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Summary 

50 linen textiles from ancient Egypt have been investigated applying chemical and 
physical methods. The tissues were characterized by means of light and electron 
microscopical observations. After a review of earlier results confirmed by newer find
ings on the relation between the age and the degree of polymerization of the cellulose, 
recent studies are presented. The determination of the non-cellulosic polysaccharides 
reveals that the processing of the flax fibres during the isolation and manufacturing 
did not change over the long period of the Egyptian culture. The analysis of the in
organic components of the ancient tissues suggested that the treatment of the tissues 
for the purpose of bleaching and conservation was performed with the salts recovered 
from Egyptian salt lakes. 

Zusammenfassung 

50 altägyptische Leinenproben wurden mit chemischen und physikalischen Methoden 
untersucht. Licht- und elektronenmikroskopische Beobachtungen dienten zur Charak
terisierung der Gewebe. Nach einem Überblick über frühere Untersuchungen der 
Beziehung zwischen Alter und Polymerisationsgrad der Cellulose, welche durch weitere 
Ergebnisse bestätigt wurden, werden neuere Arbeiten vorgestellt. Die Bestimmung der 
nicht cellulosischen Polysaccharide zeigte, daß die Prozesse der Flachsaufbereitung und 
Verarbeitung in Ägypten sich über Jahrtausende hinweg nicht verändert haben. Die 
Analyse der mineralischen Anteile läßt darauf schließen, daß die Behandlung der 
Gewebe zum Zweck der Bleiche oder Konservierung mit Salzen aus einheimischen Salz
seen vorgenommen wurde. 

1. Introduction 

Exhibitions of objects from ancient Egypt are in great demand. In cantrast to the rich 
founds of art and crafts the clothes and tissues keep more in the background of the 
public interest. There is a plenty of them found during the different excavation cam
paigns. LucAs and HARRIS (1) give an extensive survey of the nature and the use of 
woven fabrics in Egypt from the predynastic to the Christian period. A weil organized 
system for cultivation and manufacturing the flax fibres existed at least as early as 3000 
BC. The webs reveal an astanishing quality. Some of them have never been reached in 
fineness even with modern techniques (2, 3). In spite of the great store of woven fabrics 
only little analytical research using physical and chemical methods has been done on 
them up to date. As early as 1846 THOMSON and BAUER (4) demonstrated by means of 
microscopical observations that the fibres of all tissues found so far in ancient Egypt 
derived from flax (Linum usitatissimum L.). As the first systematic investigation of 
Egyptian textiles the work of H ERZOG (5) may be considered. The cellulose material as 
such of five old Egyptian linen has been studied by STAUDINGER and REINECKE (6). 
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They found that the average degree of polymerization (chain length) of the cellulose 
was degraded after 3000 to 4000 years to one tenth compared with the values for 
modern linen. Similar results were obtained by KLEINERT (7, 8) using two 4000 years 
old linen fragments. 

In connection with our studies on fossil woods (9, 10) and the topic of the degradation 
of the cell wall components we got the opportunity to cooperate with the Pelizaeus 
Museum at Hildesheim, which provided us with weil dated founds from ancient Egypt. 
Thus the aging process of cellulose could be studied, using more than 50 tissues with 
ages between 1000 and 4000 years. The investigations suffered from Iack of knowledge 
about the environmental conditions of the tissues during their long stay in the Egyptian 
tombs or even in the cellars of the museums. Yet first results have been published 
previously (II, 12, 13) concerning the light and electron microscopical observations as 
weil as the determination of the chain length of cellulose as an index for the degrada
tion state of the webs. In the present communication these earlier findings enriched 
with recent data are reviewed at first. Then further investigations on the non-cellulosic 
polysaccharides and the inorganic components are presented. 

2. Materials and methods 

The access to well-dated ancient tissues in sufficient quantities for chemical analysis 
is not easy. The museums are not willing to loose their precious objects vanishing into 
the test tube. Therefore we want to express our thanks to all persans and institutions 
supplying us with ancient or modern specimens. 

One part of the Egyptian linen was provided by the Pelizaeus Museum, Bildesheim (Dr. 
A. EGGEBRECHT). Another part was obtained from different national and international 
museums due to the search and effort of Dr. EvA EGGEBRECHT. We abtairred the tissues 
no. 14 and 15 from the Egyptian Museum (Prof. J. SETTGAST) and the tissues no. 18 
and 19 from the Islamic Museum (Prof. K. BRISCH), both belanging to the Staatliche 
Museen Preussischer Kulturbesitz in Berlin. We are indepted to Prof. D. WILDUNG for 
leaving to us the !irren no. 05 and 06 (Staatliche Sammlung Ägyptischer Kunst, 
Munich). Mr. A. STEINMANN sent us three cotton webs from the Nasca period in Peru. 
The modern linen and flax fibres used for reference measurements we received from 
the weaving mill Huober (Laichingen) and some other factories. Additionally, a 100 to 
200 years old hausehold linen and freshly prepared flax fibres were investigated. 

