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ABSTRACT

A review of the main natural dyes (particularly yellow flavonoids and red
anthraquinones) and proteinaceous substrates used in Historical Tapestries and North

American porcupine quill work was undertaken, and is summarised in Chapter 1.

The analysis of natural dyes which have been used on museum artefacts other than
textiles has received little systematic study, particularly those of non-European origin. In
this research, the use of Ultra Performance Liquid Chromatography (UPLC) for study of
natural dyes found on historical textiles and ethnographical objects decorated with
porcupine quill work is explored; this required a transfer of existing analytical protocols
and methodology. The advantages of using Ultra Performance Liquid Chromatography
(UPLC) was evaluated through a method development based on the separation and
quantification of ten flavonoid and anthraquinone dyes as described in Chapter 2. These
methods were then applied to the characterisation of the dye sources found on a group of
sixteenth century historical tapestries which form an important part of the Burrell
Collection in Glasgow and are believed to have been manufactured in an English
workshop (Chapter 3) and also to the analysis of some late nineteenth century North
American porcupine quill work from a collection owned by National Museums Scotland
(Chapter 5); allowing exciting conclusions to be drawn in each case about the range of
dyestuffs used in their manufacture.

The second aim of this research was the development of methodology for the non-
invasive quantification of metal ion residues on porcupine quill substrates. This was
achieved through a comparative study of reference porcupine quills prepared in-house
with dyebaths containing a range of metal ion concentrations (copper and tin). The
concentration of metal ions sorbed by the porcupine quills was then quantified with
Inductively Coupled Plasma (ICP) coupled to Optical Emission Spectrometry (OES) and
non-invasive Particle Induced X-Ray Emission analysis (PIXE) coupled with Rutherford
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Backscattering Spectrometry (RBS) as described in Chapter 4. The responses provided
by the different methods were compared and they were then applied to the study of
micro-samples collected from mid-nineteenth century Northern Athapaskan porcupine
quill work. Unexpectedly, the use of UPLC analysis and RBS-PIXE analysis allowed the
characterisation of traded European natural dyes used with metallic mordants (copper and
tin) on these samples, highlighting how European contact impacted on traditional

Athapaskan porcupine quill work in the late nineteenth century (Chapter 5).
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1 INTRODUCTION

The characterisation of dyestuffs in historical textiles is highly important as it
provides technical art history information on the trade and use of specific dyestuffs,
and it also informs about the level of degradation of the dyestuffs and assist
conservators and curators in designing specific display and storage conditions for
textiles highly degraded or containing light fugitive dyes. Flavonoid dyes such as
weld (Reseda luteola L.), dyer’s greenweed (Genista tinctoria L.) and anthraquinone
dyes such as madder (Rubia tinctoria L.) or American cochineal (Dactylopius coccus
Costa) are the main dye sources found in traditional European tradition and have
been used for centuries."" 2 The characterisation of natural dyes has been developed
at the University of Edinburgh and National Museums Scotland (NMS) using High
Performance Liquid Chromatography coupled to Photo Diode Array detection (PDA-
HPLC) and Mass Spectrometry analysis (ESI-MS), with a particular focus on

understanding the fading of yellow flavonoid dyes.>!?

These important studies
allowed the characterisation of the main natural dye sources used in historical textiles
by the relative quantification of several chemical components in acid hydrolysed
extracts. However degradation, including photo-oxidation reactions, has the
potential to alter these components and make the unequivocal determination of
biological sources difficult.’*!> One of the aims of this research is to develop new
chromatographic methods that would allow the characterisation of dye components
present at levels that would not be detectable using conventional chromatographic

system and to investigated the dye sources used on important historical tapestry

pieces and Native American porcupine quill work.

This chapter will first introduce the historical materials investigated during this
research with an updated review of the main dyes sources reported to have been used
in Europe and North America. Particular focus will be given to flavonoid containing
dyes, which were extensively studied in previous work, and the degradation

8, 14

processes of flavone and flavonol dyes.® The chemistry and structure of
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proteinaceous fibres will be reviewed and the contributions of this work to the field

of historical dye analysis will be addressed.

1.1 HISTORICAL MATERIALS

1.1.1 Historical tapestries

Tapestry is a composite textile made of coloured silk fabric, coloured woven wool,
and sometimes metallic threads made of gold or silver, incorporated in small areas of
the tapestry.!®!® Tapestry weaving refers to a specific technique, where two sets of
yarns are interlaced, most often wool and silk, but the use of linen is reported for
Swiss or German tapestry dated from the sixteenth century.'® ! It is made of two
types of yarns, one running parallel to the length, that is called the warp, and one
parallel to the width, called the weft.?® Two weaving techniques were used called
high or low warp loom techniques. In both cases, the weaver worked on the reverse
side of the tapestry, and the warp threads were under tension on the loom, while the

16

weft threads were passed back and forth across the warps.”® When the tapestry is

woven, all the warps are covered and the tapestry is called weft-facing.'® 202!

1.1.1.1 High warp loom or “haute lice” technique

The high warp loom technique refers to a special set-up, where the warp threads are
in a vertical loom, and the weaver works from the back (e.g. figure 1.1). Only one
thread on two (odd and even) is under tension on the loom, usually it was the warps
that were nearer the weaver that were stationary.'® The set-up of the vertical threads
is situated above the weaver’s head, which gives a possible explanation for its name.
This technique was extensively used in France and is still used today in the Gobelins

factory in Paris.?% %
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1.1.1.2 Low warp loom or “basse lice” technique

In the low warp loom technique, the threads are on a horizontal loom (e.g. figure
1.1), all the threads (odd and even) are under tension on the loom, and they will be
powered by the weaver using two pedal controlled heddles.” ?* The disadvantage of
this technique was that the tapestry was fixed and facing the weaver in an inverted

position, therefore he could not follow the progression of his work.'®

Figure 1.1: (left) Plate V: Gobelin High Warp Tapestry, Preparing the Looped Strings, (middle) Plate
IX: Gobelin High Warp Tapestry, Position of the Workman to Start Work, (right) Plate XVIII: Gobelin
Low Warp Tapestry, Workman at Work in Light. The Encyclopaedia of Diderot and d’Alembert,
plates vol. 9 (1771).22 %

1.1.1.3 Origin of tapestry weaving in England

In contrast to the vibrant tapestry weaving industry in the Low Countries, relatively
little is known on early English tapestry workshops. The early catalogue from
Barnard and Wace published forty-six early English tapestries, assumed to be woven
at the castle of Sir William Sheldon at Barcheston in Warwickshire.>* Thus, William
Sheldon could have been in charge of the first non-Royal tapestry workshop in

England and since this publication the term “Sheldon” was often applied to early

10
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English tapestries based on the assumption that this was the only workshop in
England in the mid sixteenth century. However, recent art historical research from
Wells-Cole and then Turner demonstrated a much complex situation in the mid
sixteenth century than previously reported, with possibly other weavers’ workshops
in London and migration of tapestry weavers from Brussels or France to work in
English workshops.?>?” Today, the only pieces that are signed and clearly attributed
to the Sheldon workshop are the large tapestry maps that form part of the Bodleian
Library collection in Oxford, UK. %’

In spite of the difficulty in clearly attributing tapestries to this workshop, the first
scientific study of nineteen small English tapestries which form part of the Burrell
collection in Glasgow, together with the only attributed maps from the Bodleian
Library, was undertaken. The identification of the dyes used in the preparation of
yarns for tapestry production will provide vital information on the physical and
chemical processes that the fibres have been subjected to during manufacture. It will
also show if there is any consistency of dyes and materials among the Sheldon
tapestries, and how these objects relate to European tapestries. This research,
presented in chapter 3, will also inform future conservation and research, and

influence future display strategy.

1.1.2 Porcupine quill work

Indigenous communities across North America, from the North American Subarctic,
Great Lakes region and the northern Plains, have long used dyed porcupine quills to
decorate clothing and basketry (e.g. figure 1.2). Unfortunately, much more is known
about the technique of porcupine quill work than the actual dyeing process and dye
sources used.’*3? National Museums Scotland (NMS) has the oldest and most
extensive collection of nineteenth century Dene artifacts in the world today.**3¢ The

Athapaskan and Inuit collections were collected between 1858 and 1862 and includes

11
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around 240 Athapaskan artifacts, most of those decorated with dyed porcupine quill

work.3¢

The analysis of dyes which have been used on museum artifacts other than textiles
has received little systematic study, particularly those of non-European origin. The
unique study on pre-1851 Eastern Woodlands porcupine quill work identified several
dyes substances including, alkaloids, anthocyanidins, anthraquinones, indigoids

species as well as several sources of tannins.’” 8

Surprisingly, few flavonoid
sources were identified, highlighting the need for in depth study of other cultural

groups to broaden the understanding of the Native American dyeing tradition.

Figure 1.2: Gwich'in woman wearing headband decorated with porcupine quill work, reproduced

from reference 39.3°

1.1.2.1 Athapaskans collection at National Museums Scotland

As part of National Museums Collection is a unique group of dyed porcupine quill
samples and objects that were collected in 1862 from Sub-Arctic Athakaspan Dene
people.3® 3% These examples of Indigenous Art were previously described as being
dyed with early synthetic dyes traded from Europe,** although the exact nature of the
dyestuffs has never been scientifically investigated. As part of the development of

new galleries at NMS, these objects have to be conserved for display and conditions

12
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and regimes which will minimise damage have yet to be established. These need to
be based on a better understanding of the materials and their behaviour.** Recent
curatorial collaboration with the present day Northern Territories communities has
revealed how significant and unique the NMS material is, especially in terms of its
originality and condition.*! This material will be investigated for the first time and
will need the transfer of existing analytical protocols and methodology for dye

analysis to porcupine quill substrates (chapter 5).

1.2 EUROPEAN AND NORTH AMERICAN DYES SOURCES

Natural dyes such as Madder species or shellfish purple have been used from the

1. 7 The most

Antiquity, and were at that time as valuable as precious meta
expensive dye used in Antiquity was certainly Tyrian purple also called Imperial
purple, a dye extracted from Murex shellfish (e.g. Hexaplex trunculus) and used to
prepare Imperial silk. The extraction of the purple dye - described by Pliny the Elder
- was such an expensive process that it could only be used by royalty, and it is
reported that the preparation of 1 g of purple dye required the use of thousands
murex shellfish." 74> Later in the Middle Ages, scarlet dyes were exclusively used
for the preparation of garments for the higher members of the clergy. Several dyes
have been introduced at specific times in Europe, and their presence on historical
textiles can inform about trades or help to indirectly date objects. There are many
examples of natural dyes traded into Europe after the discovery of the New World,
these examples include: old fustic (Chlorophora tinctoria (L.) which was first
introduced into Europe in the sixteenth century and traded from Cuba, Jamaica or
Puerto Rico; American cochineal (Dactylopius coccus Costa) which was used in
Europe from the early sixteenth century and traded from South America; American
oak (Quercus tinctoria L.) which was used in Europe from the late eighteenth

century and traded from North America. 2"’

With regard to the North American quill work investigated during this research,

mauve and fuchsine aniline dyes would have been already commercially available in

13
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Europe in 1862.4* % Trades between North America and Europe was at that time a
very important business due to the fur trade and exchange of material between both

45,46 Furthermore,

continents was facilitated through the Hudson Bay’s company.
several sources mention, at least for Micmac porcupine quill work, that early

synthetic dyes were quickly adopted as a replacement of natural dyes.*’

1.2.1 Natural dye classification

Natural dyes are classified in three categories: direct dyes, mordant dyes and vat
dyes."? Direct dyes, e.g. safflower (Carthamus tinctorius L.) or curcuma (Curcuma
longa L.), are applied directly to the fibre but usually are less wash- and light-fast
than vat or mordant dyes (see section 1.2.2). Mordant dyes, e.g. weld (Reseda
luteola L.) and madder (Rubia tinctorum L.), represent the vast majority of the
natural dyes (see section 1.2.3). Their use requires a treatment of the textile with an
aqueous solution of mordant, generally a metal salt of aluminium, copper or iron.
The treatment of the fibre with a mordant can occur before the dyebath, referred to as
a pre-mordanting treatment, or during the dyebath." > During this treatment the
mordant is absorbed by the fibre and a mordant-fibre complex or dye-mordant-fibre
is created.” The use of a mordant increases the affinity of the dye components with
the protein side chains of the wool or silk and assists in the formation of an insoluble

coloured complex during the dyebath (figure 1.3).”

The choice of the mordant is important in the textile preparation as it will affect
greatly the final colour of the textile: for example the use of copper salts will darken
the colour of the dye while in contrast the use of tin salts will brighten the colour.
There are many sources of mordant reported in the literature. Sources of aluminium
include several biological accumulators of aluminium (e.g. Diphasiastrum
complanatum L., Diaphasiastrum alpinium L. or Huperzia selago L.), potash alum
[AIK(SO4)2.12H20], or ammonium alum [Al2(NH4)2(SO4)4.12H20]. ¥ Sources of

iron include green copperas, iron sulfate [Fe2(SOa4)3] or iron oxide Fe:0s3, while

14
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copper mordant was obtained from copper sulfate [CuSO4] and tin mordant was
prepared from the dissolution of pewter in concentrated nitric acid (aqua fortis)
replaced later by tin salts [SnCl2].> Finally, chromium mordant was not used until
early in the nineteenth century and was obtained mainly from sodium or potassium

bichromate [K2Cr207].

Fibre

Figure 1.3: Example of complex formed between an anthraquinone dye molecule and a metallic

mordant (M) and the side groups of a proteinaceous fibre chains, adapted from reference 6.°

Finally vat dyes, e.g. woad (lsatis tintoria L.) and indigo (Indigofera tinctoria L.) are
insoluble in water and require a specific treatment (see section 1.2.4). The textile is
prepared under alkaline conditions in order to convert the indigo dye into a
colourless and soluble leuco form. After the dyeing process, aerial oxidation

reconverts the leuco dye into its insoluble form and the dye aggregates on the surface

of the fibre."- 7%

1.2.2 Direct dyes

Direct dyes, e.g. turmeric (Curcuma longa L.) and safflower (Carthamus tinctorius
L.) are applied directly to the fibre but usually are less wash and light fast than

mordant dyes.

15



Chapter 1

1.2.2.1 Turmeric

Turmeric or curcuma, also known as Indian saffron, is obtained from the ground
roots of Curcuma domestica Valet. (or Curcuma longa L.), a plant growing
abundantly in the East Indies, Indonesia and China. It is a perennial herbaceous
plant of the ginger family (Zingiberaceae), the colouring principle is extracted from
the roots of the curcuma by washing, peeling and drying.>® Turmeric is a rich source
of phenolic compounds called curcuminoids and the extract of the roots of Curcuma
longa L. contain three different diarylheptanoids: curcumin (1), demethoxycurcumin
(2) and bisdemethoxycurcumin (3). These compounds are widely used as food
additives but also in herbal medicine and several studies have shown a wide range of
biological activities, including anti-arthritic effects, anti-oxidant, anti-inflammatory,

anti-microbial, anti-parasitic, anti-mutagenic, and anti-cancer properties.’!~>>

1
6 0 curcumin

MeO. A — OMe (1E,6E)-1,7-Bis(4-hydroxy-3-methoxyphenyl)-
‘ O 1,6-heptadiene-3,5-dione
HO OH
My = 368.38 g mol*

Amax= 263,425 nm

2
demethoxycurcumin

MeO A G (1E,6E)-1-(4-Hydroxy-3-methoxyphenyl)-7-(4-
hydroxyphenyl)hepta-1,6-diene-3,5-dione
HO OH
My = 338.33 g mol*?

max= 249, 421 nm

(0] (0] 3
X P bisdemethoxycurcumin
O O (1E,6E)-1,7-bis(4-hydroxyphenyl)hepta-1,6-
HO oH diene-3,5-dione

My = 308.33 g mol*!
Amax= 247, 417 nm

Table 1.1: Diarylheptanoids present in the roots of Curcuma longa L. species.

