegar or wine in manu-
scripts [26]. Fungi follow the Kingdom of
Thalassa, which is completely devoid of
chlorophyll and has a thick cell wall com-
posed of simple sugars [27]. The fungus
that grows on papyrus is white. It damages
sedge by breaking down the cellulose due
to the enzymes it secretes. The first process
involves enzymes that break down cellulose
into cellulose, while the second process inv-
olves the decomposition of cellulose into
glucose, which is the cellular structure of
cellulose molecules [28]. Some fungi feed
on the sugars and starches stored in the cel-
lular spaces of the papyrus and often have
a color effect.

2. Materials and Methods

2.1. Archaeological papyrus

The archaeological papyrus understudy was
located in the restoration laboratory of the
Museum of Islamic Art No. 25093. It was
a rectangular papyrus with separate areas
and writings from Klein in Arabic, as the
writings on the other side from the bottom
begin with the Basmala. The papyrus was
fragile because of the high humidity, lighting,
and temperature. It was not preserved in
drawers or folders designated for papyrus
because it was not displayed. It was not
preserved between glass panels where the



high humidity caused biological damage to
the papyrus, which was represented in the
growth of some fungi on the top, as indic-
ated by the isolations and examinations.
2.2. Visual examination
The papyrus pieces were visually examined
by the naked eye. Then, they were exa-
mined by magnifying lenses. Before any
restoration work, the papyrus pieces were
documented by photography, which must
be taken before and after the restoration
work using a brand camera [EF-SIII18-
55mm, 55mm focal length, 18MP sensor,
and 2.7 inch LCD screen].
2.3. Taking isolates
Some isolates were taken from the anterior
and posterior sides of the papyrus understudy.
2.4. USB Digital microscope
Using a digital microscope helped observe
the aspects of damage that could not be
seen with the naked eye because it has a
high magnification power of 100 to 1000.
This examination of papyrus pieces revealed
color changes, small holes, and fine cracks.
A digital microscope with the following
specifications was used [dynamic frames: 30
fps (under 600 lux brightness) — illumination
range: 30000 lux (adjustable) —LED: 8 LED
(adjustable) / material: plastic case / shell-
color: black- under operating conditions
of WIN XP/VISTA/WIN 7/8 32 bites & 64
bites] at the X-ray diffraction laboratory,
Cairo University.
2.5. Scanning Electron Microscope
(SEM)
A scanning electron microscope was used
[Device brand: FEL company, model: Quanta
3D 200i operated under conditions of low
vacuum for acceleration voltage 20.0 -
30.0 Kv using a large field detector with a
working distance of 15-17 mm] in the Grand
Egyptian Museum for photographing the
ink on the sample and identifying the cha-
nges of the sample as a result of the factors
of damage over time and identifying the
type of ink used in writing through racial
analysis through the EDX unit.
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2.6. Infrared spectroscopy

The infrared spectroscopy [brand Braker
Optics Company and model vertex 70 under
a spectral range of 400-4000 cm™] was used
to identify the functional groups of the pap-
yrus sample and the ink sample. It helped
identify the extent of chemical changes in
the papyrus used in writing over time and
determine the type of medium used in the
ink.

2.7. pH measurement

The pH was measured using paper indices
in order to preserve the pieces of papyrus,
the subject of research, as it is a safe way
to identify the acidity rate in pieces of

papyrus.

3. Results

3.1.Visual examination
The visual examination of papyrus pieces
were, fig. (1-a), showing the presence of
missing parts and peeling in the existing
writings in addition to sharp edges and
pieces and some color changes. This was
documented using Photoshop, fig. (1-b).

of papyrus a. the obverse of the papyrus,
b. the reverse of the papyrus, c. Phot-
oshop archaeological papyrus ink fading
and peeling (00), Missing parts of the
papyrus (//) color change in papyrus
(**) and sharp cuts (##)



3.2.USB digital microscope

A digital microscope was used to examine
the pieces of papyrus, which helped identify
the damage that is hard to see by the naked
eye. The papyrus needs appropriate preser-
vation conditions of heat and humidity. Still,
in the case of fluctuations in the humidity
levels, this leads to a breakdown of the cell-
ulose fibers and a breakdown in the mechan-
ical properties [17]. The results of the digital
microscope examination indicated the app-
earance of accumulated dust and dirt, in
addition to some tears in sample 1. Add-
itionally, they illustrated that a color change
occurred in some areas with drying and
shrinkage in the papyrus slices in sample
2, in addition to dispersion in the ink grains
and peeling in some parts of the ink in
sample 3. Sample 4 suffered from fading in
the ink used for writing and the loss of
some parts flgS (3 a h)