The scanning electron micrographs were obtained with the aid of an ISI-MSM 5 and 
a LEITZ-AMR 1200B microscope after mounting the tissues on specimen holders with 
colloidal silver or on double glued tape and coating with a thin layer of gold. The 
LEITZ microscope was provided with KEVEX X-ray spectrometer allowing the energy 
dispersive X-ray analysis (EDXA) of the inorganic constituents. 

For this purpose the specimens were coated with carbon or used without any coating. 
The chromatographic analysis of the sugar components was performed by means of 
a BIOTRONIC sugar analyzer after careful hydrolysis according to the methods of 
FENGEL and WEGENER (14, 15). The analyzer was fitted with an integrator printing the 
retention times and the peak areas of the different sugars. For the vicosimetric 
measurements in Ubbelohde viscosimeters the extracted fibres or tissues were dissolved 
immediately in cadoxene (16) or after nitration in acetone or butylacetate (17, 18). The 
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intrinsic viscosity was determined according to the methods of J AYME (16) and S c HULZ -

BLASCHK E (19). The calculation of the average degree of polymerization (DP) was 
based on the studies of MARX- F IG IN I (20). 

3. Qualitative characterization of the ancient linen 

The ancient Egyptian textiles investigated so far proved to be derived exclusively from 
flax fibres confirming earlier findings (4). The webs are of very different kind ranging 
from rough textures to extremely fine and delicate tissues. In Table I the linen used for 

Table 1: Macroscopica/ characterization of the ancient Egyptian tissues 

Tissue Dynasty or Numer of threacls Weighl Fi neness 
No. clated age Warp Woof Both (mg/ cm 2) Iex (g / km) 

06 I. dy n . 17 24 10.5 44 
12 4. clyn . II 15 26 9.8 38 
13 5. dyn. 17 44 6 1 13. 8 23 
20 5. dyn. 48 23 71 3.2 
22 5. dyn. 20 47 67 10.2 15 
63 4 ./6 . dyn. II 22 33 27.4 83 
60 5.16. dyn. 9 17 26 23.3 90 
6 1 5.16. dyn . 13 27 40 32.3 8 1 
73 5.16. d yn . 15 33 48 
74 5./6. clyn. 10 24 34 24 .6 72 
75 5./6. clyn. 16 28 44 II. I 25 
76 5./6. dyn. 10 20 30 12.3 41 
77 5./6. cl yn. 9 27 36 30.1 84 
01 6. dyn. 14 26 40 7.9 20 
02 6. dyn. 10 20 30 9.3 31 
07 6. d yn. 12 27 39 6.1 16 
03 II. dyn. II 22 33 29.6 90 
78 12. dyn. 9 27 36 31.2 87 
79 12. dyn. 14 36 50 12.8 26 
53 18. dyn. 8 25 33 5.1 16 
54 18. dyn. 21 40 61 4.9 8 
55 18. d yn. 18 34 52 6.8 13 
56 18. d yn . 12 22 34 8.1 24 
59 18 . dyn. 12 29 41 17.1 42 
64 18. dyn. II 25 36 24.4 68 
69 18 ./ 19. dyn. 10 37 47 23.4 50 
70 19. dyn. 13 32 45 22.7 51 
71 19. d yn. 12 28 40 15.4 39 
72 19. d yn. 19 24 43 11.2 26 
57 22 ./23. dyn . 14 30 44 22.2 51 
62 22./23. dyn. 20 32 52 21.8 68 
05 23. d yn . 12 24 36 24.6 68 
08 23. clyn. 12 35 47 12.9 28 
09 23. d yn. 25 88 113 11.6 10 
10 23. dyn. 13 26 39 22.7 58 
66 ca. 750 BC 9 21 30 23.9 80 
67 ca. 750 BC 12 15 27 18.0 67 
II 30. dyn. 13 27 40 15.6 39 
21 30. dyn. 20 47 67 22.6 34 
23 30. dyn. II 23 34 15.6 46 
15 ptolem aeic 9 37 46 46.0 100 
58 4./6. cenl. AD 15 15 30 23.9 80 
65 4./6. cenl. AD 10 II 21 28.9 138 
14 9. ce nt. 17 21 38 22.0 58 
19 10. (ca. 925) 24 24 48 II. I 23 
18 996 - 1020 19 21 40 6.3 16 
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our investigations are characterized by the number of threads per cm, their weight and 
fineness expressed in tex (g/km). They are arranged according to their archaeologically 
determined age. There is no evidence for any development in the art or handicraft of 
the woven fabrics. Rough and fine tissues are found during all periods. The finest one, 
specimen No. 20, originates from the fifth dynasty about 2400 BC. lts fineness of 5 
tex reveals that it is one of the finest linen tissues ever found. The astonishing art of 
spinning and weaving becomes evident in comparison with modern techniques which 
are reported to produce values of only 9 to 11 g/km (2, 3). This fineness is outreached 
by two more linens in Table 1, no. 54 from the 18th dynasty and no. 09 from the 23th 
dynasty. The latter also shows a very high weaving density with 25 threads per cm in 
the warp and 88 in the woof. In an earlier communication (12) we could show by means 
of electron microscopical observations that the average diameter of the flax fibres used 
for the old Egyptian linen is ranging between 12 and 15 micrometers. That represents 
the lowest value found for flax fibres which are usually varying from 15 to 30 or even 
more micrometers (3, 21). Obviously in ancient Egypt very fine flax qualities were 
cultivated for the purpose of textile fabrication. Shrinking effects may also be regarded 
as degradation processes and loss of substance resulting in diminished cell wall 
diameters and thus also in a greater fineness. 