16
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Turmeric can be used as a pigment or a direct dye; in its powdered form it provides a
strong yellow colour. In parts of Asia turmeric water is applied as a cosmetic to lend
a golden glow to the skin.®® It can also be used a direct dye on cotton, wool or silk,
mainly in combination with other dyes. Turmeric is frequently found in
ethnographical collection and previous study has highlighted conservation problems
linked to objects containing turmeric (e.g. poor light fastness, discoloration under

acidic condition).>

Several studies of Curcuma longa L. showed that the relative amounts of the
curcuminoids characterised in turmeric sources is highly variable.>* 3> Most of the
samples collected from Sichuan areas in China, exhibited a similar composition, with
curcumin (1) being the main component present in the turmeric extract, while
samples of turmeric collected from Yunnan, Burma or India were found to contain a

higher level of demethoxycurcumin (2).3%

1.2.2.2 Safflower

Safflower (Carthamus tinctorius L.) is an annual herb of the Asteraceae family and
has long been used as a pigment or a dye in oriental countries and is very often cited
in traditional Chinese textile recipes.’® Although recipes to prepare safflower
sometimes appear in European dyeing textbooks,? it has been rarely characterised in
European historical textiles.’’” Safflower contains several colouring components
(yellow and red), with the red pigment carthamin (4) being present in powdered
flower petals to the extent of 0.03 % by weight.”> > Carthamin (4) is insoluble in
neutral conditions but is soluble in alkaline conditions, and the re-acidification of the
solution will precipitate the carthamin pigment on the fibres.” >® Safflower produces

very light fugitive pink shades when used as a direct dye on silk.>® >

Carthamin (4) was first isolated in the early twentieth century and its structure has
been characterised as two chalcone moieties which are fully conjugated.®® The red

colour of carthamin (4) is due to the absorption of longer wavelength of light than

17
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those of other chalcone pigments.®"> > Recent studies have shown that it is possible
to improve the content of red pigment in the flowers of safflower, by converting
precarthamin into carthamin enzymatically, using a purified enzyme from the yellow

petals of safflower.®

The identification of safflower in historical textile is very
challenging, as carthamin (4) pigment has a very high photo-degradation rate and is
also easily destroyed during acidic extraction. However, a recent study characterised
several colourless markers present in textiles extracts, but chemically these are still
unidentified.’® Furthermore traces of two flavonoid components, apigenin (10) and

kaempferol (17), were also characterised in safflower references, with only apigenin

(10) being present in historical samples.>®

carthamin
(2Z,65)-6-B-D-Glucopyranosyl-2-[[(35)-3-B-D-glucopyranosyl-2,3,4-trihydroxy-5-[(2E)-3-(4-
hydroxyphenyl)-1-oxo-2-propenyl]-6-oxo-1,4-cyclohexadien-1-yllmethylene]-5,6-dihydroxy-4-[(2E)-3-
(4-hydroxyphenyl)-1-oxo-2-propenyl]-4-cyclohexene-1,3-dione

My = 910.78 g mol?
Amax = 245, 373, 520 nm

1.2.2.3 Berberine containing dyes

Several alkaloid species containing berberine (5) can be used as direct dyes to
produce yellow to orange hues, although they are not light fast.!: ¢ Alkaloids form a
large group of N-containing components® that are more often studied for their uses

18
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in medical preparations (e.g. morphine, colchicine, strychnine, caffeine) rather than

for their dyeing properties.> Berberin was first isolated in the late nineteenth

66-68 and berberine containing dyes are an important yellow dye source in

century,
Asia.®* The use of berberin rich dyestuffs was also recently characterised in Eastern
Woodlands porcupine quill work,?” 3 where three alkaloids species were identified:
Tisavoyanne yellow (Helleborus trifolis L.), goldenseal (Hydrastis Canadensis L.) -
both species mainly containing berberine (5) - and bloodroot (Sanguinara Canadenis

L.), an alkaloid species containing berberine (5) and sanguinarine (6).

0/\ O/\
(0] (0]
J T
4@ 0
| <
MeO Z+ 0
OMe
5 6
berberine sanguinarine

5,6-Dihydro-9,10-dimethoxybenzo[g]-1,3-
benzodioxolo[5,6-a]quinolizinium

My = 336.36 g mol?
Amax= 230, 266, 348, 431 nm

13-methyl[1,3]benzodioxolo[5,6¢][1,3]
dioxolo[4,5-i]phenanthridin-13-ium

Mw = 364.41 g mol*?
Amax= 234, 281, 329, 350 (sh), 400, 474 nm

Table 1.2: alkaloid dyes characterised in Eastern Woodlands porcupine quill work.

1.2.3 Mordant dyes

Mordant dyes, e.g. weld (Reseda luteola L.) and madder (Rubia tinctorum L.),
represent the vast majority of the natural dyes. Their use requires a treatment of the

textile with an aqueous solution of mordant, generally a metal salt.

1.2.3.1 Flavonoids

The majority of natural yellow dyestuff species contain flavonoid dyes. These dyes

are mordant dyes and bind to the metal via the carbonyl group and the adjacent
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phenol moiety. Flavonoid sources have been extensively studied in the past decades
due to their antioxidant properties but recently there has also been a renewed interest
in their use for textile dyeing as a replacement to synthetic dyes.®” Flavonoid dyes
occur in many plants as sugar derivatives (glycosides) and are hydrolysed in the
dyebath into their parent flavonoids. There are two types of flavonoid dye sources,
some species containing flavone dyes e.g. weld (Reseda luteola L.) and other
containing flavonol dyes e.g. old fustic (Chlorophora tinctoria L.), quercitron bark
(Quercus velutina Lamk) or onion skins (Allium cepa L.).” Flavone and flavonol
dyes differ only by the presence of a hydroxyl group in the position 3 on the C-Ring
in flavonol dyes (figure 1.4).

Figure 1.4: (left) IUPAC structure of flavone dyes; (right) IUPAC structure of flavonol dyes

Flavonol dyes are much more sensitive to photo-degradation than flavone dyes, & '+

15 and photo-oxidation studies of quercetin in solution showed that the main end
products of this degradation process were 2,4,6-trihydroxy benzoic acid and 3,4-
dihydroxy benzoic acid arising from both the A and the B ring of the flavonol

).70

(scheme 1.1 As a result these plants were generally banned from the manufacture

L2701 From

of important or expensive textiles due to their poor light fastness.
previous studies, the yellow dye component most commonly detected in acid-
hydrolysed extracts from historical European textiles is luteolin (9), a flavone which
has the best light fastness of all the flavonoids found in yellow plant dyes. There are
many dye sources containing luteolin, but weld (Reseda luteola L.) is the main

source mentioned, but other dye plants containing luteolin, including sawwort
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(Serratula tinctoria L.) and dyer’s greenweed (Genista tinctoria L.), were

71,72

acknowledged substitutes.

OH
HO. OH OH
\Q:fo + HO
OH OH (6]

Scheme 1.1: Photo-oxidation mechanism of flavonol.”®

Weld

Weld (Reseda luteola L.) is one of the most important yellow dye source; it grows
wild in most of Europe and produces a bright and fast yellow. The main constituents
of weld have been well studied and include luteolin-7-O’-glucoside (7), luteolin-7,3’-

)17 73 74 Qeven other minor

di-O’-glucoside (8) and the aglycone luteolin (9
components including the aglycones apigenin (10) and chrysoeriol (12), together
with mono and diglycosides of all three aglycones have been also identified in weld

extracts.” >77

The presence of weld in historical yarns is characterised by the association in the
acid hydrolysed extract of the flavones luteolin (9) detected along with a relatively
minor amount of the flavone apigenin (10) and the O-methylated flavone chrysoeriol
(12),> 1° while the O-glycoside sugar derivatives present in weld extracts are usually
hydrolysed to the parent flavonoid in the dyebath or during the acidic extraction.”®
Published accelerated light ageing studies of wool yarns dyed with weld showed that
the flavones luteolin (9), apigenin (10) and O-methylated flavone chrysoeriol (12)
have quite similar photo-degradation rates, although the photo-degradation rate of
luteolin (9) and chrysoeriol (12) was observed to be slightly higher than the flavone
apigenin (10).%
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OH
OH
(0)
HO [0) O
Ho oH |
OH O

luteolin
3',4',5,7-Tetrahydroxyflavone

My = 286.24 g mol*?
Amax = 254, 266, 292 (sh),
347 nm

10

7
luteolin-7-0O’-glucoside
7-0-beta-D-Glucosyl-5,7,3,4-
tetrahydroxyflavone

My = 448.37 g mol*?
Amax= 255, 267 (sh), 350 nm

8
luteolin-7,3’-di-O’-glucoside
7,3’-0-beta-D-Glucosyl-5,7,3,4-
tetrahydroxyflavone

Myw = 610.53 g mol?
Amax= 269, 339 nm

11

apigenin
4',5,7-Trihydroxyflavone

My = 270.24 g mol*?
Amax= 268, 300 (sh), 338 nm

genistein
4',5,7-Trihydroxyisoflavone

Mw = 270.24 g mol*?
Amax= 260, 334 (sh) nm
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12

methoxyflavone

Mw = 300.27 g mol*
max= 245, 250, 268, 290 (sh),
345 nm

15 16
sulfuretin quercetin
3',4',6-Trihydroxyaurone 3',4',3,5,7-Pentahydroxyflavone

Mw = 270.24 g mol*?

Mw = 302.24 g mol*?
Amax= 256, 270, 397 nm

Amax= 225, 255, 300 (sh),
371 nm

18

19
myricetin kaempferol
3,3',4’,5',5,7- 3,4',5,7-Tetrahydroxyflavone
hexahydroxyflavone

Mw = 318.23 g mol?
A max= 253, 303 (sh),
374 nm

My = 286.23 g mol*!
A max= 255 (sh), 267, 294 (sh),
325 (sh), 365 nm

13
chrysoeriol diosmetin
4',5,7-Trihydroxy-3'- 3',5,7-Trihydroxy-4'-

methoxyflavone

My = 300.27 g mol™
max= 245, 250, 268, 290 (sh),
345 nm

HO O

14
fisetin

3,3',4',7-Tetrahydroxyflavone

My = 286.24 g mol*
Amax= 250, 318, 364 nm

17
3-0-methylquercetin
3-Methoxy-3',4',5,7-
Tetrahydroxyflavone

Mw = 316.26 g mol?
Amax = 257, 268 (sh), 295 (sh),
360 nm

OH

OH

‘\\\\

OH

20
fustin or dihydrofisetin

3,3',4',7-Tetrahydroxyflavanone

My = 288.26 g mol?
A max= 234, 280, 310 nm
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OH OH
OH
HO O W\ HO O\
. N
OH
OH O (6]
21 22 23
taxifolin butin liquiritigenin
3,3',4',5,7-Penta- 3’,4’,7-trihydroxyflavanone 4',7-Dihydroxyflavanone
hydroxyflavanone
My = 304.27 g mol*? Mw = 272.25 g mol*? Mw = 256.27 g mol*?
A max= 289, 322 (sh) nm A max= 232, 275, 309 nm
OH

HO HO
U 9%
OH

(6] OH O
24 25
butein trans-isoliquiritigenin
trans-2',3,4,4'-Tetrahydroxychalcone trans-2',4,4'-Trihydroxychalcone
My = 272.27 g mol*? My = 256.26 g mol™
A max= 243 (sh), 261, 310 (sh), 380 nm A max= 309 (sh), 372 nm

Table 1.3: Flavonoid dyes characterised in historical textiles.

Dyer’s greenweed

The second important flavonoid yellow dye source is dyer’s greenweed (Genista
tinctoria L.) that grows wild throughout Central and Southern Europe. The genus
Genista L. (Leguminosae) consists of 87 species predominantly distributed in the
mediterranean area that contain flavones, glycoflavones and a high concentration of
isoflavones, particularly substituted isoflavones such as 5-methylgenistein and O-

79

glucosylated isoflavones.” Different glycosides of the flavones luteolin (9) and

apigenin (10) and the isoflavone genistein (11) are known dye components of this

species.’% 8!
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Yarns dyed with dyer’s greenweed (Genista tinctoria L.) are characterised by the
presence in their acid hydrolysed extracts of the flavones luteolin (9), the isoflavone
genistein (11) detected along with a relatively minor amount of the aglycones

apigenin (10) and O-methylated flavone diosmetin (13).7 ® ®!

Although genistein
(11) is the main dye component found in many varieties of broom, the dye source is
usually thought to be dyer’s greenweed." ¢ The investigation of silk and wool yarns
prepared with dyer’s greenweed showed that the relative amount of the flavonoid
components present in the acid hydrolysed extract was dependant on the dyeing
process.® Genistein (11) was found to be the main dye component present on yarns
subjected to a single dyebath process, while luteolin (9) was found to be predominant

on yarns subjected to an over dyeing process.®

Accelerated light ageing studies showed that genistein (11) has a relatively slow
photo-degradation rate compared to the other dye components luteolin (9) and
apigenin (10) and although its relative amount was found to be very variable on the
dyed yarns, its presence in the acid hydrolysed extract acted as a “marker” in
historical samples.® Dyer’s greenweed was judged to be a lower quality dye
compared to weld, nevertheless it has been characterised as one of the main yellow

dye source in a set of samples taken from sixteenth century Brussels’ tapestries.>®

Young fustic

Young Fustic (Cotinus coggygria S.) is a yellow wood and was originally found in
Italy, the Near East, Eastern Europe as well as France and Spain; it is obtained from
the heartwood or inner part of the bark of the tree. This dye has been used since the
Middle Ages for dyeing dark shades of yellow, but it can also produce when
mordanted orange-yellow to strong red-brown colours.” Several flavonols have been
reported in this dye source, including fisetin (14) and myricetin (17) and the aurone
sulfuretin (15).1 %7 Recent investigation of Cotinus coggygria S. heartwood isolated

in addition to fisetin (14) and sulfuretin (15), the flavonol quercetin (16), and several
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flavanol components including fustin (20), taxifolin (21), butin (22), liquiritigenin
(23), butein (24), 4',5,7-trihydroxyflavanone and trans- isoliquiritigenin (25).%?

The investigation of wool yarns dyed with young fustic characterised most of the dye
components mentioned above, with the exception to myricetin (18).> #2 It was also
shown that the flavanol fustin was transformed into the flavonol fisetin during the
dyeing process.’> The analysis of accelerated light aged yarns showed that the
relative ratio of fisetin and sulfuretin was not affected and was comparable to those
observed in historical samples.®* Young fustic was known to be a very light fugitive
dye and was therefore often used for the production of lower value textiles, it was

also used to dye the silk inside decorative metal threads decoration.®

Sawwort

Sawwort (Serratula tinctoria L.) is a yellow dye source sometimes mentioned in the
European dyeing text books.”" 7> The main flavonoids present in sawwort (Serratula
tinctoria L.) leaves are luteolin (9) and its corresponding glycoside luteolin-7-O-
glucoside (7), luteolin-4’-O-glucoside and 3-methylquercetin,”* ** Yarns dyed with
sawwort are characterised by the association in the acid hydrolysed extract of the
flavones luteolin (9) and apigenin (10) as well as minor amounts of the flavonol
components quercetin (16), 3-O-methylquercetin (17) and kaempferol (19).% 1> 83
The investigation of un-aged and light aged sawwort samples showed that the minor
flavonol components quercetin, 3-O-methylquercetin (17) and kaempferol (19) were
very sensitive to photo-oxidative degradation and therefore could not be used as
“markers” in historical samples.® '*» 15 Accelerated light ageing studies confirmed
that only the flavones luteolin (9) and apigenin (10) were found in acid hydrolysed
extracts of aged sawwort samples and highlighted the importance of identifying the
presence of the aglycone chrysoeriol to differentiate sawwort (Serratula tinctoria L.)

from weld (Reseda luteola L.).% 1°
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1.2.3.2 Anthraquinones

Madder species

Madder is one of the most important red dye species, it is based on the anthraquinone
ring system substituted in only one of the rings (figure 1.5). Madder dyes can be
obtained from the roots of different species of the Rubiaceae family including
madder (Rubia tinctorum L.), wild madder (Rubia peregrina L.), munjeet (Rubia
cordifolia L.), ladies’ bedstraw (Galium verum L.) and several species of Relbunium
native to South America."* >’ Madder was usually used to produce red colours but it
could also produce pinks to purples shades depending on the mordant used.” In
traditional North American porcupine quill work, the roots of stiff marsh bedstraw
(Galium tinctorium L. Scop) are reported to have been used by Native Americans to
produce red porcupine quillwork."> ®* The exact composition of the dyestuffs found
in the roots of Galium tinctorium L. is not well studied rendering identification of the

madder species on porcupine quill work difficult.>”- 3

(0] OH

RZ

RS O‘O R3
(¢} R*

Figure 1.5: IUPAC structure of anthraquinones dyes.

Madder species contain a complicated mixture of anthraquinones including: alizarin
(26), munjistin (27), purpurin (28), pseudopurpurin (29), xanthopurpurin (30) and
rubiadin (31) and associated glycosides.®* 85 The anthraquinone contents of madder
roots are complex and several studies have shown that the concentration of the
different anthraquinones found within the same Rubia species is highly variable
depending on the age and the environment of the plant inducing variability in the
proportion of dyestuffs extracted from the roots of the plant.®*%® Furthermore, the

use of a strong acidic extraction during sample preparation induces the
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decarboxylation of several anthraquinones, especially pseudopurpurin (29) and
munjistin (27), as well as the hydrolysis of the glycoside precursors into their
aglycone forms, which further complicates the identification of specific species.’* 3%
%0 The main compounds found in extracts of various species of Rubia or Rubia-dyed

textiles can be found in table 1.4.°!

(0] OH (0] OH (0] OH
O ool oo
OH
(0] (6] (0] OH
26 27 28
alizarin munjistin purpurin
1,2-dihydroxyanthraquinone 1,4-dihydroxyanthraquinone 1,2,4-trihydroxyanthraquinone
- 2-carboxylic acid
Mw = 240.21 g mol*? My = 284.22 g mol*! Mw = 256.21 g mol?
Amax = 230 (sh), 248, 280, Amax = 247, 289, 420 nm Amax= 256, 296, 456, 482, 515 nm
433 nm
0 OH 0 OH 0 OH
SOOI G S P 9008
COOH OH OH
(0] OH (6] (0]
29 30 31
pseudopurpurin xanthopurpurin rubiadin
1,2,4-trihydroxyanthraquinone 1,3- 1,3-Dihydroxy-2-methyl-
3-carboxylic acid dihydroxyanthraquinone anthraquinone
Myw = 300.24 g mol? Mw = 240.24 g mol! Myw = 254.26 g mol?
Amax = 258, 283 (sh), 474, 494, Amax = 246, 284, 415 nm Amax = 241 (sh), 245, 279,
526 (sh) nm 414 nm

Table 1.4: Anthraquinone dyes characterised in madder species.