Flgure (2) Shows dlgltal mlcroscope |mages of the
archaeological papyrus (S 1) a. the dirt and
dust on the surface of the papyrus, b. a
tear in some parts of the papyrus, (S 2)
¢. a change in the color of the segments
of the papyrus, d. drying and shrinkage of
the slices of papyrus. (S 3) e. dispersion of
ink granules, f. peeling in the ink, (S 4) g.
fad-ing and discoloration in the ink, g.
Loss of some parts of the ink used in
writing.
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3.3.Taking isolates

Isolates were grown in sterile Petri dishes
containing a nutrition environment known
as PDA, containing 200 grams of potatoes,
20 grams of agar, 20 grams of dextrose, and
1000 ml of distilled water. The dishes were
incubated for 10 days in the incubator [29],
where some fungal growths appeared. After
doing the purification process, their labo-
ratory examination by a light microscope,
and preparing them on microscopic slides,
it was found that there were three species,
namely Fusarium solani (Mart), Niger carb-
onaires, and Niger sydowii, as shown in
fig. (4-a, b & ¢).

Figure (4) Shows pure plates and light microscopy pi-
ctures of the three aforementioned fungi;
a. Fusarium saloni, b. Niger carbonaires,
¢. Niger sydowii.

3.4.SEM examination

Scanning electron microscope showed a
beehive-like structure. It illustrated the app-
earance of the characteristic waveform of
the papyrus. In the first stage, the stalk of
the plant was sliced into pieces, and the
pith was cut out and beaten with a hammer
to produce wafers. These were arranged side
by side and crosswise in two layers and
were then beaten into sheets. Then, the
individual pages were stuck together in the



same way to form a standard roll of twenty
pages, fig. (5-a). Moreover, the examination
showed the presence of hyphae and fungal
colonies on the papyrus surface [30], fig.
(5-b). The fungi were voracious for any of
[31] organic materials, such as papyrus,
especially in the case of inappropriate pre-
servation conditions. It analyzed the gum
Avrabic used as a color medium, which caused
dispersion and decay of the ink granules,
in addition to analyzing the cellulose fibers,
which led to the fragility and decomposition
of the papyrus

Figure (5) Shows SEM photomlcrographs of (§1) a.
minute cracks in carbon ink layers, b. the
waveform indicating the making of the
papyrus by the slide method, c. the char-
acteristic shape of the slides method, d.
dispersion of carbon ink granules, (S 2).
e. many fungal colonies scattered on the
papyrus surface, f. presence of a network
on the surface of the papyrus, g. Parenchyma
cells that make up the papyrus tissue.
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3.5.EDX analysis

EDX analysis proved the carbon ink in wri-
ting, as the carbon element appeared in very
high proportions, as shown in the tables. It
was abundant, especially in ancient times
[32], and was mixed with gum Arabic as a
binder [33]. The analysis showed the presence
of a group of elements in different propor-
tions, namely (C, O, Mg, Na, Al, Si, P, S,
Cl, K, Ca, and Fe), tab. (1) & fig. (6).

Table (1) EDX analysis components of the ancient
papyrus sample

Na Mg A Si P S Cl K Ca Fe
214 095 263 665 065 128 502 182 72
Weight®o 2231 5069 304 097 213 500 047 087 4.03
Net counts 2255 3840 659 291 810 2045 201 394 1546
Atom ®o 3168 5402 226 068 135 304 026 046 195

Flements C 0
Intensity 733 1248
169 7.
560 222
074 3.16 041

Full scale counts: 789
Integral Counts: 21801

Base(1)_pt1 Cursor:  10.240 keV

1 Counts

0

Si

l"gll lu cha T T = T T T T
0 :Qv 6 7 8 9 10

Figure (6) Shows EDX pattern of ancient papyrus
sample

3.6.pH measurement

The degree of acidity of the papyrus was
measured using colorimetric pH strips, as
they do not harm the samples that represent
the papyrus and do not need to be dissolved
in water. It is a safe method [32]. The mea-
surement was carried out by placing a drop
of water on three samples. The color strips
were placed and left for five minutes. Take
the three readings and then take the average
[16]. After measuring the pH of three samples,
the average of the three measurements was
taken, which was 6.3, fig. (7)

7.2

7
G.8
6.6
©.49
6.2

G
5.8
5.6
5.4

samplel sample2 sample3

Figure (7) Shows pH measurement results for three
samples of papyrus.