Many of the tissues are in a very good state of preservation, others are degraded to an 
extent that their structure is pulverized if they are touched. Some are white or lightly 
coloured as for example the tissues no. 06 (Ist dynasty), 01 (6th dynasty) and 08 (23rd 
dynasty). Most of them, however, are showing different brownish tints from light to 
dark brown. The photographs in Figs. 1 to 4 represent some examples of such linen 

Fig. 1: White linen from the 6th dynasty (approx 2340 - 2170 BC). 
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Fig. 2: Very fine tissue from the 5th dynasty (approx 2480- 2340 BC) with a fineness of 5 tex. 
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Fig. 3: Rough linen web from the IIth dynasty (approx 2040-1991 BC). 
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Fig. 4: Highly degraded tissue from the 5th/ 6th dynasty (approx 2480 - 2170 BC) disintegrating at the 
slightest touch. 

founds from different dynasties. Fig. I shows a bleached !irren still white after 4200 
years and in a good state of preservation. Fig. 2 gives an impression of the very fine 
web no. 20 attributed to the 5th dynasty with a fineness of 5 tex and a weight of only 
3.2 mg per cm2 (20.6 mg/square inch). In cantrast a rough piece of textile made of a 
thick yarn can be seen in Fig. 3. Representative of the highly degraded tissues 
disintegrating at the slightest touch is the one shown in Fig. 4. 

A closer view on the fine structure and different degrading effects is possible by the 
use of electron microscopical methods, as already described in previous communica
tions (11, 12). The electron microscope revealed several types of degradation effects. 
There are fissures in axial and traverse direction of the fibres, and degradation or altera
tion of the cell wall material often beginning from the Iumen side resembling the find
ings on fossil wood cell walls (9). The observations suggest that different mechanisms 
for the decomposition of cellulose have to be assumed, thus complicating the quan
titative description of the degradation kinetic as discussed in chapter 4. The following 
micrographs (Figs. 5 to 8) are abtairred with a scanning electron microscope (SEM). 
They may illustrate some of the features mentioned above. In Fig. 5 a weil preserved 
linen from the 19th dynasty with a rough texture is photographed at a low magnifica
tion in order to give an impression of the weaving technique. The threads in the warp 
are highly twisted as can often be detected in old Egyptian !irren. Fig. 6 shows a detail 
of the very fine web seen in Fig. 2. It is clearly demonstrated that only a few flax fibres 
are twisted to form a very fine yarn. The more one may wonder how the stability of 
the yarn during the spinning and weaving processes is maintained. A Iook at a widely 
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Fig. 5: Linen li ssue from the 19th dynasty (approx 1306 - 1186 BC) showing highly twisted threads in the 
warp; SEM-m icrograph. 

Fig. 6: Very Fine lissue from the 5th dynasly (approx 2480 - 2340 BC) showing the lhin threads span out 
of 5 - 10 flax fibres; SEM-micrograph. 
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Fig. 7: Degraded linen from the 23rd dynasty (approx 950-730 BC) revealing deep fissures in the flax fibres 
and salt particles at the surface; SEM-micrograph. 

Fig. 8: Linen tissue from the 5th century AD giving an impression of the thick salt layers at the fibre surface 
of some founds; SEM-micrograph. 
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degraded tissue is given in Fig. 7. Deep fissures and fractures can be realized. The loss 
of substance is visible and also some salt particles can be detected on the fibre surfaces. 
Some of the linen have been "treated" after the excavation, meaning washed with 
water. But nevertheless all of the tissues contain more or less inorganic material, many 
of them to a considerable amount as demonstrated in Fig. 8. The fibres are covered with 
a thick layer of salts and resin material. The analysis of the inorganic constituents in 
the Egyptian tissues is described in chapter 6. 

4. The degree of polymerization (chain length) of the cellulose as a measure for the 
degradation state of the linen tissues 

Cellulose is a polymer of great chain length exclusively built up of glucose units. lt 
represents the main component of the plant cell walls, particularly of the bast fibres 
like flax, hemp, rarnie etc. Flax fibres are containing about 86 07o cellulose (3, 21). lts 
average degree of polymerization (DP) has been determined to amount between 8000 
and 10000 (13, 18) corresponding to a molecular weight of about 1.5 x 106 dalton. In 

Tobte 2: Archaeological age, degree of polymerizalion and pH of the waler-exlract of lhe ancient Egyptian 
linen 

Tissue Age in years Average degree of ß DP I ßt* pH of the 
No. ( = /}. t) polymerization (DP) water-extract 