Rubia tinctorum L. is the most common species of madder and probably also the
most studied. **° The roots of Rubia tinctorum L. contain an alizarin precursor,

ruberythric acid and the primeveroside of lucidin (17), that are usually converted into
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alizarin (26) and lucidin (table 1.5, entry 17) during dyeing process. Lucidin is
usually not observed in dyed textiles’! and it has been suggested that lucidin oxidises
to nordamnacanthol (table 1.5, entry 18) in the presence of oxygen by endogenous
enzymes’® or that is converted enzymatically to a quinone groups (see table 1.5).”%%7
It was assumed that the presence of munjistin (27) was characteristic of Rubia
munjista L., while the presence of rubiadin (31) was characteristic of Rubia
peregrina L..* However, a recent study has shown that there are no reliable markers
to distinguish both species and that textiles dyed with Rubia peregrina L. and Rubia
munjista L. both contain mostly purpurin (28), munjistin (27) and pseudopurpurin
(29), but little or no alizarin (26) or 6-hydroxyrubiadin.”® The same study has shown
that it is however relatively easy to distinguish Rubia akane L., Rubia tinctorum L.
and Rubia cordifolia/Rubia peregrina L. from each other, as they contain 6-
hydroxyrubiadin, alizarin and purpurin (only), respectively, as unique markers.”!
Finally, rubiadin (31) was found to be present in varying amounts in textiles dyed
with several species of madder and was dismissed as a reliable marker for Rubia
peregrina L.°! Accelerated light ageing studies of wool yarns dyed with alizarin,
purpurin and Rubia tinctorum L. showed that purpurin (26) exhibited a higher photo-

degradation rate than alizarin (28). 8

Substituent
Entry Common Name R2 Rs Ra4 Re Mw g mol?
1 Alizarin (26) OH H H H 240
2 Munyjistin (27) COOH OH H H 284
3 Munjistin+Glc COOH 0OGlc H H 446
4 Purpurin (28) H OH OH H 256
5 Pseudopurpurin (29) COOH OH OH H 300
6 Pseudopurpurint+Glc COOH OH 0OGlc H 462
7 Xanthopurpurin (30) H OH H H 240
8 Rubiadin (31) CHs OH H H 254
9 CH;3; OGlc+Rha+2Ac H OH 662
10 CHs OGlc+Rhat+2Ac H OH 662
11 CH3; OGlc+RhatAc H OH 620
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12 CH; OGlc+Rha H OH 578
13 6-Hydroxyrubiadin CHs OH OH H 270
14 Galiosin COOH OH OGlc+Xyl H 594
15 Ruberythric acid OGlc+Xyl H H H 534
16 Lucidin primeveroside CH,OH OGlc+Xyl H H 564
17 Lucidin CH.OH OH H H 270
18 Nordamnacanthol CHO OH H H 268

Table 1.5: List of compounds found in extracts of various species of Rubia or Rubia-dyed textiles,
abbreviations refers to anthraquinone substituents in structure above: Glc, glucose; Rha, rhamnose;

Xyl, xylose; Ac, Acetyl, from reference 91.*

Insect dyes
Red insect dyes were one of the most precious natural red dyes, due to their intense

hues and colour fastness.’

The chromophores present in scale insect dyes are
derivatives of anthraquinone (figure 1.5) and these dyes were mainly used as
mordant dyes binding to the metal via the carbonyl and the adjacent phenol groups.”
Several plant parasitic scales insect from the Coccidea family were used for the
preparation of red dyes and historical documents specifically refer to five insect
species: kermes (Kermes vermilio Planchon), lac dye (Kerria lacca K.), Polish
cochineal (Porphyrophora polonica L.), Armenian cochineal (Porphyrophora
hamelii Brandt) and American cochineal (Dactylopius coccus Costa).!s 2 100-102
However, a recent taxonomic revision of the Porphyrophora and Dactylopius genus
has revealed the existence of 57 different cochineal species, meaning that other
species might have been also used.!”®1% Kermes was the main insect red dye used in
Europe until the sixteenth century when it was widely replaced by American
cochineal.!?"!% The main components of the kermes dye are kermesic acid (34) and
flavokermesic acid (35), while the main component found in the acid hydrolysed

extract of cochineal species is carminic acid (33), see figure 1.6.
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6 Dactylopius Coceus C. (DC)

Porphyrophora Hamelii B. (PH)

I—l Porphyrophora polonica L. (PP)
L ]

0 T
o 2 4 6 8 10 12 14 1% 18 20

flavokermesic acid + kermesic acid (%)

Figure 1.6: Graphical interpretation of the composition of the acid hydrolysed extract of the three
important insect dye sources found in historical textiles, using the relative amounts of the peak areas

integrated at 275 nm, from reference 106.%0¢ 197

Previous studies have shown that the identification of cochineal species in historical
textiles can be based on a graphical system involving the integration of peak areas at
275 nm from several minor markers called Dc II (32), Dc IV, D¢ VII, flavokermesic
acid (35) and kermesic acid (34).% 17 However, a recent analytical study based on
multivariate data analysis proved to be more conclusive in the identification of

5 The presence in the acid hydrolysed extract of the

several cochineal species.!”
minor component Dc II (32), recently characterised as 7-C-glycoside of
flavokermesic acid, is particularly important, as it allows the discrimination between
Armenian cochineal (Porphyrophora hamelii Brandt) and American cochineal

(Dactylopius coccus Costa).” 107108
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32 33
Dcll carminic acid
7-a-D-Glucopyranosyl-3,6,8-Trihydroxy-1- 7-a-D-Glucopyranosyl-3,5,6,8-Tetrahydroxy-1-
methyl-anthraquinone 2-carboxylic acid methyl-anthraquinone 2-carboxylic acid
My = 477.38 g mol* My = 492.38 g mol*
max= 286, 435 nm max= 276, 312 (s), 496 nm
OH O Me OH O Me
COOH COOH
HO i l ! OH HO l I l OH
(6] OH O
34 35
kermesic acid flavokermesic acid
3,6,8-Trihydroxy-1-methyl-anthraquinone 2-  3,5,6,8-Tetrahydroxy-1-methyl-anthraquinone 2-
carboxylic acid carboxylic acid
My =330.25 g mol* Myw =346.25 g/mol
A max= 276, 312 (s), 498 nm A max= 286, 433 nm
CH,CH,NHCOMe CH,CH,OH

36 37
laccaic acid A laccaic acid B
7-[5-[2-(Acetylamino)ethyl]-2-hydroxyphenyl]- 3,6,8-Trihydroxy-1-methyl-anthraquinone 2-
9,10-dihydro-3,5,6,8-tetrahydroxy-9,10-dioxo- carboxylic acid

1,2-anthracenedicarboxylic acid

My =537.43 g mol? Mw =496.38 g mol*!
A max= 287, 225, 490 nm A max= 287, 225, 490 nm

Table 1.6: Anthraquinone dyes characterised in coccid insect species.
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1.2.3.3 Lichens

Lichen dyes are often referred to in the literature under the generic name of “orchil”
dyes and produced a less expensive, although not light fast, purple colour.” These
dyes could also, depending on the dyebath conditions, produce red, purple or orange
hues.!7 The purple dyes found in lichen species are based on litmus (38) and orcein
(39) and were obtained by fermentation of extracts from lichens of different species
in the presence of ammonia and air. The lichens contain orsellinic acid depside (40),
which after hydrolysis are decarboxylated into the colourless orcinol (41), and then
oxidised in the presence of ammonia and air into the dyes litmus (38) or orcein (39),
see scheme 1.2." ' The most important sources in Europe were Rocella tinctoria
D.C. and Rocella fuciformis D.C., although other lichens might have also been used

such as Pertusaria dealbescens Erichs. and Orchrolechia tartarea L..":7- 119

The characterisation of orchil dyes is complicated because of their high photo
degradation rate and the fact that theses dyes are easily destroyed during the acidic
extraction from the textile.? Both litmus (38) and orcein (39) dyes present a
chromophore with a maximum absorption around 550 - 575 nm, and B/y-amino

orceinimine are present in fresh orcein.!'!!

The use of orchil dye was prohibited in
the manufacture of tapestries, as it was known to be a very light fugitive dye,

nevertheless its presence has been previously reported on Flemish tapestries.?

N
AN AN
X COOCY
HO (o) H,N (6] NH

38 39
Litmus chromophore Orcein chromophore
7-hydroxyphenoxazone R/y-amino orceinimine
My = 215.20 g mol? My = 484.50 g mol?
max= 575 nm A max= 242, 544 nm

Table 1.7: Litmus and orcein chromophores.
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Me [0)
Me
Me (0] R Me Q
- OH" -Co
0 OH OH OH 2
HO OH
HO HO OH
40 a1
Ca(OH),
K,CO
CasO, NH;, 0, NH;, 0,
Litmus Orcein
38 39

Scheme 1.2: Synthesis of orcein and litmus.2%®

1.2.3.4 Anthocyanidins

Anthocyanidin dyes (42) are present as their anthocyanidin glycoside forms in
various species of berries, such as cranberry, blueberry, and grape.":® These dyes can
produce red, blue and violet hues, although these colours are not light fast. These
dyes were not widely used in Europe, as they were well known to be very sensitive to
photo-degradation. Cyanidin (43), delphinidin (44) and malvidin (45) have been
characterised as the main dye sources used in Eastern Woodlands porcupine quill
work to realise most of the blue, purple and sometime also red colours, suggesting

some control of pH during the dyebath to achieve the different hues.*’-*

| A (OH),

P
(OH), OH

42
Structure of anthocyanidins
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43 44 45
cyanidin delphinidin malvidin
3,3',4',5,7- 3,3',4'5,5',7- 3,4',5,7-Tetrahydroxy-3',5'-
Pentahydroxyflavylium Hexahydroxyflavylium dimethoxyflavylium
Mw = 287.24 g mol? Mw = 303.24 g mol? Mw = 331.30 g mol*?
Amax= 538 nm Amax= 548 nm Amax= 546 nm

Table 1.8: Anthocyanidin dyes characterised in Eastern Woodlands porcupine quill work.

1.2.4 Vatdyes

Vat dyes found in European textiles tradition include indigo (e.g. the indigo plant
Indigofera tinctoria L.) and woad (Isatis tinctoria L.) species. These indigo dyes are
characterised by the presence of indirubin (51) and indigotin (52) and the term indigo

might refer to the plant, the colour or the indigotin pigment.

(0] o
0]
=X ﬁ
N O O — O
H N
H
(6]
51 52
indirubin indigotin
3-(1,3-dihydro-3-oxo-2h-indol-2-ylidene) 2,2-(1,3-dihydro-3-oxo-2H-indol-2-ylidene)
-1,3-dihydro-2h-indol-2-on -1,2-dihydro-
My = 262.27 g mol*? Mw = 262.27 g mol*?
A max= 241, 290, 365, 544 nm A max= 242, 287, 339, 615 nm

Table 1.9: Indigoid dyes characterised in indigofera species.
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Indigofera species originally grew in tropical and temperate Asia, as well as parts of
Africa, while in temperate climates the main source of indigotin was woad (Isatis
tinctoria L.). The cultivation of woad was a very important industry in Europe from
the Middle Ages up to the sixteenth century, and indigo was not imported into
Europe before the seventeenth century.” Indican (46a) occurs in Indigofera plants,
while indican (46a) and isatan (46b) are occurring in woad (lsatis tinctoria L.).
These precursors are colourless and soluble in water. The vat process requires
working under alkaline and oxidising conditions (see scheme 1.3). During the first
step of fermentation, the indoxyl glycosides are converted by enzymatic hydrolysis
into indoxyl enol and keto tautomers (47 and 48). These indoxyl compounds then
oxidise by exposure to air into a ‘leuco-indigo’ (50) that then reconverts into the
insoluble blue pigment indigotin (52).” The dye then aggregates on the surface of the
fibre.!: - 4 Textiles dyed with these two plants contain indigotin (52) and minor

amounts of indirubin (51).

1.2.5 1856: the transition to early synthetic dyes

The synthesis of the first synthetic dye “mauve” in 1856 by W.H. Perkin is one of the
most important discoveries in the history of science and technology.** 1% 113 The
synthesis of mauve is said to be an accidental discovery by W.H. Perkin in 1856,
while he was trying to synthesize quinine, the anti-malaria drug. Perkin oxidised
aniline using potassium dichromate, whose toluidine impurities (0-toluidine and p-
toluidine) reacted with the aniline, yielding a mauve solid (scheme 4).!'*11® Mauve
was patented in 1856 and marks the birth of aniline dyes which were quickly

produced industrially.'!3

NH,
R
=z
RY
Figure 1.7: Aniline dye chromophore.
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N
I I I \/C[ \:©\
+ 2
KyCry0y H,N N N
+ + > -
oxidation

53 54 55 56
aniline o-toluidine  p-toluidine mauve

Scheme 1.4: Perkin’s reaction to yield mauve.

Mauve is a complex mixture of methyl derivatives of 7-amino-5-phenyl-3-
(phenylamino)phenazin-5-ium, and a recent investigation of historical mauve
samples identified the presence of twelve components.'!”- ''® Mauveine A (57) and
mauveine B (58) were found to be the main components, with smaller amounts of
two and three methyl derivatives of pseudo-mauveine (60) together with several
other methylated derivatives (mauveine B2 and mauveines C25a+b).!!”> '8 Finally
pseudo-mauveine (60), which was described by Perkin as a second colouring matter
in the mauve dye, was also recently identified for the first time in historical

samples.!!®

A few years after the discovery of mauve, a number of aniline dyes
were produced on a large scale directly from aniline obtained from the coal tar
industry.!® The most iconic dyes included the first triphenylmethane dye fuchsine,
synthesised in 1858 by Verguin and the diphenylmethane Auramine O, synthesised
in 1883.** The large range of colour of aniline dye colour comes from addition or
subtraction of methyl groups bound to this system via the amine group (figure 1.7).
These early synthetic dyes were however renowned for their rates of high photo-

degradation and they were quickly replaced by azo dyes by the end of the nineteenth

century.
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N

AN
|,
H,N N NH
57
mauveine A

7-amino-8-methyl-5-phenyl-
3-(p-tolylamino)phenazin-5-ium

Mw = 391.49 g mol*?
max= 549 nm

N
| AN
X,
HoN N NH

59
mauveine C

-(p-tolylamino)phenazin-5-ium

Mw = 419.54 g mol*?
Amax= 549 nm

7-amino-1,8-dimethyl-5-p-tolyl-3

N
AN
L.
H,N N NH
58
mauveine B

7-amino-1,8-dimethyl-5-phenyl-
3-(p-tolylamino)phenazin-5-ium

My = 405.30 g mol*
max = 548 nm

60
pseudo-mauveine

7-amino-5-phenyl-3-(phenylamino)

phenazin-5-ium

My = 363.43 g mol*?
Amax= 547 nm

Table 1.10: The main chromophores present in aniline mauve dye.

1.3 PROTEINACEOUS FIBRES

This section discusses the different type of substrates that were investigated during

this research. The two types of fibres commonly used in the construction of

tapestries are silk and wool, while in North American tradition leather garments and

basketry objects were decorated with dyed porcupine quills. These substrates are all

proteinaceous fibres and their chemical composition and macro-structure will be

briefly introduced in the following sections.
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1.3.1 Protein composition and structure

Proteins are made of several o - amino acid monomeric units, which are linked in
sequence via amino and carboxyl groups to form a polypeptide chain, which forms
the primary structure of the protein. This structure is then stabilised into a secondary
structure through hydrogen bounds and the two main secondary structures are o -
helices and B - sheets. Finally the tertiary structure of the protein corresponds to a
spatial arrangement due to interactions between amino acids that are relatively far

apart along the polypeptide chain.'?°

1.3.2 Fibroin containing fibres

Silk is the product of the secretion of larvae of a variety of insect from the
Bombycidae family. The main source of silk is the insect Bombyx mori, which was
exploited from the third millennium B.C. in China, then in the Middle East and later

in Europe around the sixth century.!?!

Fibroin is mainly composed of four amino-
acids glycine (61), alanine (62), serine (63) and tyrosine (64) and a minor amount of
cystine (65).'2"" 122 The structure of silk is based on two filaments of fibroin, a highly
crystalline protein, bonded together by a largely amorphous protein called sericin, a
natural macromolecular protein.'?* 1?*  The presence of both organised crystalline
and amorphous regions provides the mechanical properties of the silk. The
composition and structure of fibroin is variable between species and some studies
showed a correlation between the amino acid sequences present in fibroin and the

physical properties of silk.!?>12¢

NH, COOH
NHQ\/COOH NHZ\/COOH NHZ\/COOH \_?/
= " =
on \©\OH
61 62 63 64
glycine alanine serine Tyrosine
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NH, COOH

&

aO—n——um—~0N
T
8]

\-

NH, COOH
65
cystine

Table 1.11: The main amino acids present in fibroin.

Early X-ray diffraction studies revealed that the silk of caterpillars contain pleated 3
sheets'?” and later study showed that the crystalline material in Bombyx mori silk
fibroin is in the form of ribbon-like filaments.!*® The preponderance of small amino
acid residues allows the arrangement of the protein chains into the B - sheet

configuration, held together by hydrogen bonds (figure 1.8).!%!

Figure 1.8: N-Terminal domain of Bombyx mori fibroin, with characteristic B - sheet configuration.

Reproduced from Protein Data Bank.!?°
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The preparation of raw silk for textile manufacture consists in removing sericin
through a degumming process. Sericin is insoluble in cold water, it can however be
hydrolysed by various processes, especially at high temperature (boiling water), in
alkaline condition and with the addition of several inorganic salts or oxidising agents,
such as hydrogen peroxide.!?! 12% 130 The use of oxidising agent can however induce
breakage of the peptide bond at tyrosine residues and oxidation of tyrosine side-
chains into acidic groups.'*® Furthermore; it can also affect the fibre structure and
fibroin alignment and therefore affect the mechanical and morphological properties
of the silk."?! 13! Silk is also affected by photo-degradation, especially ultra violet
radiation, and the photo-yellowing of silk is attributed to the oxidation of tyrosine
residues. !’ 121 122, 132-134 photo-tendering of silk is induced by cleavage of hydrogen
bonds, followed by oxidation of the tyrosine residues and hydrolytic fission of the
polypeptide chains, resulting in a loss in fibre strength.!” 2I- 132 Finally, a recent
study on the degradation mechanism of fibroin in enzyme solutions (protease XIV)
showed that silk fibroin films with highest B-sheet content showed the highest

degradation rate.'