3.7.Infrared spectroscopy

When Coblents analyzed the absorption of
hundreds of components and elements, he
found many different chemical compounds,
such as ethyl, hydroxyl, methyl, and methyl-
ene, where he used the absorption properties
to know the frequencies or wavelengths.
He was one of the researchers who studied
the emission absorbed by organic and inor-
ganic materials in the infrared region [35,
36]. The analysis using infrared rays was
used in this research to identify the binder of
the ink used in writing through its functional
groups and determine the functional groups
of papyrus [37]. Based on changes in the
functional groups, chemical changes that occ-
urred as a result of damage could be reco-
gnized [27,38]. Changes in the papyrus with
writings had the greatest absorption of peaks
near 3343 cm™, 3263 cm™, 2916 cm™-1614
cm™?, 1363 cm™, and 1198 cm-1, where the
O-H bond appeared at 3343, 3263 cm™, C-
CH bond at 2916 cm™, C=C bond at 1614
cm, C-H, bond at 1363 cm™, and C-O bond
at 1198 cm™. They appeared in a sample
devoid of any writings. The greatest amount
of absorption of peaks appeared near 3351,
3280, 1632, 1418, 1368, 1320, 1243, 1199,
1157, and 1100. The O-H bond appeared
at 3351 and 3280 A, and the C=C bond was
shown at 1632. A C-H, bond was shown at
1418, 1368, and 1320, and a C-O bond at
1243, 1199, 1157, and 1100 [39-42]. All of
these data are presented in tab. (2) & fig. (8).

Table (2) FTIR spectrum of the investigated samples

Functional groups
c-CH C-H, c-0
1418,1368,1320  1243,1199.1157,1100
1363 1198
1413 1146

Samples

O-H
Papyrus 33513280 1632
Ink kX 263
Gum Arabic standard 33203250

a i} "‘\/\/—\m

2916
2924

%1
&K
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Transmitance [%]

Transmittance [3]

1000 600 €00 4
Wawenumber cm-1

Transmittance [%)

Apapyrus with writtings

Arabic gum control

3500 3000 2500
Wavenumber em-1

4000 2000 1s00 1000 500

Figure (5) Shows FTIR spectra for a. papyrus free of
writing, b. standard Arabic gum, c. papyrus
with writings, d. arabic gum standered and
papyrus sample with writings

4. Discussion

Archeological materials are exposed to many
factors of damage, which affect them neg-
atively. The greatest impact is on organic
antiquities. Based on the visual examination
and digital microscope imaging of that man-
uscript, we concluded that it was in compl-
etely inappropriate preservation conditions,
especially in terms of the degree of hum-
idity, which led to the presence of many
missing parts, ink peeling, fading, and fragility
of cellulose fibers that might be due to the
effect of fungi on those pieces as a result



of not keeping them in appropriate conditions.
When they grow, they are among the stro-
ngest factors that decompose organic materials
[43], including papyrus and graffiti, leading
to dispersion and peeling of the inks [18].
The scanning electron microscope exami-
nation showed many fungal colonies and
hyphae scattered on the surface of the pap-
yrus, in addition to the appearance of the
distinctive waveform, indicating that this
papyrus was manufactured using the slide
method [44]. These segments were obtained
by cutting the inner core of the papyrus stem
[45], as the inner core consists of cellulose,
hemicellulose, and lignin [46]. In addition
to some elements of silicon, aluminum, and
calcium by compressing these strips [47],
papyrus was made. Pressure occurred on
each cell of the parenchyma as the slices
were compressed together, which helped in
obtaining good papyrus rolls [48,49]. After
that, it was written on it using carbon ink
mixed with gum Arabic, and this was
proven by the elemental analysis of the
manuscript, such as (C, O, Mg, Na, Al, Si,
P, S, Cl, K, Ca, and Fe). The presence of
potassium, calcium, and magnesium caused
carbonic ink to mix with gum arabic [50-
52]. The Egyptologist [19] noted that the
ancient Egyptians used the same technology
to produce ink throughout Egypt from about
200 B.C. to 100 A.D. Also, the appearance
of the O-H hydroxyl group in the absorption
region 3343,3263 cm™ in the blank papyrus
sample indicated the occurrence of hydrolysis
of the cellulose bond. By comparing the
functional groups that appeared in certain
absorption regions of the papyrus sample
on the ones that were written with the gum
Arabic standard, the conformity showed that
the binder used in the ink was gum Arabic
[36]. The papyrus had a pH of 6.3, which
is considered harmless unless there is another
source that can cause an increase in acidity.

5. Conclusion
Papyrus, like any organic material, is affected
by inappropriate preservation factors, especially
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high humidity. The results confirmed that the
archaeological papyrus was made using the
method of slices. It also proved that the writings
on it were written using carbon ink. The anal-
yses confirmed that the binder used was gum
Arabic. Due to the inappropriate preservation
conditions, the papyrus was subjected to mic-
robiological damage. The examination showed
the presence of many fungal colonies, which
affected the papyrus, as they caused fading in
the used ink and peeling through the analysis
of the organic substance used as a binder in
the ink.
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