12 4 520 ± 60 615 0.42 9.0 
13 4 390 ± 70 507 0.45 8.5 
20 4 390 ± 70 600 0.43 8. 1 
22 4 390 ± 70 I 500 0.23 6.1 
60 4 320 ± 70 205 0.53 8.6 
61 4 320 ± 70 849 0 .38 7. 1 
01 4 240 ± 85 I 330 0 .28 9.2 
02 4 240 ± 85 I 010 0 .35 8.6 
07 4 240 ± 85 245 0.53 6.5 
03 4 000 ± 25 318 0.55 7.9 
59 3 410 ± 75 600 0.56 8.2 
64 3 410 ± 75 681 0.53 7.3 
69 3 300 ± 50 266 0.68 7.6 
57 2 900 ± 20 440 0.71 8.7 
62 2 900 ± 20 585 0.66 8.7 
05 2 820 ± 60 825 0.59 8. 1 
08 2 820 ± 60 950 0.56 6.2 
09 2 820 ± 60 510 0.71 6.9 
10 2 820 ± 60 428 0.74 7.0 
66 2 730 ± 50 366 0.78 8.7 
67 2 730 ± 50 289 0.81 4.5 
63 2 480 ± 100 I 209 0.52 9.0 
II 2 350 ± 50 260 0.95 8.3 
15 2 050 ± 50 I 300 0 .59 8.8 
50* I 630 ± 550 330 1.33 6.2 
51 * I 630 ± 550 404 1.29 6.0 
52* I 630 ± 550 510 1.22 5.6 
58 I 430 ± 150 300 1.54 6.5 
65 I 430 ± 100 968 1.06 8.7 
14 I 130 ± 50 420 1.84 7.9 
19 I 060 I 000 1.42 8.4 
18 975 ± 12 764 1.78 8.8 
04 150 ± 50 2 070 2.87 8.2 

*) Cotlon webs from South America (Peru) 
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linen fabrics the mean degree of polymerization is drastically reduced. Values between 
2500 and 3000 have been measured (13), and after extensive use the chain length can 
be as low as 400 to 800 glucose units (7). Therefore the degree of polymerization is a 
useful characterization for the degradation or preservation state of the cellulose and 
cellulose fibres in woven fabrics. 

The DP values obtained from the ancient linen are listed in Table 2 according to their 
age. Some tissues are weil dated. For the other ones the mean value of the ar
cheologically determined dynasty has been taken as the date of origin resulting in the 
present age (L'l t) stated in Table 2. Three cotton tissues from South America (Peru) and 
a 100 to 200 years old hausehold linen are included. The DP values reveal again the 
wide variation in the preservation degree of the tissues. The DP can be as high as 1500 
(specimen no. 22, 5th dynasty) and as low as 205 (specimen 07, 6th dynasty). Most of 
the linens have degrees of polymerization between 200 and 600. These findings corres
pond with earlier investigations on some Egyptian founds. KLEINE RT (8) determined 
the DP of two about 4000 years old linen to 230 and 270, respectively. STAUDI NGER and 
REINECKE (6) found values between 160 and 220 for five 4000 years old Egyptian webs 
and values between 200 and 600 for different cotton, papyrus and other founds. With 
the increasing number of samples in our investigations the variation width of the DP 
increased from 200 to more than 1000. The higher values of this scale are comparable 
with the degrees of polymerization of modern linen heavily bleached (7). 

Despite of this great variation and the different degradation mechanisms mentioned 
above, a correlation between the age and the degradation state of the tissues can be 
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regress ion equation log DP/ t = 0.41 - 1.96 · 10·4 · l. The diagram includes a lso va lues deri ving from other 
authors. 
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found. As previously described in detail, the loss of DP (~ DP) has an exponential rela
tion to the corresponding age (~ t). In between some more DP determinations could 
be added to these earlier data and they fit weil into the relation shown in Fig. 9. The 
diagram also contains the findings of other authors on old cellulose fibres. This rela
tion is described by the equation 

log (~ DP/ ~ t) = 0.41 - 1.96 x w-4 x ~ t, 

where ~ t is the age and ~ DP the difference to the original DP (DP0 ) of the flax 
cellulose. From this equation in differential form the following integrated formula has 
been derived: 

DPo - DP = (DPo - DPe) Xe - cl. 

It contains an expression for a limiting or end-DP (DPc) corresponding to many 
observations during cellulose degradation by different methods (13, 22, 23). The great 
variation of the values in this integrated form shown in Fig. 10 can be interpreted as 
an effect of different reaction mechanisms for the degradation expressed by the reac
tion constant c. The actual calculated c-values (c = ~ · log ~~'. -:: g~, ) are listed in 
Table 3. They are classified into four groups with distinct average constants (c, - c4) 
in a relation of about 1 : 2 : 4 : 8, indicating different velocities or mechanisms of 
cellulose degradation. In the diagram (Fig. 10) these four constants represent the gra
dients of the four straight lines grouping the values into four classes. These classes, of 
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Fig. 10: Dependence of the DP from the age o f the ancient Egyptia n tissues. The straight lines represent the 
equatio n DP - DPe = (DP0 - DPe) · exp ( - c · t) for the different c-values shown in Table 3. 
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course, are more or less arbitrary. In the same way eight or more "classes" can be defin
ed. But it does not seem reasonable to assume such a Iot of reaction mechanisms. There 
are some indications that different mechanisms may be induced by salts, by water or 
biological-enzymatic attack, or combinations thereof. Further investigations of the 
degradation process of the cellulose under various conditions should help to clarify this 
prob lern. 