1.3.3 Keratin based fibres

Keratin is the main component of hair, nails, scales, quills, horns and feathers, it is
made of a sulphur-rich fibrous protein. The composition of keratin varies between
species, but the structures of some of the important amino acids present in keratin

proteins are indicated below.® 13

Acidic amino acids found in keratin
NH COOH NH COOH
2\/ 2\/
oo \
COOH
66 67
aspartic acid glutamic acid
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Basic amino acids found in keratin
NH, COOH NH COOH
2\'/ 2\'/ NH COOH
H E N~
NH =\£N>
\ A\
)k NH
N NH,
H
NH,
68 69 70
arginine lysine histidine
Other amino acids found in keratin
NH COOH NH COOH NH COOH
2\_/ 2\/ 2\_/
H = H B
< N :W
: OH SMe
71 72 73
tyrosine tryptophan methionine
NH,__-COOH
NHz__COOH TH2
E S
o |
S
|
NHZ/'\COOH
74 65
cysteine cystine

Table 1.12: The main amino acids present in keratin.
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The structure and composition of keratin - containing tissues has been the subject of
early X-ray diffraction studies.'>” 1*® Keratins are classified in two groups, soft and
hard keratins, with hard keratin containing higher level of sulphur.!*#!  Soft
keratins are found in the epidermis of the skin, while hard keratins are the main
component of hairs, nails, wool and quills. Keratins can also be classified as a, 8,

140, 141 _ Keratin is

feather and amorphous, based on their X-ray scattering patterns.
found in hard mammalian keratinous tissues, while 3 - keratin is found in stretched
mammalian keratin and shows similarity in its X-ray diffraction pattern to feather.'3”
140-142° T the case of keratin, this classification corresponds also to the secondary
polypeptide structure, with a-keratin being organised into a - helical coiled coils, and

B - keratin being organised in pleated B - sheets.!*

Hard a - keratin is made of two polypeptide chains of different molecular weight
(labelled I and II), characterised by an alternation of coiled coil parts and non helical

segments, with the two chains parallel in the two-stranded rope segments and in axial
register (figure 1.9).140- 143 144 The individual polypeptide chains are cross-linked to
each other through disulphide bonds from cysteine residues, forming a microfibril
structure,'* and keratin molecules bundle together to form intermediate filaments, a
complex assembly of heterodimers. It has been shown that there are between 23 and
32 chains bundle together to form an approximately cylindrical intermediate
filament, with disulphide bonds from cysteine residues cross-linking between
adjacent molecules in the surface lattice structure of the intermediate filaments

(figure 1.10).146

Figure 1.9: Hetero-complex of coil 2B domains of human intermediate filament protein, reproduced

from Protein Data Bank.'%’
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Wool is described as a very sophisticated biological composite material, with a
strongly hierarchical organisation of sub-units: o - keratin chains, intermediate
filaments, fibre."*® The chemical constituents of the wool and porcupine quill cells
are predominantly hard o - keratin proteins, although lipids and carbohydrates are
also present in significant quantities on the fibre surface, resulting in its hydrophobic

properties.!”> 148

The complex structure of a - keratin fibre is described in figure
1.10. Wool and porcupine quills consist of a ‘‘soft” medulla, a “hard” cortex and a
cuticle constituted of overlapping scales. Wool is obtained mainly from sheep but
also from goats for the manufacture of cashmere, while Native North Americans
used the quills from Erethizon species for porcupine quill work.

high-S

proteins epicuticle .
| nuclear exocuticle
high-tyr

endocuticle
low-S protems
proteins

cuticle

@rﬁ) s

left-handed
:;)ﬂ:d—c ol matrix membrane
? | complex para-cortical ortho-cortical
; macrofibril cell cell
za:ff: Elntenn;dlate meso-cortical cell
’ amen
| | | | | cortex |
1 2 7 200 2,000 20,000 nm

Figure 1.10: Structure of the a - keratin fibre under various magnifications, reproduced from

reference 148. 148

Prior to dyeing, both wool and porcupine quills need to be cleaned from the oils that

cover its surface, through a degreasing process, also called scouring. This process is

important to increase the wettability and therefore the dyeability of the fibre.!”- 14

Several processes are used for the scouring wool, including alkaline treatments that
can potentially damage the fibres, as cystine residues can easily be oxidised into

150-153

cysteic acid (75) in mild oxidising conditions. This oxidation will break
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disulphide bonds and alter the mechanical properties of the keratin fibres.!** Finally,
wool is also sensitive to photo-degradation (ultra violet irradiation) and the photo-
yellowing of wool is attributed to the oxidation of tyrosine residues, that induces the
oxidation of tryptophan residues leading to the formation of kynurenine and other

yellow kynurenine derivatives.'” 155 136

cysteic acid

1.4 CONTRIBUTION OF THIS WORK

This research on historical dyes analysis aims to improve existing chromatographic
methods for the study of natural dyes on historical textiles and to develop the
methodology so other substrates, such as porcupine quills, could also be investigated.
The analysis of dyes which have been used on museum artefacts other than textiles
has received little systematic study, particularly those of non-European origin, and a
transfer of existing analytical protocols and methodology for dye analysis to
porcupine quill substrates will be necessary prior to investigating important artefacts.
The second aim of this research is to develop a methodology for the characterisation

of metallic mordant residues found on porcupine quill work.

1.4.1 Dye analysis and method development

High Performance Liquid Chromatographic (HPLC) separation followed by Photo
Diode Array (PDA) or Mass Spectrometry (ESI MS) analysis are long-established
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techniques for the characterisation of natural dyes,'">

as they allow the
characterisation of dye sources by the relative quantification of several minor chemical

8 9 I5 However, PDA-HPLC

components in acid hydrolysed extracts.®
chromatographic methods do not always provide a low enough detection limit, and the
very small amounts of material available for sampling on historical textiles and the
poor light fastness of yellow flavonoid dyes often makes the identification of dyestuff
species in this field quite challenging and sometimes renders the characterisation of
minor components impossible. For these reasons, transfer of the classical High
Performance Liquid Chromatography (HPLC) method used at National Museums
Scotland for the investigation of natural dyes to Ultra Performance Liquid
Chromatography (UPLC) will be explored in the second chapter of this thesis. The
new chromatographic method will be developed on a selection of dye standards and
then evaluated against a series of reference yarns. This new method will then be
applied in the third chapter of the thesis to the characterisation of the main dye sources
found in wool and silk yarns sampled from a group of important mid sixteenth century
English tapestries. Finally, in the fifth chapter of the thesis the UPLC method will be
applied to the investigation of dye sources found on North American porcupine quill
work and the results obtained from dye analysis will be related to other important

porcupine quill work collections.

1.4.2 Metal ion mordant analysis: method development

The second aim of this research is the development of a methodology for the non —
invasive quantification of metal ion residues on porcupine quill substrates. To this
end, in the fourth chapter of the thesis a comparative study will be made of reference
porcupine quills prepared in-house using dyebaths containing a range of metal ion
concentrations (copper and tin). The concentration of metal ions sorbed by the
porcupine quills will then be quantified with Inductively Coupled Plasma (ICP)
coupled to Optical Emission Spectrometry (OES) and non-invasive Particle Induced

X-Ray Emission analysis (PIXE) and Rutherford Backscattering Spectrometry
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(RBS). Recent method development for the study of archaeological bones
demonstrated the value of combining non-invasive PIXE and RBS analysis, as it
allowed simultaneous quantification of inorganic components and organic
residues.!” 1% Although there have been a few studies using PIXE analysis for the
quantification of heavy metal contaminants in human hair,'>% 1% this has never been
applied to porcupine quills and will therefore need method development. Finally the
use of RBS analysis to quantify heavy metal residues (such as copper or tin) in
keratin will be evaluated through the investigation of reference quill samples. The
different methods will be compared and then they will be applied to the study of
Northern Athapaskan porcupine quill samples, and the results of this study will be
presented in the fifth chapter of the thesis.
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2. ULTRA PERFORMANCE LIQUID CHROMATOGRAPHY:
METHOD DEVELOPMENT FOR THE SEPARATION OF
NATURAL DYESTUFFS

High performance Liquid chromatography (HPLC) coupled to Diode Array detection
(PDA) has been used since the 1980s for the investigation of natural dyestuffs in
historical textiles,"> 2 with increased use in recent years of Electro-Spray lonisation
Mass Spectrometry analysis (HPLC-ESI-MS).*” The very small amounts of material
available for sampling from historical textiles and the poor light fastness of several
natural dyes often makes the identification of dyestuff species in this field quite
challenging and sometimes renders the characterisation of minor components
impossible. For these reasons the transfer of the classical PDA-HPLC method used
at National Museums Scotland (NMS) for the investigation of natural dyes to Ultra
Performance Liquid Chromatography (PDA-UPLC) was explored. In this chapter,
the HPLC chromatographic method was compared with two UPLC chromatographic
methods and the level of additional information provided in practice by PDA-UPLC

over PDA-HPLC was assessed with the analysis of a selection of reference materials.

2.1 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY COUPLED TO
PHOTO DIODE ARRAY ANALYSIS OR MASS SPECTROMETRY

2.1.1 High Performance Liquid Chromatography

Chromatography refers to several techniques allowing the separation of a mixture of
analytes and is composed of two phases, one stationary and one mobile. The
development of chromatography started first in the 1950s with the use of Thin Layer
Chromatography (TLC), followed by the development of Gas Chromatography (GC)
and then Liquid Chromatography (LC) in the 1960s.® In High Performance Liquid
(HPLC), also sometime called High Pressure Liquid Chromatography, the mobile
phase is a liquid, which can be composed of a mixture of an organic phase and an

aqueous phase, circulating through a column packed with stationary phase at a
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certain flow rate.® Different analytes travel through the system at different migration
rates, due to their differing partition between the stationary phase and the mobile
phase, and will be adsorbed onto the stationary phase.® In the case of natural dye
analysis, the system is used in reverse phase, which means that the column contains a
non-polar stationary phase, while the mobile phase is a polar eluent. As a result the
more polar components in the analysed solution will be eluted faster than non-polar
components and the relation between the volume of mobile phase and retention is

expressed in equation 2.1.

Ve=tg X F Equation 2.1

V'r represents the volume of mobile phase that flowed during the time 7z required for
a component to elute from the chromatographic system, at the flow rate F. This
volume Vk is also the sum of Vu, the dead space or the mobile phase volume, and the

stationary phase volume Vs multiplied by the partition coefficient K (equation 2.2).

Vi = Vm + KVs Equation 2.2

The partition coefficient K corresponds to the concentration of the analyte A in the
stationary phase [A]s divided by the concentration of the analyte A in the mobile
phase [A]m and can also be expressed as the phase volume ratio f multiplied by the

partition ratio k (equations 2.3 and 2.4).

K = [A]s = fk Equation 2.3
ay
Vv Equation 2.4
B = V_S

Finally, the separation factor a of two analytes A and B can be calculated as the ratio

of their partition coefficients (equation 2.5). The resolution factor Rs is used to
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calculate the degree of separation of the analytes A and B, and corresponds to twice
the ratio of the distance between their peak maxima divided by the sum of the width
W of each peak (equation 2.6). A Rs value of 1.5 is necessary for complete

separation.
Ky Equation 2.5

Ry =2 M5 =te)] Equation 2.6

W,+Wg

2.1.2 Photo Diode Array Analysis

For the analysis of natural product dyestuffs, the HPLC system is usually coupled to
a Photo Diode Array (PDA) detector, made of a large number of photodiodes, each
of them being sensitive over a specific wavelength range. PDA analysis is used for
the characterisation of dyestuff chromophores, as they have very characteristic UV-
Vis spectra. The photodiodes provide spectral analysis of the light which is absorbed
(4), following the Beer Lambert law (equation 2.7). The relationship between
absorbance versus concentration is only valid if the solutions are well-equilibrated
and diluted, as it assumes that the refractive index of the sample remains constant,
that the light is monochromatic, and that no stray light reaches the detector element.
In the case of concentrated solutions, the Beer Lambert law is not validated and the

linearity relationship between absorbance and concentration is not observed.

A= 1og170 =dlc Equation 2.7

In equation 2.7, A is a dimensionless quantity measured in absorbance units (AU), /o
is the incident intensity of radiation and / the transmitted intensity of radiation, &

corresponds to the molar extinction coefficient of the analyte (L mol “lcm ), /is the

63



Chapter 2

path length of detector flow cell (1 cm) and ¢ the concentration of analyte in the
mobile phase passing through the detector (mol L™'). After transformation by the
software, the combined measurements acquired using the photodiode array will
produce a UV-Vis spectrum which is characteristic for each eluted component. Each
unique combination of retention time and UV-Vis spectra allows the characterisation

of the molecules present in the solution.

2.1.3 Mass Spectrometry analysis (MS)

Mass spectrometry (MS) is an analytical technique used for measuring the molecular
weight of an ionised chemical and is often coupled to chromatographic systems, such
as High Performance Liquid Chromatography (HPLC) or Gas Chromatography
(GC).” A mass spectrometer consists of an ionisation source, a mass analyser where
ions are separated based on their mass to charge ratio (m/z) and a detector to register
the resulting ion current which is displayed in the format of a m/z spectrum.'® The
ionisation of the analyte is a critical step in mass spectrometric measurements and
with regard to dye analysis, Electrospray lonisation (ESI), is the most widely
ionisation technique used,!!"!* but other ionisation methods can be used depending on

the nature of the analyte.!”

Other ionisation methods include Atmospheric Pressure
Chemical Ionisation (APCI), Chemical Ionisation (CI), Electron Impact (EI), Fast
Atom Bombardment (FAB), Field Desorption / Field Ionisation (FD/FI), Matrix
Assisted Laser Desorption Ionisation (MALDI), Thermospray lonisation (TSP).!°
Finally, there is also a variety of analysers such as magnetic sector, quadrupole, and

time-of-flight (TOF).'°

2.1.3.1 Electrospray lonisation (ESI)
In Electrospray Mass Spectrometry (ESI-MS) the analytes are ionised by a combined
process of desolvation and protonation or de-protonation.'* The sample is introduced
through a high voltage (3 - 4 kV) stainless steel capillary at a flow rate between 1 pL.

min"! and 1 mL min’!, and the resulting spray (aerosol) will contain highly charged
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micron-sized droplets of solvated analyte ions, which will become even smaller as
they evaporate further.! Either positive or negative voltage can be applied to
generate positive or negative ions. As the solvent evaporates, the droplet forms a
‘Taylor cone’ which emits smaller droplets from its tip (figure 2.1). During this
process, the charge density of the droplets increases, which will lead to the
destabilisation and disintegration of the droplet due to increasing electrostatic
repulsion (Coulombic fission).? This charge balancing process involves
electrochemical oxidation/reduction of the components of the metal capillary and/or

the species in solution.* !°

Power Sopply

Figure 2.1: Electrospray ionisation (based on a published diagram).1®

2.1.3.2 Negative Electrospray lonisation for the study of flavonoid dyes

Previous studies have shown that Mass Spectrometry analysis of flavonoid and
isoflavonoid dyes may be achieved effectively using negative ionisation electrospray

3111317 and allowed the characterisation of several fragmentation

mass spectrometry,
mechanisms using secondary and tertiary Mass Spectrometry ion fragmentation (MS?
and MS?, corresponding to secondary fragmentation after ion isolation).> '* These
included for flavonoid dyes a retro-Diels-Alder fragmentation observed for flavones
and flavonols (scheme 2.1) and an M-122 fragmentation characteristic of 3°,4’-

dihydroxyflavonols. It was also found that the presence of a m/z 125 fragment ion
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was characteristic of 2’-hydroxyflavonols, while the presence of an ion at m/z 149
was characteristic of 4’-hydroxyflavones.> '* Finally, the investigation of the MS?
spectra of the aurone sulfuretin (15), showed two major low-mass fragment ions at
m/z 135 and m/z 133 in the non-deuteriated species, corresponding to a retro-

cheletropic mechanism (Scheme 2.2).°

(6]
H/Me (6] (0] O
-Me ,)\J CI o
—_—
OH (6]

m/z 284

H/ -

m/z 299

y 0
RDA o 0
n H/ *
(0]
o Z
OH

z =0 (not detectable)
m/z 151

Scheme 2.1: The retro-Diels-Alder (RDA) negative ion ESI-MS fragmentation of O-methylated luteolin
isomers.!3

0 0 pa— OH/D
—_—
OH *
OH/D
0

/= 260 OH 'z 135 z =0 (not detectable)

HO 0 = 0
0

m/z 269 z =0 (not detectable) m/z 133/134

Scheme 2.2: Major negative ion ESI breakdown path of sulfuretin (15).
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2.2 ULTRA PERFORMANCE LIQUID CHROMATOGRAPHY

The main limitation of High Performance Liquid Chromatography (HPLC) is its low
efficiency, due to the small diffusion coefficients of the analytes in the liquid phase
compared to the higher diffusion coefficient observed in gaseous phase for Gas
Chromatography (GC).'"®* These small diffusion coefficients results in slow diffusion
speeds in the stationary phase.!® In recent years, HPLC techniques have been
improved by the development of sub-2 um packing materials for the stationary phase
use in chromatography column, with the development of Ultra High Performance
Liquid Chromatography (UHPLC) and with Ultra Performance Liquid
Chromatography (UPLC®) techniques.'® The use of a smaller particle size improves
the diffusion coefficients by shortening the analytes’ diffusion path. This is
explained by the simplified van Deemter equation (equation 2.8), which describes the
relation between efficiency (expressed as the height equivalent to a theoretical plate,
H), linear velocity (u) and particle size (dp), and where A is the particle shape (with
regard to the packing), Dn is the diffusion coefficient of the mobile phase, y, w are
constants. This equation states that the smaller the particle size, the better the mass

transfer rate (c term) and smaller the Eddy diffusion effect (a term).?% 2!

d Equation 2.8
H=22d, + %+f(k)DLu:a+E+cu quation
u u

m

This means that shorter columns packed with smaller particles should provide the
same efficiency of separation as would be obtained by longer columns packed with
larger particles. This can be explained by the fact that the number of theoretical
plates remains constant, as the Resolution Rs of the column is proportional to the
square root of the number of plates N (equation 2.9), with N inversely proportional to

the particle size dp (equation 2.10).