S. Determination of the non-cellulosic polysaccharides 

Apart from cellulose all plant cell walls contain to a more or less extent various polysac
charides (polyoses, hemicelluloses) differing distinctly from cellulose. Unlike the very 
long and uniform glucose chains in the cellulose the polyose molecules are much 
shorter (DP about 50- 250) and mostly branched (23). They are built up of several dif
ferent sugars in addition to glucose. The most common of these are galactose (GAL), 
xylose (XYL), mannose (MAN), arabinose (ARA), rhamnose (RHA) and a few other 
sugars of minor importance. Their complex molecular structure is the reason for dif
ferent chemical and physical properties compared to cellulose, concerning crystallinity, 
solubility, accessibility to water, swelling phenomena, strength of the chemical bonds 
between the sugar units etc. Thus. in general the polyoses are hydrolized more rapidly 
and under more preserving conditions compared with cellulose. A careful selection of 
the reaction conditions (14, 15) enables the polyoses to become hydrolyzed, leaving the 
accompanying cellulose unchanged. This, however, is only valid for native cellulose. 
Degraded cellulose, as being present in Egyptian linen, is also subjected to hydrolysis 
under these conditions resulting in increased amounts of glucose depending on the 
preservation state of the tissue. Therefore the preserving hydrolysis of the old tissues 
followed by a quantitative determination of the sugar components is a suitable method 
to analyse kind and amount of polysaccharides providing further indications of their 
preservation state. 

Tab/e 3: List oj lhe constants c; ca/cu/ated jrom the relation DP0 - DP = (DP0 - DPe) · e - ct and the values 
from Table 2 

Group I Group 2 Group 3 Group 4 
c, = 0 .70 · I0 - 3 C2 = 0.35 ' I0 - 3 c1 = o. I8 · w- 3 C4 = 0.09 · I0 - 3 

........... . . . ... . . . . . . . . . . . . . . . . . .......... . .. 

Web Web Web Web 
No. c · 103 No. c . 103 No. c · 103 No. c. 103 

58 0.84 67 0.45 62 0.25 61 0.12 
14 0.83 19 0.42 59 0.21 02 0.10 
50* 0.69 69 0.40 05 0.20 01 0.07 
52* 0.61 60 0.38 13 0.19 22 0.06 
18 0.60 66 0.38 64 0.19 
04 0.59 10 0.34 08 0. 17 
51* 0 .59 07 0.33 15 0.16 
I! 0.57 57 0.31 20 0.16 

65 0.30 12 0.15 
03 0.29 63 0. 14 
09 0.29 

*) Cotton tissues from South America (Peru) 
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The portion of the polyoses in flax fibres has been determined to 8 OJo (3), usually 
called "pectins" in an unspecified manner. This value may vary considerably due to 
different purification procedures of the flax fibres . Our own measurements were raug
ing between 2.7 for a commercial flax (Egyptian origin) and 12.8 for a rough unbleach
ed linen. The values for the Egyptian tissues fit into this range. Some of them are con
taining even less amounts of easy hydrolyzable polysaccharides as can be seen from 
Table 4. In this table the analysed amounts of sugars are arranged according to the age 
of the webs, but there is no indication for any correlation between both groups of data. 
A relation can be detected, however, to the corresponding degree of polymerization of 
the cellulose as shown in Fig. 11. Increasing polysaccharide contents are found to be 
connected with higher DP values, indicating that the polyoses are degraded in parallel 
to the cellulose. But the variations are too great to permit any further conclusions. 
Moreover the exceptions from the general tendency represented in Fig. 11 do not belong 
to the same tissues as the exceptions from the DP/age relation described before. 

Table 4: Non-cellulosic polysaccharides and sugar ratios identified in the Egyptian linen after a proteelive 
hydrolysis 

Specimen Amount of non-cellulosic sugar components 
Web. Age Total MoJ-07o ratios of the identified sugars 
No. year "lo RHA MAN ARA GAL XYL GLU 

12 4 520 2.20 2.4 6.9 0.7 36.7 6.1 47.6 
13 4 390 4.71 2.1 10.2 4.1 44 .6 7.2 31.9 
20 4 390 4. 12 5.0 7.8 6.7 44 .9 8.7 27.0 
22 4 380 4.74 4.9 4.6 6.1 47.8 7.4 29.1 
60 4 320 3.28 3.2 12.5 0.5 25.7 12.6 45.9 
61 4 320 3.01 2.7 10.4 4 .9 53.5 9.9 18.8 
01 4 240 5.11 2.2 7.4 7.2 55.8 7.0 20 .5 
02 4 240 6.24 2.9 11.0 6.1 47.6 9.0 23.6 
07 4 240 3.67 12.1 0.8 5.6 8.8 72 .8 
03 4 000 4.07 2.6 18.8 24.3 9.0 45.2 
59 3 410 4.36 3.2 24.8 0.5 29 .6 8.4 33.7 
64 3410 5.83 3.3 19.5 2.1 35.3 9.7 30.1 
69 3 300 4.14 2.8 18.1 17.7 7.9 53.5 
57 2 900 1.72 2.4 3.7 1.8 3.6 18.9 72.3 
62 2 900 4.19 2.7 12 .9 1.5 36.1 9.8 41.2 
05 2 820 4.40 1.7 12.8 2.8 47.0 9.5 26.2 
08 2 820 4.64 1.3 11.4 4.4 50.1 5.7 27.3 
09 2 820 3.35 3.4 16.7 I. I 13.6 8.2 57.7 
66 2 730 4.64 5.4 11.0 1.4 40.1 10.7 31.4 
67 2 730 4.52 2.6 21.7 17 .5 10.0 48.1 
63 2 480 3.52 2.3 17.2 3.5 42.7 10.1 20. 1 
II 2 350 2.41 3.5 17.2 2.2 11.3 66.5 
21 2 340 2.61 5.8 20.4 0.5 13.9 8.1 51.2 
23 2 340 1.12 3.2 8.0 0.5 7.8 6.3 74.7 
15 2 050 5.14 3.0 11.3 5.3 42.8 12.9 24.7 
58 I 430 1.82 0.3 15.7 2.5 36.5 12.1 33.1 
65 I 430 3.71 2.0 14.2 4.6 27.3 12.2 36.1 
14 I 130 2.78 2.2 14.5 1.9 37.7 9.1 36.3 
19 I 060 2.40 4.8 5.2 2.5 28.2 10.2 49.8 
18 975 1.61 10.4 4.4 13.4 8.0 63.8 

04 150 2.58 1.9 4.3 5.2 24.7 11.0 52.1 
24 Modern 

linen 12.77 4.3 11.8 8.3 47 .3 10.0 18.5 
27 Recent 

flax 2.70 3.2 13.7 8.5 41.0 15.3 18 .3 
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Table 4 also contains the molar ratios of the six sugar units as a percentage of the total 
polysaccharide portion. The dominant sugars in the webs investigated so far are galac
tose, glucose and mannose originating from galactan, glucan and mannan as the main 
polyoses. The same is valid for native flax fibres. As expected, the main difference to 
recent flax textiles is the marked higher amount of glucose originating from degraded 
cellulose. 

Fig. 12 demonstrates that there is in fact a correlation to the corresponding DP showing 
an interesting pattern with two extreme values. The glucose portions of the weil pre
served webs (high DP) are approaching the mark of about 18 OJo found for modern flax 
fibres (see Table 4). The other Iimit, in the case of totally degraded cellulose, would be 
an amount of about 90 % glucose. It is not entirely reached, of course, as any fibrous 
structure would be destroyed at that point. There is an additional indication for a 
limiting DP value (DPe) at about 150 to 200 (13, 22). Thus the sugar contents of the 
hydrolyzed tissues are following a reasonable pattern. There are, however, many devia-

1 

OL---~------~----------~~----------~--~ 

DPe 500 1000 1500 
Degree of polymerization ( DP) 

Fig. II : Relationship between the content of easily hydrolyzable polysaccharides and the degradation state 
of the ancient Egyptian linen measured by their degree of polymerization (DP). 
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Fig. 12: Relat ionship between the amounts of glucose and the corresponding DP of the ancient Egyptian 
linen after preserving hydrolysis. 

tions of this correlation. Rise was given to the expectation to classify these exceptions 
into certain degradation classes as described in the previous chapter. But they do not 
seem to follow any recognizable order. 

Another interesting finding results from the ratios of the sugar units in the polyoses. 
In modern flax fibres and tissues the ratio of the percentages of rhamnose, mannose, 
arabinose, galactose, xylose and glucose has been determined to be about 
1 : 3 : 2 : 10 : 3 : 4 (Tables 4 and 5). The mean value for all the Egyptian linen except 
for some very degraded webs are nearly the same (Table 5). Only the arabinose amounts 
are reduced to one half. This exception can bc sufficiently explained by the fact that 
the arabinose bonding is known to be weak and to be split very easily (23). The 
remarkable constancy of the sugar ratios shown in Table 5 suggests that the purification 
process of the flax fibres remained essentially unchanged over the long period of flax 
cultivation in Egypt. Additionally there is no evidence for any particular treatment of 
the fibres with agents containing polysaccharides (e. g. plant mucilages for finishing). 
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Table 5: Relation oj the sugar components in the Egyptian linen compared with the relation in recent flax 
fibres (based on a constant value oj galactose = 10) 

Sugar components RHA MAN ARA GAL XYL GLU 

Recent flax fibres 0.9 2.9 2.0 10 2.9 4.2 

Egyptian linen Mean 0.9 2.9 0.9 10 2.6 4 - 300 
( except for the very 
degraded samples Standard deviation 0.4 1.3 0.5 1.0 

6. Analysis of the inorganic components 

The systematic investigation of the inorganic substances being present in the old Egyp
tian linen is complicated by the fact that many of the founds have been washed with 
water after the excavation. Some of them are Iabelied accordingly, e.g. the tissues no. 11 
and 12, others are not. Thus all analytical data are subjected to the uncertainty whether 
or not some of the water soluble salts have been removed. 