\/ﬁ % (0‘ _1) % k Equation 2.9

R:
ST 4 o (k+1)
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N oc — Equation 2.10

A recent published study presented a practical evaluation of Ultra Performance
Liquid Chromatography (UPLC) by means of van Deemter and Knox plots for
acetophenone.?® Figure 2.2 shows the optimal velocities (uopt) at minimum plate
heights (Hmin) and compared these values for two XBridge HPLC columns: C18, 3.5
um, 150 x 4.6 mm and C18, 5 um, 250 x 4.6 mm (length x i.d.) and an Acquity
UPLC column: BEH C18, 1.7 um, 100 % 2.1 mm (length x i.d.). This graphic shows
that the highest optimal velocity is observed for the 1.7 um particle column and that
the curve appears ‘flat’ at higher velocities, meaning that increasing the velocity

above the optimal value leads to a relatively small decrease in efficiency.?’

Van Deemter plot, adapted from de Villiers et al., J. Chromatograph A., 2006
22
_- - : —A— Acquity 1.7 um
20
] Optlmtjm velocity —o— XBridge 3.5 pm
18 —oO— XBridge 5 pm
E 16
= ]
= 147
= 4
o
o 124
2 0 |
© 10 H i 3§
o T XN, Be B R e Minimum plate height
8 -
6 -
1 — A
4 -
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Figure 2.2: H-u plots obtained for acetophenone on Acquity and XBridge columns. Columns: XBridge
C18, 3.5 um, 150 x 4.6mm (length x i.d.); XBridge C18, 5 um, 250 x 4.6mm (length x i.d.), Acquity
BEH C18, 1.7 um, 100 x 2.1mm (length x i.d.). Adapted from reference 20.%°
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The negative effect of a decrease in particle size is a corresponding increase in back-
pressure of the mobile phase by about nine times (versus 5 um) or three times
(versus 3 um).>> Conventional HPLC instruments only provide maximum pressures
between 4,000 and 6,000 psi and are unable to cope with such increased back-
pressure. UHPLC and UPLC® instruments are therefore developed to have a much

23 However, several other issues also arise

higher pressure limit, above 15,000 psi.
from the reduction in particle size, including extra-column band-broadening,
frictional heating?* and a requirement for higher data acquisition rates.”® But these
can be reduced by minimising tubing volumes and the use of specialised fittings to
control band-broadening and the use of detectors capable of very fast data acquisition

rates.?> %

2.3 METHOD DEVELOPMENT FOR THE SEPARATION OF FLAVONOID
AND ANTHRAQUINONE DYES
As part of a survey of the natural dyestuffs used in the manufacture early English
tapestries from the Burrell Collection (Glasgow, UK) and Bodleian Library (Oxford,
UK), several yarns of wool and silk were investigated by High Performance Liquid
Chromatography coupled to Photo Diode Array analysis (PDA-HPLC). One of the
principle concerns of the study was the identification of the yellow flavonoid dyes
used, including sawwort (Serratula tinctoria L.) and weld (Reseda luteola L.).
However, it was found that the PDA-HPLC chromatographic method routinely
employed at National Museums Scotland (NMS)," ¢ 2¢ did not provide a low enough
detection limit at 254 nm, the wavelength typically used in the detection of yellow
dyestuffs (figure 2.3). The method also only allowed partial baseline resolution of
the flavone luteolin (9) and isoflavone genistein (11), and did not provide baseline
separation of the isomeric luteolin methyl ethers chrysoeriol (12) and diosmetin
(13).° Whilst there have been recent reports of the application of UPLC and UHPLC

27-31

to flavonoids and anthraquinones,”’' none of these studies have been limited by the

re-extraction requirements of dyed historical textiles, or by the critical constraints of
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sample size which can be taken from important historical objects. In the following
sections, the NMS HPLC chromatographic method is compared with two UPLC
chromatographic methods and the level of additional information provided in
practice by PDA-UPLC over PDA-HPLC will be assessed through the application of

both methods to the analysis of reference materials and historical samples (chapter
3).

MODHT YS3b at 254 nm
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Figure 2.4: HPLC Chromatogram of the acid hydrolysed extract of reference MODHT YS3a, dyed with
dyer’s greenweed (Genista tinctoria L.), showing partial baseline resolution of luteolin (9) and

genistein (11). Chromatogram extracted at 254 nm.

2.3.1 Method development

2.3.1.1 Transfer of HPLC method to the UPLC system

The chromatographic methods were developed on an Acquity Ultra Performance
Liquid Chromatography system (UPLC®) from Waters Ltd (figure 2.5). The system
consisted of the ACQUITY UPLC® sample organiser, a column manager, a binary

solvent manager, a sample manager and a tuneable UV (TUV) Photodiode Array
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(PDA) detector covering the range 200 - 500 nm. The Acquity system is designed to
work at very high pressure, up to 15,000 psi, which is much higher compared to the

HPLC system, where the maximum back pressure is equivalent to 3,500 - 4,000 psi.

<— PDA detector (PDA)

<—— Column Manager (heater/cooler)

L—— Sample Manager (SM)

<—— Binary Solvent Manager (BSM)

Figure 2.5: ACQUITY UPLC® system.

Figure 2.6: left: BEH C18 50 x 2.1 mm (1.7 um) UPLC column, right: in line filter

Two Ultra Performance Liquid Chromatography columns were evaluated for the
separation of natural dyes: a UPLC column BEH C18 reverse phase column, 1.7 um
particle size, 50 x 2.1 mm (length X i.d.), and a PST BEH C18 reverse phase column,
1.7 um particle size, 150 x 2.1 mm (length x i.d.), both set-up with an in-line filter in
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order to protect the columns from particles contamination (figure 2.7). These
columns are packed with Ethylene-Bridged Hybrid Particles (BEH), and were
recently developed by Waters for UPLC system. The BEH particles are highly
spherical, with a specific surface area of 185 m? g'! and an average pore diameter of

130 A, and allow work over the range of pH 1 - 12 and at very high pressure.>?

It is possible to transfer the gradient used on the HPLC system to the Acquity UPLC by
calculating the equivalent volume columns, flow rates and gradient profiles.>* 3* The
equivalent volume columns are calculated from equation 2.11, where L corresponds to
the length of the column in cm and 7 is the diameter of the column in cm. The
equivalent UPLC flow rate F> can be calculated from equation 2.12, using the initial
HPLC flow rate F;, both column’s internal diameter dc (mm) and the particle diameters
dy, (um) of both columns.>* ** Finally the UPLC equivalent gradient profile f: is
obtained from equation 2.13, where fg: is the HPLC original gradient (min), Vo is the
new UPLC column void and Vo the original HPLC column void, while F> and F are

the UPLC and HPLC columns flow rates calculated previously.

V=Lxxxr’ Equation 2.11

2
F, =F x {d‘; ]x &] Equation 2.12
¢ P2
V .
0, F, Equation 2.13
t =t, X x| —=
= ) R

The equivalent gradient profiles were calculated for UPLC columns BEH C18 50 x 2.1
mm, 1.7 ym and PST BEH C18 150 x 2.1 mm, 1.7 um, using the Acquity column
calculator transfer and are presented in table 2.1. For both UPLC columns, the
equivalent flow rate taking into account the particle size would be 740 pL min,

however these theoretical calculations did not consider the mobile phase viscosity,
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which is known to be higher for methanol than for acetonitrile. It was therefore
necessary to reduce considerably the flow rate and increase the temperature of the
column in order to limit the viscosity of the mobile phase and reduce as much as
possible the back-pressure in the system. Method B working with BEH C18 50 x 2.1
mm, 1.7 um, used a flow rate of 500 pL min™' and a temperature of 55 °C, while
method C working with PST BEH C18 150 x 2.1 mm, 1.7 um, used a flow rate of 250
uL min'and a temperature of 55 °C. Both methods allowed a back pressure of 8500 -
9000 psi to be employed, and the gradient and equivalent volume columns were then
re-adjusted accordingly. Details on the columns specificities and chromatographic

methods can be found in section 6.1.

Time % A % B Column Volume Flow rate
(min) aqueous | organic cm? (UL min™?)
0 77 23 0 740
0.34 77 23 2.19 740
UPLC column
50 x 2.1 mm (1.7 pm) 3.29 10 90 18.96 740
34 77 23 0.73 740
4.08 77 23 4.38 740
0 77 23 0 740
1.13 77 23 2.19 740
UPLC column
150 x 2.1 mm (1.7 pm) | 997 10 90 18.96 740
10.31 77 23 0.73 740
12.35 77 23 4.38 740

Table 2.1: Calculation of the equivalent volume columns and flow rates to two UPLC columns;

corresponding to the HPLC method A using the Acquity column calculator software.

2.3.1.2 Evaluation of the UPLC methods

The chromatographic methods were evaluated based on several performance
characteristics defined by Hartmann et al., for the validation of chromatographic
methods.*> These performance characteristics were the repeatability (random error
of the method), the specificity (ability to determine the analyte in the presence of

other compounds), the limit of detection (lowest sample concentration that can be
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detected), the limit of quantification (lowest sample concentration that can be
quantified) and the linearity (ability of the method to obtain test results which are
proportional to the concentration in the sample).>> The methods were based on the
separation and quantification of ten flavonoid and anthraquinone standards, allowing
the characterisation of the main species usually found in historical tapestries. Seven
flavonoid dyes were selected and included the flavones luteolin (9) and apigenin
(10), the isoflavone genistein (11), the two O-methylated flavones chrysoeriol (12)
and diosmetin (13), the flavonol fisetin (14) and the aurone sulfuretin (15), with in
addition the three anthraquinone dyes alizarin (26), purpurin (28) and carminic acid

(32) (table 2.2).

9 10 11
luteolin apigenin genistein
My = 286.24 g mol*? Mw = 270.24 g mol* Myw = 270.24 g mol*?
Amax = 254, 266, 292 (sh), Amax = 268, 300 (sh), 338 nm Amax = 260, 334 (sh) nm
347 nm

12 13 14
chrysoeriol diosmetin fisetin
Mw = 300.27 g mol* Mw = 300.27 g mol*? My = 286.24 g mol*?
Amax = 245, 250, 268, 290 (sh), Amax = 245, 250, 268, 290 Amax = 250, 318, 364 nm
345 nm (sh), 345 nm
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(0] OH (0] OH
O oo
(6] (6] OH
15 26 28
sulfuretin alizarin purpurin
Mw = 270.24 g mol? Mw = 240.21 g mol*? My = 256.21 g mol*?
max =256, 270, 397 nm max = 230 (sh), 248, 280, max= 256, 296, 456, 482,
433 nm 515 nm

33
carminic acid

My = 492.38 g mol*?
A max= 276, 312 (s), 496 nm

Table 2.2: Flavonoid and anthraquinone dyes selected for UPLC method development (A max correspond to

theoretical values in ethanol).

2.3.1.3 Repeatability and resolution factors (Rs)

The repeatability of the methods was evaluated over several measurements of a
reference solution containing several dye standards. It was found that both UPLC
methods presented a much higher repeatability compared to the HPLC method,
which exhibited higher variations in retention time. For all the dye standards the
average variation on 7 measurements ranged between 0.05 - 0.9 % for the 50 x2.1

mm UPLC column and on 14 measurements between 0.04 - 0.06 % for the 150 x 2.1
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mm UPLC column, with the exception of carminic acid and purpurin which showed

slightly higher variation (see table 2.2).

Method A Method B Method C
ODS2, 150 x 4.6 mm, BEH C18, 50 x 2.1 mm, | PST BEH C18, 150 x 2.1 mm,
5 pum 1.7 pm 1.7 pm
Compound (x) Rt + s (min) Ri+ s (min) Rt + s (min)
[n=7] [n=7] [n=12]
carminic acid (33) 5.8+0.3 1.10 £ 0.01 5.79+0.12
fisetin (14) 1.740 +0.003 10.561 + 0.004
sulfuretin (15) 2.067 +0.003 12.49+£0.01
luteolin (9) 15.0+0.3 2.244 +0.003 13.47+0.01
genistein (11) 153+0.2 2.323 +£0.003 14.03 £0.01
apigenin (10) 17.4+£0.3 2.556 +0.003 15.26 £0.01
chrysoeriol (12) 2.614 £0.002 15.69 £0.01
diosmetin (13) 15.87£0.01
alizarin (26) 19.8 £ 0.4 2.942 +0.002 17.72+£0.01
purpurin (28) 24.0+0.7 3.481 £0.002 20.77 £0.05

Table 2.2: Comparing retention time variability for the separation of flavonoid dyes.

The UPLC chromatographic method B used the shorter column and employed a 6
minutes run time (including an equilibration period). This method allowed the
separation of 9 out of 10 standards (figure 2.5). Although the retention times were
much shorter compared to HPLC Method A, the Rs value for the separation of
luteolin (9) / genistein (11) was 0.83 compared to the value of 0.78 obtained by
HPLC. However, the separation of the O-methylated regioisomers chrysoeriol (12)
and diosmetin (13) was not achieved. In order to achieve a better separation, a
longer gradient was tested. This method B’ allowed a slightly better separation of
luteolin (9) / genistein (11) and apigenin (10) /chrysoeriol (12) to be achieved with
Rs values of 1.10 and 1.80, respectively (see figure 2.6 left and section 6.1 for
gradient information). However it only provided a Rs value of 0.68 for the separation
of the regioisomers chrysoeriol (12) and diosmetin (13), which was not suitable for

quantification of both isomers while in solution together.
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Figure 2.5: UPLC Method B: using BEH C18, 1.7 um, 2.1 x 50 mm column, showing the separation of
carminic acid (33), fisetin (14), sulfuretin (15), luteolin (9), genistein (11), apigenin (10), chrysoeriol
(12), alizarin (26) and purpurin (28). Standard solution at 20 pg mL? recorded at 254 nm (2.5 pL

injection volume). Peaks i and ii are impurities.

on? -
11 = 11
00 i ol i 13
J | !
008 Il 13 ) o 12 l
i s 9 II 12 J[ i' g 9 -
s, - A T T I \
il I | & It I i i
! Il [ | I 10
aozd & I 10 il ! 2 . .
[ ||| | 1 [ |"ii| \ ! N .Il| l
wf L1 (I S R Lo
it R 1 1 i ] 1 [ T
e I \_/J T W) \-" RN . [ N .
4 ; II] ; (:1] |’Il |'|Il |lI| |.Il |.I‘ TII.D 1ll.ﬂ
Fomsmticn fise frain) it e

Figure 2.6 (left): UPLC Method B’: using BEH C18, 1.7 um, 2.1 x 50 mm column and with a lower
slope for the gradient, allowing partial separation of regioisomers chrysoeriol (12) and diosmetin (13)
[Rs = 0.68] ; (right): UPLC Method C: using PST BEH C18, 1.7 um, 2.1 x 150 mm column allowing

separation of regioisomers chrysoeriol (12) and diosmetin (13) [R; =1.32]
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Finally; the UPLC chromatographic Method C, developed on the longer column,
employed a 37 minutes run time (including an equilibration period) and allowed a
much better separation of all the standards including the regioisomers chrysoeriol
(12) and diosmetin (13) (figures 2.7). The Rs factors were greatly improved to 3.13
for luteolin (9) / genistein (11) and 2.88 and 1.32 for respectively apigenin (9) /
chrysoeriol (12) and chrysoeriol (12) /diosmetin (13) (figure 2.6 right and table 2.3).
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Figure 2.7: UPLC Method C: using PST BEH C18, 1.7 um, 2.1 x 150 mm column, showing the
separation of carminic acid (33), fisetin (14), sulfuretin (15), luteolin (9), genistein (11), apigenin (10),
chrysoeriol (12), diosmetin (13), alizarin (26) and purpurin (28). Standard solution at 10 ug mL*
recorded at 254 nm (5 pl injection volume). Peaks i and ii are impurities present in the standard

solutions of alizarin and purpurin respectively.
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Method A Method B Method C
ODS2, 150 x 4.6 mm, BEH C18, 50 x 2.1 mm, | PST BEH C18, 150 x 2.1 mm,
5 um 1.7 um 1.7 pm

Compound (x) Rs value Rs value Rs value
Luteolin (9)
genistein (11) lu/gen: 0.78 lu/gen: 0.83 lu/gen: 3.13
apigenin (10) ap/chrys: 1.41 ap/chrys: 2.88
chrysoeriol (12) chrys/diosm : 1.32
diosmetin (13)

Table 2.3: Comparing resolution factors (R values calculated as R = 2 (trs — tr-a)/ Wp-a + Wp.g) for the

separation of flavonoid dyes.

2758 S
] 361.2
1225.0 4
247.0
492.7 ]
1 483.3
25000 0000 35000 400,00 45000 s00.00 L 250 00 30000 350 00 400 00 450,00 500 00
carminic acid (33) fisetin (14)
A max= 276, 312 (s), 493 nm Amax = 247, 318, 361 nm
] 398, 7
7 X419
] 34
3 256.2
24912
25000 500.00 35?1.510 400.00 43000 S00.00 250"00 SUUI.DD 350"00 4UUI.DU 450|.00 50000
nm
sulfuretin (15) luteolin (9)
Amax = 256, 270, 397 nm Amax= 252, 291 (sh), 349 nm
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T T T T T
25000 300,00 350,00 40000 450,00 400,00
nm

genistein (11)
max = 260, 332 (sh) nm

436.0465. 54,9

T T T T T
250,00 30000 350,00 400.00 450,00 200.00
nm

apigenin (10)
max= 267, 300 (sh), 338 nm

chrysoeriol (12)
Amax = 250, 268, 290 (sh), 349 nm

4360 439

T T T T T
250,00 300,00 330,00 400.00 430,00 300,00
nm

diosmetin (13)
Amax= 250, 268, 290 (sh), 348 nm

2452

4304

25000 S00.00 35000 40000 45000  S00.00
nm

alizarin (26)
Amax = 248, 280, 430 nm

2856

237 4796

T T T T T
250.00 300.00 350.00 400.00 4:50.00 S00.00
nm

purpurin (28)
Amax= 256, 294, 480 nm

Table 2.4: PDA spectra of flavonoid and anthraquinone standards by order of elution, obtained

during UPLC method development.
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2.3.1.4 Linearity, calibration curves and limit of detection

The areas of the peaks were observed to correlate linearly with the concentrations of
the solutions over the range of concentrations studied ([x] (ug mL™!) vs. Ax (R?)).
These concentrations corresponded to those expected from historical textile samples
and typically ranged between 0.2 and 40 ug mL™'. On the UPLC system seven or
eight solutions were used to calculate the calibration curves and each solution was
investigated in triplicate, while on the HPLC system six solutions of standard were
manually injected once over a similar range of concentrations. Table 2.4 presents the
linearity range and calibration curve obtained for the isoflavone genistein (11) based
on measurements done on the HPLC system using method A and UPLC system
using methods B and C. The calibration curves of the nine other dye standards can
be found in section 7.1, calculated at 254 nm and 350 nm for flavonoid dyes and 254

nm and 430 nm for anthraquinone dyes.

Method A : HPLC ODS(2), 150 x 4.6 mm, 5 pm : each solution analysed once

Compound [X] | [x] (ug mL") vs. Ax n [x] (ug mL) vs. Ax n
(R?) [ng mL] (R?) [ng mL]
254 nm 350 nm
o y = 116528 - n=6 y = 9003.8x - 14107 n=6
Genistein (11) | 13158 (0.9905) [2 - 40] (0.9864) [2 - 40]

Method B : UPLC, 50 x 2.1 mm, 1.7 um : each solution analysed in triplicate

254 nm 350 nm

y =30627x + 4886 n=7 y =2574.5x - 158.27 n=7

Genistein (11) (0.994) [0.5 - 80] (0.9983) [0.5 - 80]

Method C : UPLC, 150 x 2.1 mm, 1.7 pm : each solution analysed in triplicate

254 nm 350 nm
o y=123813x + n=8 y=8742.4x + 1178.2 n=7
Genistein (11) | 7069 6 (0.9998) [0.2 - 40] (0.9996) [0.1 - 40]

Table 2.4: Calibration curves and linearity range obtained for genistein (11) with HPLC Method A,
and UPLC Method B and Methods C, at 254 nm and 350 nm.
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The limit of detection (LOD) and limit of quantification (LOQ) are usually estimated
from a defined ratio of the analyte response, measured in peak height, to the
maximum fluctuation of the background noise measured around the elution time of
the analyte.> Several blanks have been defined for chromatographic method

validation:3¢

a solvent blank, which can be defined as a solution containing the
reagents in the same quantity used to prepare the calibration solution; an analytical
blank, containing all the reagents and has been analysed in the same way as the
samples; and a matrix blank, which has exactly the same composition as the sample
except for the analyte to be analysed.’® This study used the average value of the
baseline noise Hnoise Of several solvent blanks, considering all data points, and the
LOD and LOQ values were calculated following the calculation presented in a recent
method development for the quantification of several flavones present in weld
extracts.*

Genistein (11)

—— Linear fit
1.2

1.0 4 S
0.8 - sl

0.6 4

Peak Height

0.4 P

0.2 Pl

0.0 ; , . : , , , .
0 10 20 30 40

Concentration (ug mL™")

Figure 2.8: Linearly of peak Height with the concentrations of the solutions over the range of
concentrations studied ([x] (ug mL?) vs. H, (R?)), obtained for genistein, at 254 nm with Method C.
Range was 0.02 — 40 pg mLt and linearity: [y = 0.02764x + 8.75x10°°; R = 0.999].
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For the UPLC system (Method B and C), the limits of detection (LOD) and limit of
quantification (LOQ) were calculated based on the slopes (S) of the calibration
curves (concentration [x] (ug mL™) vs. height Hx (AU)) and the baseline noise Hnoisc
of 6 solvent blanks analysed (s). For a few samples the noise drifted slightly below
zero (e.g. [- (5 £ 1) x 10]) and as a result the |Hnoise] was used for the calculation of
the LOD and LOQ. The Concentration vs. Peak Height relationship was calculated
using the raw data of each standard and the intercepts of the equations were set to
zero and used to calculate the LOD and LOQ values. The LOD were calculated as
(3.3 x s)/S and the LOQ as (10 x s)/S, and these are reported in ng mL! as is
conventional in the field (table 2.5).

On HPLC system (Method A), some issues arose during these experiments, possibly
due to a recent replacement of the flow cell, and it was found at 254 nm that the
baseline drifted below zero while the organic phase was increasing in the gradient.
For this reason, because of the negative value of the noise, the best estimation of the
LOD and LOQ at 254 nm was obtained as (2.3 x s)/S and the LOQ as (9 x s)/S,
using the [Hnoise| 0of 4 solvent blanks analysed. At 350 and 430 nm the LOD and LOQ
were calculated based on the slopes (S) of the calibration curves (concentration [x]
(ug mL7) vs. height Hx (AU)) and the baseline noise Hnoise of 4 solvent blanks
analysed (s). The Concentration vs. Peak Height relationship was calculated using
the raw data of each standard and the intercepts of the equations were set to zero and
used to calculate the LOD and LOQ values (table 2.5). The LOD and LOQ values
obtained for each standard using the three developed chromatographic methods were

also estimated based on the signal-to-noise ratio and provided similar figures.

The HPLC system at NMS did not achieve in these experiments very low LOD and
LOQ values at 254 nm due to the drift of the baseline, however at 350 nm the LOD
of both luteolin and apigenin for a 20 pL injection volume were 3 ng. These values
compare well to those found in earlier studies,’” but are 12 times higher than recent
work carried out on the quantification of the main flavone dyes in Reseda luteola L.>°

With regards to anthraquinone dyes, the LOD of alizarin and purpurin at 254 nm are
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13 to 30 times higher than those found in previous HPLC studies, but at 430 nm for a

20 pL injection volume these lower to 19 and 82 ng, respectively.?®

In contrast, on the UPLC system, the baselines of the UV detector at 254 nm were
very low and stable and the baseline averaged (5 + 1) x 10* AU (UPLC column 50 x
2.1 mm) and (9 + 1) x 10* AU (UPLC column 150 x 2.1 mm), see section 6.1. As a
result all the standards showed a very low detection limit with the LOD and LOQ
values at 254 nm being around 100 times lower than on the HPLC system. For an
injection volume of 2.5 puL, the LOD ranged between 1 ng for genistein and 6 ng for
purpurin for Method B, and for an injection volume of 5 pLL 0.5 ng for genistein and
5 ng for purpurin for Method C. Furthermore, the detection limit of chrysoeriol and
diosmetin at 350 nm could be lowered to 0.2 ng and 0.3 ng respectively by using
Method C (table 2.5). Finally, when the response (Hx, AU) vs. the mass of analyte
injected ([x] X vol, ng) is compared across Methods A-C, we observe for all the
standards that UPLC Method C has the greatest response, with a correlation
coefficient ten times higher than that measured for HPLC Method A (figure 2.9).
These results confirm that chromatographic Method C is best adapted for the study of
historical samples as it allows the highest signal to noise response for all the analytes

and offers a much better separation of all the natural dyes.
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Method A: HPLC, ODS(2) Spheroclone Column, 150 x 4.6 mm, 5 pm (injection volume 20 pL)

254 nm 350 nm 430 nm
Compound LOD s LOQ+s LOD +s LOQ+s LOD +s LOQ *s
[x] (ng) (ng) (ng) (ng) (ng) (ng)
carminic acid (33) 5+£2 15+6 36+5 108 £17
luteolin (9) 111+12 434 +48 341 9+3
genistein (11) 57+6 224 £25 25+9 77 +29
apigenin (10) 175+6 684 +22 3+1 8+3
alizarin (26) 19+1 58+3
purpurin (28) 82+6 248 + 19
Method B: UPLC, BEH C18 Column, 50 x 2.1 mm, 1.7 um (injection volume 2.5 pL)

254 nm 350 nm 430 nm
Compound LOD s LOQ<+s LOD +s LOQ<+s LOD +s LOQ+s
[x] (ng) (ng) (ng) (ng) (ng) (ng)
carminic acid (33) 1.2+0.3 3.7+0.8 37+19 11.1+5.6
fisetin (14) 2.8+0.6 8.6+1.9 14 £0.2 42+06
sulfuretin (15) 36+0.8 11.0£24 12 +£0.2 3.6 £0.6
luteolin (9) 1.8+04 54+12 1.2+0.2 36+0.6
genistein (11) 1.1+£0.2 32+0.7 82+1.3 249+39
apigenin (10) 50+0.3 15.2+£0.9 1.7+0.3 52+0.8
chrysoeriol (12) 6.1+0.3 184+1.0 25+04 75+1.2
diosmetin (13) 45+03 13.5+0.8 1.6 £0.2 50+0.8
alizarin (26) 2.0+0.1 59+03 0.7+£03 2.02+1.02
purpurin (28) 6.1+0.3 184+1.0 37+1.8 11.1+5.6

Method C: UPLC, PST BEH C18 Column, 150 x 2.1 mm, 1.7 pm (injection volume 5 pL)

254 nm 350 nm 430 nm

Compound LOD +s LOQ+s LOD +s LOQ+s LOD +s LOQ +£s
[x] (ng) (ng) (ng) (ng) (ng) (ng)
carminic acid (33) 1.9+1.1 59+£32 7.0+ 1.4 21.3+42
fisetin (14) 1.4+0.2 42+0.7 04+0.1 12+02

sulfuretin (15) 1.8+0.3 56+0.9 04+0.1 1.2+0.2

luteolin (9) 09+0.1 26+£04 0.33 £0.04 1.0£0.1

genistein (11) 0.5+0.1 1.6 0.3 29+04 8.7+1.1

apigenin (10) 1.9+0.1 5.7+0.3 0.33 £0.04 1.0+0.1

chrysoeriol (12) 1.2+0.1 34+02 0.24+0.03 0.7+0.1

diosmetin (13) 1.2+0.1 3.7+£0.2 0.27+0.03 0.8+0.1

alizarin (26) 0.77 £0.03 2.3+0.1 0.6+0.1 1.7£03
purpurin (28) 5.1£2.7 153 +8.1 2.6+0.5 7.7+1.5

Table 2.5: LOD and LOQ values calculated for Methods A-C, based on the slopes (S) of the calibration

curves (concentration [x] (ug mL?) vs. height (Hyx, AU) and the baseline noise Hnoise Of solvent blanks

analysed (s) - at 254, 350 and 430 nm. [Data compiled from Chapter 7, section 7.1.5.2, tables 7.4, 6.5

and 7.6].
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Figure 2.9: Comparing the relation between Hy (AU) and [x] (ng) for genistein at 254 nm; Method A: y
= 0.0006x - 0.0398 [R? = 0.9928]; Method B: y = 0.0031x - 0.0018 [R? = 0.9999]; Method C: y =
0.0055x + 9E-05 [R? = 1]

2.3.1.5 UPLC-ESI Mass Spectrometry

A limited number of measurements were also conducted connecting the UPLC system
to a QTOF2 Mass Spectrometer (MS), in order to check the potential for UPLC-ESI-
MS analysis. The separation of the standards was achieved using a PST BEH C18
reverse phase column, 1.7 pm particle size, 150 x 2.1 mm (length x i.d.). The gradient
developed in section 2.3.1.2 was adjusted in order to achieve a better separation of the
regio-isomers chrysoeriol (12) and diosmetin (13) and MS analysis was conducted in

negative ionisation mode (see section 7.1 for experimental details).

The method was tested on a solution of dye standard and the Total Ion Count (TIC)
collected in negative ionisation mode is presented in figure 2.10. This first attempt in

coupling the UPLC system to ESI-MS analysis was quite satisfactory, as the separation
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BEH C18, 1.7 um, 2.1 x 150 mm column.

reference yarns.
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of the dye components was achieved and the MS ESI" spectra of the reference dyes
were collected (table 2.6). It was however not possible with MS ESI to achieve good
separation of the regio-isomers chrysoeriol (12) and diosmetin (13) and it was found
that the PDA detector provided better separation of the two dye components.

Nevertheless, the method will be applied in the following sections to the analysis of

Figure 2.10: Total lon Count (TIC) collected in negative ionization mode with UPLC Method C’: PST
Identified in the chromatograms are the [M-H]" and
significant cluster ions of: carminic acid (33), fisetin (14), sulfuretin (15), luteolin (9), genistein (11),
apigenin (10), chrysoeriol (12), diosmetin (13), alizarin (26) and purpurin (28). Standard solution with

all components at 10 pg mL? except for carminic acid which was at 70 ug mL? (5 pL injection

87



Chapter 2

491.04

489.00
T

492.03

Ll U

285.02

282.99

N

200 300 400 500 800 200 300 400 500 500
miz miz
carminic acid (33) fisetin (14)
at 7.43 min at 14.00 min
m/z = 491.04 m/z = 285.02
26902 285,02
267.01
N 286.02
284.01
l il L i L
T T T T 1 T T T T 1
200 300 400 500 600 200 300 400 500 600
m/z miz

sulfuretin (15) luteolin (9)

at17.27 min at 19.05 min

m/z = 269.02 m/z = 285.02

265.02 269.02
270.03
270.03
' /
271.02
T T T T 1 T T T T 1
200 300 400 500 600 200 300 400 500 600
miz miz

genistein (11)
at 19.92 min
m/z = 269.02

apigenin (10)
at 22.32 min
m/z = 269.02

88



Chapter 2

299.03

300.03
401 |«

T T
200 300 400 500 600
miz

chrysoeriol (12)
not completely resolved
at 23.19 min

299.03

300.03
301 (¢

T T 1
200 300 400 500 600
miz

diosmetin (13)
not completely resolved

at 23.26 min
m/z =299.03 m/z =299.03
239.02
255.01
268.98
240.02
Z
PR | L bt
2[’)0 360 450 5(‘)0 630 260 360 460 560 6&"}0
miz miz
alizarin (26) purpurin (28)
at 26.05 min at 31.72 min
m/z =239.02 m/z = 255.01

m/z =501.01 [2M-2H+Na]~

Table 2.6: TOF MS ESI" spectra of flavonoid and anthraquinone standards

2.3.2 Evaluation of sample preparation

Previous studies using a hydrochloric acid extraction protocol allowed the

characterisation of the main natural dyes used in European historical textiles by the

relative quantification of chemical components in the acid hydrolysed extracts and

successfully identified several flavonoid based species including weld (Reseda
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luteola L.), dyer’s greenweed (Genista tinctoria L.), sawwort (Serratula tinctoria
L.), young fustic (Cotinus coggygria L.), old fustic (Chlorophora tinctoria L.) and
quercitron bark (Quercus velutina Lamk).’**? Despite a number of drawbacks
associated with this method which have been reported in the literature (including the
esterification or decarboxylation of the carboxyphenols present in flavonoids and

anthraquinones ! 3% 43 44

and conversion of any flavonoid-O-glycosides into their
aglycones,** %), given its widespread use and the wealth of examples in the literature
which could be used for comparison of the results, it was decided for the extraction
element of the sample preparation to focus on a hydrochloric acid extraction

protocol.

Filtration of the extract prior to analysis is an important step in sample preparation
(especially when dealing with historical textile samples that may well be
compromised by solid contaminants), despite the inevitable accompanying loss of
analyte. Thus analyte recovery and reproducibility associated with the sample
preparation protocol used for UPLC analysis was compared with that of the sample
preparation protocol routinely used for HPLC analysis at NMS using mock
extraction protocols (section 7.1.6). These experiments showed that the two sample
preparation methods provided equivalent recovery of all the natural dyes; but that the
UPLC filtration method using 0.2 pum PTFE syringe filters, provided greater
reproducibility (table 2.7).

The relative recovery after hydrochloric acid hydrolysis, syringe-filtration, solvent
evaporation and reconstitution ranged from 84 and 103 %, with s values from 0.1 and
3.9 %, with the exception of purpurin (28) which showed a higher standard deviation
possibly due to the difficulty in re-solubilising it completely after extraction. The
most notable exception was provided by the chrysoeriol (12) standard which
systematically gave a higher peak area post extraction than that found in the starting
solution, most probably due to the hydrolysis of insoluble glycosides in the reference

sample under the acidic extraction conditions. Finally, the carminic acid (33) and
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fisetin (14) standards seemed to be more sensitive to hydrochloric acid hydrolysis

and were recovered at a much lower percentage.

Recovery s [n=3]

Compound (X) Concentration£s | Polyethylene Filters, 55 um  PTFE syringe Filters, 0.2 pm
(pgmL™") (%) (%)

carminic acid (33) 77.1+£3.0 63.9+13.4 51.9+6.6
fisetin (14) 15.6+£0.1 66.8 £22.1 65.6+8.5
sulfuretin (15) 159+0.1 91.9+2.1 93.6+2.1
luteolin (9) 16.9+0.1 86.0+£8.3 80.0+£3.6
genistein (11) 16.6 £ 0.1 915+1.5 89.0+2.5
apigenin (10) 12.5+£0.1 111.1+4.6 103.1£5.0
chrysoeriol (12) 7.8+0.1 1472 +8.9 139.5+7.5
diosmetin (13) 16.5+0.1 88.9+5.7 81.3+3.9
alizarin (26) 13.0+£0.1 923+2.5 92.2+03
purpurin (28) 122+0.2 84.0 +£36.3 88.0 £9.9

Table 2.7: Comparing relative recovery after hydrochloric acid hydrolysis followed by filtration using

Polyethylene 55 um and PTFE 0.2 um filters. [Data compiled from Chapter 7, section 7.1.6].