The total amounts of inorganic material cantairred in the Egyptian tissues can be deter
mined by weighing the ash residues. They were ranging between 1 and 9 OJo. But these 
values give only a generat view. The analysis of individual elements has been carried 
out only by means of an X-ray spectrometer allowing the semi-quantitative determina
tion of elements with atomic numbers higher than 9. The elements are detected by the 
energy of their X-ray emission induced by the electron beam within the microscope. In 
this way spectra are obtained where the element peaks appear over a background 
caused by the bremsstrahlung. 

A typical spectrum of an Egyptian web is shown in Fig. 13. This linen from the 12th 
dynasty contains the light elements sodium (Na), magnesium (Mg), aluminium (Al), 
silicon (Si), phosphorus (P), sulfur (S), chlorirre (Cl), potassium (K) and calcium (Ca). 
These elements are always present in the various tissues. Sometimes small amounts of 
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Fig. 13: X-ray energy spectrum of a linen tissue from the 12th dynasty (approx. 1991-1786 BC). 
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Fig. 14: X-ray energy spectrum of a linen tissue from the 5th dynasty (approx. 2480- 2340 BC). 

iron (Fe) and titanium (Ti) were found, but no heavier metals or other elements could 
be detected. The amounts of inorganic compounds in the different specimens vary con
siderably. The spectrum in Fig. 14 reveals e. g. chlorine and sodium as the main 
elements in this tissue from the 5th dynasty. The amounts of sodium and of magnesium 
are much higher than indicated by their peak heights, as the X-ray excitation at the low 
energy side of the spectrum is only one fifth to one tenth compared with the other 
elements. Therefore the linen analysed in Fig. 14 contains approximately equal amounts 
of chlorine and sodium. This spectrum shows a relative low background Ievel indicating 
a high total content of inorganic components. By focussing the electron beam onto a 
small spot at the fibre surface it is possible to analyse individual salt particles. In this 
case the background Ievel becomes very low as shown in Fig. 15. This particle from the 
web analysed in total in Fig. 13 is composed mainly of an aluminium silicate 
originating probably from dust or sand contamination. Small inorganic contents in
crease the background ratio as demonstrated in Fig. 16. This linen contains mainly 
calcium, sulfur and silicon. Considering the reduced excitation mentioned above, 
magnesium too is present in comparable amounts. Phosphorus, chlorine and 
potassium on the other side can just be dinstinguished from the background. 

Generally silicon, chlorine and calcium are the dominant elements present in the Egyp
tian linen. A semi-quantitative measure for the element concentrations is obtained by 
counting the impulse rate ·within the different energy peaks during a constant period 
of time. The results for several tissues are given in Table 6. The total amounts of in
organic components vary considerably as already stated. The treated tissues (marked 
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Fig. 15: X-ray energy spectrum of a salt particle in the linen shown in Fig. 13 (12th dynasty, approx. 
1991 - 1786 BC). 
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Fig. 16: a) X-ray energy spectrum of a linen tissue from the 18th dynasty (approx. 1552 - 1306 BC); 

b) Spectrum after removal of the background. 

with asterisks) have the lowest contents. Some linen must be expected to have been 
treated, too. In Table 6 the "alkaline elements" potassium and calcium are enumerated 
tagether as the degradation process is known to depend upon the alkalinity or acidity 

168 



of the environment. For the linen fibres this environment is immediately influenced by 
the salts or inorganic material at the fibre surface. Their pH can be evaluated by 
measuring the pH of the water extract from the tissues. The values thus obtained are 
listed in Table 2 together with the DP of the flax celluloses. But no correlation could 
be detected either between the degradation state and the pH or the salt contents. The 
amounts of Ca and K do also not correspond with the related pH of the linen. For ex
ample the very low pH of the tissue no. 67 (Table 2, 2730 years old) is opposed to the 
expectations deriving from the salt analysis revealing Ca and K as components of the 
dominant inorganic compounds of this linen. Thus the pH must be attributed at least 
for some tissues to other substances, e. g. organic compounds containing carboxylic 
groups. Higher or lower portions of Ca and K are found together with an alkaline or 
an acidic medium and also with higher or lower DP values. The same is valid for the 
chlorine contents. Phosphorus and sulfur may derive from organic sources indicating 
the presence of proteins (enzymes) or microorganisms. For a few linens a degradation 
by microorganisms could be confirmed (12). But there is no relation to higher or lower 
P and S contents. Therefore these elements are of inorganic nature present as sulfate 
(S04 - ) and phosphate (P04 - - ) anions. In this case the analysed amounts of the 
elements have to be increased by a factor of 3 due to higher molecular weight of the 

Table 6: Inorganic compounds in the o/d Egyptian /inen as determined by X-ray energy spectromel!y 

Counts (- w- 3) of the K0 -lines wirhin 500 seconds 
Ti ssue All inorg. 
No. element s Ca+ K Cl P +S Al +Si 