2.4 APPLICATION TO REFERENCE MATERIALS

In the following sections, yellow reference yarns prepared during the Monitoring of

Damage to Historical Tapestries project (MODHT) will be investigated by UPLC

analysis and the level of additional information provided in practice over HPLC will

be assessed.® 40
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2.4.1 lIdentification of minor components in acid-hydrolysed extracts of weld

(Reseda luteola L.) and dyer’s greenweed (Genista tinctoria L.)

2.4.1.1 Weld (Reseda luteola L.)

Weld (Reseda luteola L.) is one of the most widely found yellow dye in European
historical tapestries. The acid hydrolysed extracts of yarns dyed with weld are
characterised by the association of luteolin (9, Rt = 13.47 min, [Amax = 252, 291 (sh),
349 nm]) with a relatively minor amount of the aglycone apigenin (10, Rt = 15.26,
[Amax = 267, 300 (sh), 338 nm]) and traces of a luteolin methyl-ether component. A
previous study has shown that the minor component present in the acid hydrolysed
extract of weld is chrysoeriol (12).° The UPLC investigation reported here of weld
dyed yarn references confirmed that the minor component present in the acid
hydrolysed extract was chrysoeriol (12, Rt = 15.69, [Amax = 251, 268, 290 (sh), 349
nm]), which was found for wool and silk threads to average 2.9 and 3.0 % of the total

relative amount of the flavonoids present in the extract, respectively (table 2.9).

—— MODHT yarn YS1a
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Figure 2.11: UPLC chromatogram of the acid hydrolysed reference MODHT YS1a (weld) monitored at
254 nm. Identified in the chromatogram are the flavones luteolin (9), apigenin (10) and the luteolin

methyl-ether chrysoeriol (12).
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Table 2.10: PDA spectra of flavonoid dyes characterised in reference sample MODHT YS1a of weld.

Relative Amount: average + s (%), n=3
luteolin apigenin chrysoeriol
© (10) (12)
MODHT YW1 93.0+04 43+03 2.8+0.2
MODHT YSla 92.8+0.2 4.0+0.1 3.1+0.1

Table 2.9: Relative amount of the flavonoid dyes identified in the acid hydrolysed extract of weld

reference samples (wool and silk). [Data compiled from Chapter 7, section 7.1.7.1, table 7.9].

2.4.1.2 Dyer’s greenweed (Genista tinctoria L.)

Dyer’s greenweed (Genista tinctoria L.) is another important yellow dye source in
Europe, and previous work has characterised it as the main yellow source on a group

of important sixteenth century Brussels tapestries.°

The acid hydrolysed extracts of
yarns dyed with dyer’s greenweed are characterised by the association of the flavone
luteolin (9) with the isoflavone genistein (11), a relatively minor amount of the
aglycone apigenin (10) and traces of a luteolin methyl-ether component.® ¢ A

previous Mass Spectrometry study identified the presence of an O-methylated
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flavone presenting a retro-Diels-Alder fragmentation indicating a methoxy group

substituent in the B-ring, which was identified as diosmetin (12).?

UPLC investigation of the MODHT yellow wool (YW2) and silk (YS3a) reference
samples dyed with dyer’s greenweed showed that both fibres present a very similar
dye component profile, with the main dye component luteolin (9, Rt = 13.47 min,
[Amax = 252, 291 (sh), 349 nm]), genistein (11, Rt = 14.03 min, [Amax = 260, 332 (sh)
nm]), and apigenin (10, Rt = 15.26 min, [Amax = 267, 300 (sh), 338 nm]) exhibiting
similar relative amounts at 254 nm. In addition, UPLC analysis showed for the first
time that both luteolin methyl-ethers chrysoeriol (12, Rt = 15.69 min, [Amax = 251,
268, 290 (sh), 349 nm]) and diosmetin (13, Rt = 15.87 min, [Amax = 252, 268, 290
(sh), 348 nm]) are present in low levels in the acid hydrolysed extracts (figure 2.12).
Chrysoeriol (12) was found to average 1.3 and 1.2 % (wool and silk, respectively),
while diosmetin (13) was found to average 2.4 and 2.3 % (wool and silk,
respectively) of the total relative amount of the flavonoids present in the extracts
(table 2.11). The presence of chrysoeriol (12) and diosmetin (13) in the acid
hydrolysed extracts yarn dyed with Genista tinctoria L. might not be surprising given
the fact that they are related compounds and that chrysoeriol has been reported to

occur in some Genista species.*’

Four unknown components were also characterised in the acid hydrolysed extract of
both silk and wool yarns and named respectively after Genista tinctoria L., Gtl (Rt =
10.06 min), Gt2 (Rt = 11.67 min), Gt3 (R¢=12.17 min) and Gt4 (Rt = 14.61 min), all
exhibiting a maximum absorption between 255 and 261 nm, which indicates an
isoflavonoid structure. Of these, Gt3 often is present at levels which are detectable
using the new UPLC method in historical textile samples hence we have further
investigated the structure of this component and the minor component Gt2, and the

effect of the dyeing process on their uptake onto wool and silk fibres.
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Gtl

Gt2

Gt3

luteolin (9)
genistein (11)
Gt4

apigenin (10)
chrysoeriol (12)
diosmetin (13)

Relative Amount: average + s (%), n=4
MODHT YW2 MODHT YS3a MODHT YS3b MODHT YS3¢c MODHT YS3d

ND 20+09 0.7+ 1.2 ND 1.5+1.2
46+ 0.5 3.6+1.3 1.1+ 1.6 35+£1.0 49+1.1
20.8+ 1.8 19.2+2.8 140+ 1.5 114+1.8 7.0+2.1
255+ 2.6 30.2+2.7 398+ 14 429+23 582+3.7
348+ 1.0 343+1.6 332+ 27 28.5+2.3 19.5+1.2
39+ 22 2.1£02 20+ 0.6 3.1+£0.2 1.9+£0.3
6.7+ 03 52+04 46+ 04 5.0+0.7 2.9+0.3
1.3+ 0.6 1.2+0.2 1.4+0.1 1.6+£0.4 1.3£0.1
24+ 07 23£0.3 32+03 40=x0.8 2.8+£0.4

Table 2.11: The relative amount of the flavonoid and isoflavonoid dyes characterised in the acid

hydrolysed extract of reference yarns dyed with dyer’s greenweed, YW2 and YS3a and others

subjected to over dyeing (YS3b to d), monitored at 254 nm. [Data compiled from Chapter 7, section

7.1.7.2, table 7.10].
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Figure 2.12: UPLC chromatogram of the acid hydrolysed reference MODHT YS3a (dyer’s greenweed)

monitored at 254 nm. ldentified in the chromatogram are the flavones luteolin (9), apigenin (10) and

the isoflavone genistein (11), associated to smaller amount of four unidentified components Gt1,

Gt2, Gt3 and Gt4 and the two luteolin methyl-ether chrysoeriol (12) and diosmetin (13).
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Table 2.12: PDA spectra of flavonoid dyes characterised in reference sample MODHT YS3a of dyer’s

greenweed.
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2.4.2 Characterisation of Gt compounds by UPLC-ESI-MS

In order to characterise these unknown Gt components, the reference yarn YS3a was
analysed using the UPLC-ESI-MS method developed in section 2.3.1.5. The
combined information gained by UV-Vis spectra, retention time and ESI™ spectra
should hopefully allow some structure attribution. The Total Ion Count (TIC) of the
reference sample was found to be relatively noisy (figure 2.13), showing that
although the PDA-UPLC chromatogram appear relatively free of contaminants, this
is not the case with ESI-MS and it would be necessary to improve the sample
preparation in order to allow a better signal-to-noise ratio. Nevertheless it was
possible to identify on the TIC spectra significant cluster ions of unknown
components Gt2, Gt3, the flavones luteolin (9, Rt = 18.96 min and m/z 285) and
apigenin (10, Rt = 22.45 min and m/z 269), the isoflavone genistein (11, Rt = 19.91
min and m/z 269), and a luteolin methyl-ether [identified by retention time in the

UPLC chromatogram as diosmetin (13, Rt = 23.26 min and m/z 299)].

The extracted [M-H] spectra characterised the unknown component Gt2 (Rt = 15.79
min) with an m/z of 285.03 (ESI™), while the [M-H] spectra of unknown component
Gt3 (Rt = 16.65 min) showed an m/z of 283.03 (ESI"). The ion traces extracted for
m/z 284.63-285.44 and m/z 282.56-283.41 is shown in figure 2.14 and the TOF MS
ESI™ spectra of Gt2 and Gt3 are found in table 2.13.
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Figure 2.13: Total lon Count (TIC) collected in negative ionization mode with UPLC Method C’ of the

acid hydrolysed reference MODHT YS3a (dyer’s greenweed). Identified in the chromatogram are the

[M-H]" and significant cluster ions of unknown components Gt2, Gt3, the flavones luteolin (9) and

apigenin (10), the isoflavone genistein (11), and a luteolin methyl-ether [identified by retention time

in the UPLC chromatogram as diosmetin (13)].

28301 253.04

S| 286.02 M | 28402
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Gt2 Gt3
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m/z = 285.02 m/z =283.02

Table 2.13: TOF MS ESI- spectra of the minor component Gt2 and Gt3.
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Gt3

Figure 2.14: UPLC-ESI-MS (-ve mode) selected ion traces for m/z 284.63-285.44 ( » ) and 282.56-
283.41 (---).

G2

The minor component Gt2 exhibits a maximum absorption at 260 nm, which
indicates an isoflavonoid structure with an m/z of 285.02 (ESI") that corresponds to
the isoflavone genistein with an additional OH. Several isomeric isoflavone
structures corresponding to this level of hydroxyl substitution have been reported in
the literature with 5,7,3’,4’-tetrahydroxyisoflavone (orobol, 76); 6,7,3°,4’-
tetrahydroxyisoflavone (78); 2,5,7,4’-tetrahydroxy-isoflavone (79) and 7,8,3°,4’-
tetrahydroxyisoflavone (82) exhibiting a maximum absorption between 258 and 262
nm. However only 5,7,3°,4’-tetrahydroxyisoflavone (orobol, 76) and 6,7,3°,4’-
tetrahydroxyisoflavone (78) have shoulder peaks reported at 287 nm and 288, 325
nm respectively, that could correspond to the UV-vis spectra of Gt2. In the absence

of detailed MS-MS studies or reference samples for comparison it is not possible to
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offer a definitive structure for this component, however from these orobol (76) is the

most likely attribution, as it has been identified in several Genista species growing in

Italy and also in Genista tinctoria L..*%%
HO o HO 0
]
NS
| A HO/
OH O OH O
" o/ Zon OH

My = 286.02 g mol*?
Rt = 11.67 min (UPLC) or 15.79 min (UPLC-ESI-MS)
Amax= 260, 290 (sh), 330 (sh) nm

orobol (76)
5,7,3’,4’-tetrahydroxyisoflavone

My = 286.02 g mol?
Amax= 262, 287 (sh) nm

6,7,3’,4’-tetrahydroxyisoflavone (78)

My = 286.02 g mol*
Amax= 258, 288, 325 nm

5,6,7,4’- tetrahydroxyisoflavone (80)

My = 286.02 g mol*
max=270 nm

HO

OH

2’-Hydroxygenistein (77)
7,8,2’,4’-tetrahydroxyisoflavone

Mw = 286.02 g mol?
Amax= 230, 255, 265, 350 nm

OH
2,5,7,4 -tetrahydroxyisoflavone (79)

Mw = 286.02 g mol?
Amax= 258 nm

OH
6,7,8,4’-tetrahydroxyisoflavone (81)

My = 286.02 g mol*
max= 264, 322 nm
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OH
OH OH
5,7,8,4’-tetrahydroxyisoflavone (81) 7,8,3’,4’-tetrahydroxyisoflavone (82)
My = 286.02 g mol*? My = 286.02 g mol*
Amax= 268, 351 nm Amax= 260 nm

Table 2.14: Proposed structures for the minor component Gt2 and possible hydroxy isoflavone

components, UV-Vis values (EtOH) obtained from published references 50 and 51.5% 3!

G613

The minor component Gt3 exhibits an m/z of 283.03 (ESI") that corresponds to an O-
or C-methylated isoflavonoid related to genistein. This component presents a
maximum absorption at 254 nm. Several O-methylated isoflavones have been
reported in the literature including biochanin A (83), prunetin (84), 5-O-methyl
genistein (85), calycosin (86), glycitein (87) and 7,6’-dihydroxy-3’-methoxy-
isoflavone (88), and the C-methylated isoflavone abronisoflavone (89) has also been
reported, although not in Genista species. From these structures, it is possible to
exclude biochanin A (83) and prunetin (84), both of which exhibit a maximum
absorption at 262 nm, and calycosin (86) and glycitein (87), both of which exhibit a
maximum absorption at 248 nm and 260 nm. In the absence of detailed MS-MS
studies or reference samples for comparison it is not possible to confirm the structure
of Gt3, but 5-O-methyl genistein (85) has been reported to occur in Genista tinctoria

48,49, 52 It would be a related

L. and present a maximum absorption at 256 nm.
compound to genistein (11) and the methyl substitution in the A ring could explain

the different maximum absorption observed on the UV-vis spectra.
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Finally, the minor component Gt4 eluted on UPLC spectra closely to genistein (11)

at 14.61 min and exhibited a maximum absorption at 261 nm. Although it was not

possible to extract the [M-H] spectra of this component, it does clearly appear in the

select ion trace spectra for the mass range m/z 282.56-283.41 (figure 2.14). This

would suggest that this compound exhibits a similar mass to Gt3, and the maxima

observed on the UV-vis spectra at 261 nm, associated to an elution time after

genistein (11) would suggest the presence of biochanin A (83), a methylgenistein

compound that has been characterised in several Genista species including Genista

tinctoria L>* 33

Gt3
My = 284.02 g mol?

Re = 12.17 min (UPLC) or R = 16.65 min (UPLC-ESI-MS)

Amax= 255, 310 (sh) nm

MeO.

biochanin A (83)
Mw = 284.26 g mol*?
Amax= 262, 326 (sh) nm

prunetin (84)
My = 284.26 g mol*?
Amax =262, 327(sh) nm

OH

5-0O-methyl genistein (85)
or isoprunetin
My = 284.26 g mol*
Amax= 256 nm

calycosin (86)
My = 284.26 g mol™
mix = 248, 290 (sh) nm
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glycitein (87) 7,6’-dihydroxy-3’-methoxy-isoflavone (88)
My = 284.26 g mol* Mw = 284.26 g mol?
max= 260, 320 nm max =227, 255, 290, 308 nm

abronisoflavone (89)
My = 284.26 g mol™
Amax= 269 295 (sh) nm

Table 2.15: Proposed structure for the minor component Gt3 and possible O- and C-methylated
isoflavone components with similar M,,, UV-Vis values (EtOH) obtained from published references

50, 54-56.50 5456

2.4.3 Effect of over-dyeing

The composition of dyestuffs extracted from historical textile samples is known to
vary due to the effects of ageing, but it is also thought to be dependent on workshop
practices such as over-dyeing (where a yarn is treated with successive dyebaths in
order to achieve the desired colour or hue).® Silk reference samples prepared by
over-dyeing with successive dyer’s greenweed dye baths (YS3a-d, one to four baths
respectively) were examined by UPLC (figure 2.15). While the silk reference YS3a
showed the highest level of Gt3 and genistein (11) compared to luteolin (9), this is
reversed when the textile has been over-dyed. It has been suggested that luteolin (9)
binds with the mordant more efficiently than the isoflavone genistein (11),% so the
latter is displaced with each additional dyeing, or alternatively that genistein (11),
degrades preferentially under the dyebath conditions.® This suggestion is supported
by the fact that several studies of soy products showed that isoflavonoids

compounds, especially genistein (11), degrade easily at elevated temperature.’” >
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Figure 2.15: Relative amounts of the flavonoid dyes present in the acid-hydrolysed extracts of wool
(YW2) and silk (YS3a) MODHT reference samples and a series of over-dyed (YS3b-d) samples;

monitored at 254 nm. [Data compiled from Chapter 7, section 7.1.7.2, table 7.10].

It is therefore not surprising, given the fact that Gt3 and genistein (11) are likely to
be related compounds, that the level of Gt3 fixed onto the yarn decreases similarly to
genistein (11) after over dyeing. The presence in high quantities of both colourless
components genistein (11) and Gt3 on wool and silk yarns after a single dyebath
would clearly affect the achieved colour and might explain why dyer’s greenweed
was judged to be of lower quality than that of weld due to the need for multiple
dyeing to obtain a proper yellow colour.” Finally, from these new observations, the
minor components chrysoeriol (12), diosmetin (13), Gtl, Gt2 and Gt4 are not greatly
affected by the textile preparation and are equally present in very low concentrations

(figure 2.15).
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2.5 SUMMARY

UPLC separation has been shown to provide a robust method for the identification of a
range of natural product dyestuffs. The LOD for all the standards examined was
lowered by around hundred times compared with HPLC methods which are routinely
used in the analysis of historic dyestuffs and the observed response for each analyte
injected was ten times higher. This opens up exciting possibilities for heritage
applications, as objects from which sampling was previously not possible may now be
examined due to the greatly reduced requirements for sample size (typically below 500
ng). The UPLC method developed using a shorter run time gives excellent separation
for a wide range of dyestuffs and will enable the rapid analysis of multiple samples
from objects. This level of data acquisition will allow techniques such as principal
component analysis to be applied for the first time to historic dyestuff analysis, the
results of which will provide new information for curators regarding the provenance of
objects and inform decisions regarding their conservation and display. The second
method developed, using a longer run time, enabled the identification of very minor
components and closely-eluting regio-isomers and was combined effectively with ESI-

MS analysis.