01 35.25 10. 13 13.08 1.54 7.88 
02 35.55 11.07 10.92 4.35 7,80 
03 24.58 10.10 3.29 2.04 7. 38 
04 10.39 4.02 0.50 1.55 3.48 
05 18.44 5.69 7.27 1.47 2.44 
07 19.40 10.56 1.58 5.29 0.98 
09 64.38 18.41 29.31 4.07 8.7 1 
10 32.47 6.60 17.47 1.92 3.86 
II ** 14.43 3.71 0. 59 2.28 6.55 
12** 27 . 15 9.62 0.61 0.76 11.22 
13 31.20 6.05 17 .09 2.26 2.96 
14 183.28 36.25 35.46 8.12 84.29 
15 55.50 16.55 21.51 3.64 5.83 
15* 61.69 19.43 18.55 4.88 13. 85 
16 50.97 19.66 22.34 3.49 1.54 
17 6.81 4 .03 1.49 0.33 0.51 
18 3.11 1. 52 0.35 0.38 0. 21 
18* 11.27 4.38 0.57 2.87 2.41 
19 36.19 14.08 0.34 3.37 13.40 
20 51.55 15 .28 15.57 6.32 9.24 
21 86.94 23.45 31.1 7 6.43 16.30 
22 51.05 13 .36 15.68 3.40 14.40 
23 112.01 45.35 34.91 21.05 5.82 
53 ** 7.54 3.54 1.49 0.44 1.74 
54** 4.67 2.57 0.27 0.33 0.88 
55** 11 .22 4.58 0.17 0.81 3.04 
56** 5.84 3.06 0.46 0.25 1.26 
67 18.45 7.35 1.25 1. 85 5.70 

*) Values for the more degraded parts of these linen 
**) Ti ssues washed with water after the excavation 
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anions. Thus, the sulfate contents become on average as high as the values for chlorine, 
calcium and silicon. 

These high concentrations of sulfur, chlorirre and the other main elements found in the 
Egyptian tissues cannot be explained by arbitrary contaminations or impurities even if 
the portians of the elements are varying within a great range. The electron microsco
pical observations also indicate, that the webs were deliberately treated probably for the 
purpose of preservation. lt is known that linen tissues have been treated with salts 
called "neter" (1). This Egyptian name is the origin for the modern chemical terms 
natron, trona, nitrate ortheGerman word "Natrium" (sodium). The chemial composi
tion usually referred to as natron (NazC03) or a mixture of sodium carbonate and 
hydrogencarbonate (trona). But this composition cannot explain the presence of the 
other elements described above, even if it is assumed, that impurities may be involved 
and that the use of the term neter and even natron in modern times is very unspecifical. 
As a source for the Egyptian neter the salt lakes of Egypt and East Africa are assumed 
(21). However, apart from the deposites of trona about equal amounts of sodium 
chloride, magnesium chloride, magnesium sulfate, sodium sulfate and minor salts are 
contained in the water as well as in the deposites (21). One of the greatest occurences 
of these salts is the area of salt lakes in the Vadi al Natron, north-west of Cairo. Cer
tainly, this name is not arbitrary; so we may assume, that the neter has been recovered 
mainly from this area. The use of these salt mixtures (or from any other salt Iake in 
East Africa) would easily explain the high amounts of sulfur, chlorine, magnesium and 
sodium found in the ancient Egyptian tissues. Supposing that the salts were hauled 
from the deposites at the shore of the lakes, the presence of aluminium and silicon 
deriving from sand or soil is also evident, including a portion of the potassium and 
calcium contents. An additional source for calcium, potassium and silicon is the flax 
fibre itself. The natural fibres contain calcium, potassium and silicon in distinct 
amounts as weil as some minor portians of the other lighter elements. Another con
tribution, especially to the potassium contents, can be seen in the bleaching process. 
This has been performed by immersing the linen into an alkaline lye prepared from the 
ash of sea-weed or algae followed by an exposure to the surrlight (24). This "potash" 
consists mainly of potassium and calcium oxide and to a lesseer extent of the oxides 
of other elements like sodium, magnesium etc. as most plant ashes (23). In the green 
algae the magnesium content is also important. Perhaps the alkalinity of the lye has 
been increased by adding lime (CaO) which was well known in ancient times. In any 
case a marked amount of the alkaline elements calcium, potassium and magnesiumwas 
introduced into the tissues during the bleaching procedure. 

The qualitative composition of the inorganic compounds can be explained by these 
treatments. The various quantitative amounts may be attributed to different treatments 
for special purposes which, however, are unknown. Probably a conservatory effect had 
been expected in most cases. Recently, ageing studies on modern linen impregnated 
with different salts proved that weak alkaline or neutral salts like sodium carbonate or 
hydrogen carbonate (trona) have a more preservative effect compared to untreated or 
acidic treated cellulose fibres (25). The origin of the salts determined in the Egyptian 
tissues can be considered to be elucidated. Apart from the naturally occuring elements 
within the flax fibres, one portion of the salt contents is introduced by the bleaching 
procedure. This predominantly concerns the alkaline salts based on calcium, potassium 
and also to some degree on magnesium and silicon. The greater portions, particularly 
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the sulfur and chlorine amounts, are derived from a treatment with salt recovered from 
salt lakes or corresponding deposites. The main source for them is assumed to be the 
salt lakes of Vadi al Natrun, north-west of Cairo. 
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