Finally, four previously un-reported Genista related components, named Gtl, Gt2, Gt3
and Gt4 were characterised in yarns dyed with dyers’ greenweed (Genista tinctoria L.)
and TOF-ESI-MS analysis combined to PDA-UPLC allowed some possible structure
attributions. The minor component Gt2 was found to exhibit a maximum absorption at
260 nm, which indicated an isoflavonoid structure with an m/z of 285.02 (ESI") that
corresponded to the isoflavone genistein with an additional OH. While the minor
component Gt3 exhibited a maximum absorption at 254 nm with an m/z of 283.03
(EST) that corresponded to an O-methylated isoflavonoid related to genistein. Further
analysis using MS-MS fragmentations will be carried out in order to offer a definitive

structure of these components.
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The advantages of UPLC analysis have been demonstrated on reference materials and
its application to real historical materials is reported in the following chapters of the
thesis, through the analysis of historical samples from early English tapestries (chapter

3) and mid nineteenth century North American porcupine quill work (chapter 5).

2.6 REFERENCES

1. Wouters, J., Verhecken, A. (1985). High-performance liquid chromatography of
anthraquinones: Analysis of plant and insect extracts and dyed textiles. Studies in Cons., 30, 119-128.

2. Nowik, W. (1996). Application de la chromatographie en phase liquide a I'identification des
colorants naturels des textiles anciens. Analysis Magazine 24, 37-40.

3. Ferreira, E. S. B. (2002). New Approaches Towards the Identification of Yellow Dyes in
Ancient Textiles. The University of Edinburgh, PhD Thesis.

4, Ferreira, E. S. B., Hulme, A. N., McNab, H., Quye, A. (2003). LC-MS Trap MS and PDA-
HPLC complementary techniques in the analysis of different components of flavonoids dyes: the
example of Persian berries (Rhamnus sp.). Dyes Hist. Archaeol., 19, 19-23.

5. Ferreira, E. S. B., Quye, A., Hulme, A. N., McNab, H. (2003). LC-Ion Trap MS and PDA-
HPLC - Complementary techniques in the analysis of Flavonoid dyes in historical textiles: The case
study of an 18th-century Herald's Tabard. Dyes Hist. Archaeol., 19, 13-18.

6. Peggie, D. A. (2006). The Development and Application of Analytical Methods for the
Identification of Dyes on Historical Textiles. The University of Edinburgh, PhD Thesis.

7. Rosenberg, E. (2008). Characterisation of historical organic dyestuffs by liquid
chromatography — mass spectrometry. Anal. Bioanal. Chem., 391, 33-57.

8. Miller, J. M. (1988). Chromatography. concepts and contrasts. John Wiley & Sons.
9. Davis, R., Frearson, M. (1987). Mass Spectrometry. John Wiley & Sons.

10. Ashcroft, A. E. (1997). lonization Methods in Organic Mass Spectrometry. Barnett, N. W.,
The Royal Society of Chemistry.

11. Hulme, A. N., McNab, H., Peggie, D. A., Quye, A. (2005). Negative ion electrospray mass
spectrometry of neoflavonoids. Phytochem., 66, 2766-2770.

12. Rafaelly, L., Heron, S., Nowik, W., Tchapla, A. (2008). Optimisation of ESI-MS detection
for the HPLC of anthraquinones. Dyes Pigm., 77, 191-203.

13. McNab, H., Ferreira, E. S. B., Hulme, A. N., Quye, A. (2009). Negative ion ESI-MS analysis
of natural yellow dye flavonoids: An isotopic labelling study. /nt. J. Mass Spectrom., 284, 57-65.

106



Chapter 2

14. Heck, A. J. R. (2008). Native mass spectrometry: a bridge between interatomics and
structural biology. Nature Methods, 5, 927-933.

15. Van Berkel, G. J. (1997). The Electrolytic Nature of Electrospray. In Electrospray lonisation
Mass Spectrometry: Fundamentals, Instrumentation & Applications, John Wiley & Son, Inc, New
York: 65-105.

16. Ikonomou, M. G., Blades, A. T., Kebarle, P. (1991). Electrospray-lon spray: A comparison
of mechanisms and performance. Anal. Chem., 63, 1989-1998.

17. Ablajan, K. (2011). A study of characteristic fragmentation of isoflavonoids by using
negative ion ESI-MS. J. Mass. Spectrom., 46, 77-84.

18. Welsch, T., Michalke, D. (2003). (Micellar) electrokinetic chromatography: an interesting
solution for the liquid phase separation dilemma. J. Chromatogr. A 1000, 935-951.

19. Cabooter, D., Desmet, G. (2012). Chapter 1: General Overview of Fast and High-resolution
Approaches in Liquid Chromatography. In UHPLC in Life Sciences, Guillarme, D., Veuthey, J.-L.,
Ed. RSC Chromatography Monographs No. 16: 1-28.

20. de Villiers, A., Lestremau, F., Szucs, R., Gélébart, S., David, F., Sandra, P. (2006).
Evaluation of ultra performance liquid chromatography: Part I. Possibilities and limitations. J.
Chromatogr. A, 1127, 60-69.

21. Fekete, S., Olah, E., Fekete, J. (2011). Fast liquid chromatography: The domination of core-
shell and very fine particles. J. Chromatogr. A, 1228, 57-71.

22. Novakova, L., Matysov4, L., Solich, P. (2006). Advantages of application of UPLC in
pharmaceutical analysis. Talanta, 68, 908-918.

23. Pieters, S., Dejaegher, B., Vander Heyden, Y. ( 2010). Emerging analytical separation
techniques with high throughput potential for pharmaceutical analysis, part I: Stationary phase and
instrumental developments in LC. Comb. Chem. High Throughput Screen., 13, 510-529.

24. Gritti, F., Guiochon, G. (2010). On the extra-column band-broadening contributions of

modern, very high pressure liquid chromatographs using 2.1 mm [.D. columns packed with sub-2 um
particles. J. Chromatogr. A, 1217, 7677-7689.

25. Stroh, J. G., Petucci, C. J., Brecker, S. J., Nogle, L. M., (2008). Sub-2 um HPLC coupled
with sub-ppm mass accuracy for analysis of pharmaceutical compound libraries. J. Sep. Sci., 31, 3698-
3703.

26. Quye, A., Wouters, J. (1992). An application of HPLC to the identification of natural dyes.
Dyes Hist. Archaeol., 10, 48-54.

27. Wang, J., Li, H., Jin, C., Qu, Y., Xiao, X. (2008). Development and validation of a UPLC
method for quality control of rhubarb-based medicine: Fast simultaneous determination of five
anthraquinone derivatives. J. Pharm. Biomed. Anal., 47, 765-770.

28. Chen, X. J., Ji, H., Zhang, Q. W., Tu, P. F., Wang, Y. T., Guo, B. L., Li, S. P. (2008). A rapid

method for simultaneous determination of 15 flavonoids in Epimedium using pressurized liquid
extraction and ultra-performance liquid chromatography. J. Pharm. Biomed. Anal., 46, 226-235.

107



Chapter 2

29. Baranowska, 1., Magiera, S. (2011). Analysis of isoflavones and flavonoids in human urine
by UHPLC. Anal. Bioanal. Chem., 399, 3211-3219.

30. Villela, A., van der Klift, E. J. C., Mattheussens, E. S. G. M., Derksen, G. C. H., Zuilhof, H.,
van Beek, T. A. (2011). Fast chromatographic separation for the quantitation of the main flavone dyes
in Reseda luteola (weld). J. Chromatogr. A, 1218, 8544-8550.

31. Deng, X., Gao, G., Zheng, S., Li, F. (2008). Qualitative and quantitative analysis of
flavonoids in the leaves of Isatis indigatica Fort. by ultra-performance liquid chromatography with
PDA and electrospray ionization tandem mass spectrometry detection. J. Pharm. Biomed. Anal. , 48,
562-567.

32. Wyndham, K. D., O'Gara, J. E., Walter, T. H., Glose, K. H., Lawrence, N. L., Alden, B. A.,
Izzo, G. S., Hudalla, C. J., Iraneta, P. C. (2003). Characterization and Evaluation of C18 HPLC
Stationary Phases Based on Ethyl-Bridged Hybrid Organic/Inorganic Particles. Anal. Chem., 75,
6781-6788.

33. Guillarme, D., Nguyen, D. T. T., Rudaz, S., Veuthey, J. L. (2008). Method transfer for fast
liquid chromatography in pharmaceutical analysis: Application to short columns packed with small
particle. Part II: Gradient experiments. Eur. J. Pharm. Biopharm., 68, 430-440.

34, Debrus, B., Rozet, E., Hubert, P., Veuthey, J.-L., Rudaz, S., Guillarme, D. (2012). Chapter 3:
Method Transfer Between Conventional HPLC and UHPLC. In UHPLC in Life Sciences, Guillarme,
D., Veuthey, J.-L., Ed. RSC Chromatography Monographs No. 16: 67-101.

35. Hartmann, C., Smeyers-Verbeke, J., Massart, D. L., McDowall, R. D. (1998). Validation of
bioanalytical chromatographic methods. Journal of Pharmaceutical and Biomedical Analysis, 17,
193-218.

36. Massart, L. M., Vandeginste, B. G. M., Buydens, L. M. C., De Jong, S., Lewi, P. J., Smeyers-
Verbeke, J. (1997). In Handbook of Chemometrics and Qualimetrics, 427.

37. Gaspar, H., Moiteiro, C., Turkman, A., Coutinho, J., Carnide, V. (2009). Influence of soil
fertility on dye flavonoids production in weld (Reseda luteola L.) accessions from Portugal. J. Sep.
Sci., 32, 4234-4240.

38. Derksen, G. C. H., van Beek, T. A., de Groot, A., Capelle, A. (1998). High-performance
liquid chromatographic method for the analysis of anthraquinone glycosides and aglycones in madder
root (Rubia tinctorum L.). J. Chromatogr. A, 816, 277-281.

39. Ferreira, E. S. B., Quye, A., MacNab, H., Hulme, A. N. (2002). Photo-oxidation of Quercetin
and Morin as Markers for the characterisation of natural flavonoid yellow dyes in Ancient textile.
Dyes Hist. Archaeol., 18, 63-72.

40. Peggie, D. A., Hulme, A. N., McNab, H., Quye, A. (2008). Towards the identification of
characteristic minor components from textiles dyed with weld (Reseda luteola L.) and those dyed with
Mexican cochineal (Dactylopius coccus Costa). Microchim. Acta, 162, 371-380.

41. Ferreira, E. S. B., McNab, H., Hulme, A. N., Quye, A. (2004). The natural constituent of
historical textile dyes. Chem. Soc. Rev., 33, 329-336.

42. Hulme, A. N., McNab, H., Peggie, D., Quye, A. (accepted)). The chemical characterisation of
aged and unaged fibre samples dyed with sawwort (Serratula tinctoria) using PDA-HPLC and HPLC
ESI MS. Dyes in History and Archaeology, 22 (in Press).

108



Chapter 2

43. Schweppe, H. (1993). Handbuch der Naturalfarbstoffe. Nikol Verladsgesellschaft, Hamburg.

44, Wouters, J., Grzywacz, C. M., Claro, A. (2011). A Comparative Investigation of Hydrolysis
Methods to Analyze Natural Organic Dyes by HPLC-PDA: Nine Methods, Twelve Biological
Sources, Ten Dye Classes, Dyed Yarns, Pigments and Paints. Studies in Cons., 56, 231-249.

45. Zhang, X., Laursen, R. A. (2005). Development of mild extraction methods for the analysis
of natural dyes in textiles of historical interest using LC-Diode Array Detector-MS. Anal. Chem., 77,
2022-2025.

46. Hacke, A.-M. (2006). Investigation into the Nature and Ageing of Tapestry Materials. The
University of Manchester, PhD Thesis.

47. Tosum, F., Akyuz Kizilay, C., Tosun, A. U. (2009). Flavonoids and isoflavonoids from
Genista sessilifolia DC. growing in Turkey. Chem. Nat. Compd., 45, 83-84.

48. Noccioli, C., Luciardi, L., Barsellini, S., Favro, C., Bertoli, A., Bader, A., Loi, M. C., Pistelli,
L. (2012). Flavonoids from two Italian Genista species: Genista cilentina and Genista sulcitana.
Chem. Nat. Compd., 48, 672-673.

49, Rigano, D., Cardile, V., Formisano, C., Maldini, M. T., Piacente, S., Bevilacqua, J., Russo,
A., Senatore, F. (2009). Genista sessilifolia DC. and Genista tinctoria L. inhibit UV light and nitric
oxide-induced DNA damage and human melanoma cell growth. Chem-Biol. Interact., 180, 211-219.

50. Kulling, S. E., Honig, D. M., Simat, T. J., Metzler, M. (2000). Oxidative in Vitro Metabolism
of the Soy Phytoestrogens Daidzein and Genistein. J. Agric. Food Chem., 48, 4963-4972.

51. Ducret Awouafack, M., Spiteller, P., Lamshoeft, M., Kusari, S., Ivanova, B., Tane, P.,
Spiteller, M. (2011). Antimicrobial Isopropenyl-dihydrofuranoisoflavones from Crotalaria
lachnophora. J. Nat. Prod., 74, 272-278.

52. Luczkiewicz, M., Gtod, D., Baczek, T., Bucinski, A. (2004). LC-DAD UV and LC-MS for
the Analysis of Isoflavones and Flavones from In Vitro and In Vivo Biomass of Genista tinctoria L.
Chromatographia, 60, 179-185.

53. Taimova, L., Tama, J. (2011). The effect of UV light on isoflavonoid production in Genista
tinctoria culture in vitro. Acta Physiol Plant, 33, 635-640.

54. Wollenweber, E., Papendieck, S., Schilling, G. (1993). A Novel C-Methyl Isoflavone from
Abronia latifolia. Nat. Prod. Lett., 3, 119-122.

55. Yi, Y., Cao, Z., Yang, D., Cao, Y., Wua, Y., Zhao, S. (1998). A New Isoflavone from Smilax
glabra. Molecules, 3, 145-147.

56. Xiao, H. B., Krucker, M., Albert, K., Liang, X. M. (2004). Determination and identification
of isoflavonoids in Radix astragali by matrix solid-phase dispersion extraction and high-performance

liquid chromatography with photodiode array and mass spectrometric detection. J. Chromatogr. A.,
1032 117-124.

57. Ungar, Y., Osundahunsi, O. F., Shimoni, E. (2003). Thermal Stability of Genistein and
Daidzein and Its Effect on Their Antioxidant Activity. J. Agric. Food Chem., 51, 4394-4399.

109



Chapter 2

58. Eisen, B., Ungar, Y., Shimoni, E. (2003). Stability of Isoflavones in Soy Milk Stored at
Elevated and Ambient Temperatures. J. Agric. Food Chem., 51, 2212-2215.

59. Hofenk de Graaf, J. H. (2005). The Colourful Past. Archetype Publications.

110



Chapter 3

CHAPTER 3

111



Chapter 3

3 INVESTIGATION OF EARLY 16™ CENTURY ENGLISH TAPESTRIES

ASSOCIATED TO THE “SHELDON” WORKSHOP ......ccccootiiiiiniiinineisiesecse e 113
3.1 HISTORICAL BACKGROUND........cciiiietiiieieiieieieie ettt ese e ese s seese s 113
3.1.1 Tapestry works in the Middle Ages and early Renaissance...........cc.ccccevverereniernsenen. 113
3.1.2 The origin of tapestry weaving in England .............ccccoveviiiiiinie e 114
3.1.3  The Sheldon workshop myth or reality?.........cccccovvviviiicieici e 115
3.1.4  Sheldon tapestries tOUAY........c.ciivieieiiii et sre e 117
3.1.5 Sir Burrell and the Sheldon ColECION...........ccoiiiiiiieeee e 117
3.2 SAMPLING AND DOCUMENTATION.....c.cotiiiriiieirieieieieieeeieeeeeie e 118
I A = 1V =1 | I o] 1 - ox 1o o RSP 118
3.2.2 Bodleian Library, University of OXfOrd ... 121
3.3 DYE ANALYSIS .ottt ettt st e se b e e eseebenaens 125
3.3.1  Experimental CONITIONS.......cvcuerierieiirise st sre e 125
3.3.1.1 EXtraction ProtOCO] ........cuecvieierierieiieieie et ete st et ettt ste e sae e e e sessaesseesaessesseensesnnenne 125
33.1.2 HPLC SYSEIM ..ottt ettt ettt et st e et e saneens 125
33.13 UPLC SYSTEIM ..ottt sttt sttt sae bt be s bt e e sseennes 125
3.3.2  Yellow, green, OFanQe YAIMS .....c..cuiuieerirreietirieeeieseeseste s sbe et sb e s b se s b nseeens 126
3.3.2.1 Weld (RESEAA TULBOIA L. ) ....oviiiiiiiiceeeeteetett ettt ebe 126
3322 Dyer’s greenweed (Genista tiNCLOria L.) ......coooiiiiieiiiieieieeeeeeeeee e 130
33.23 Young fustic (CotinUS COggYgria L.) ....c.ccveviiiiirieieierieeeiieteetee et 134

3.3.3  Red, purple, PINK YAINS........coiiiiiiiieiieee et 137
3331 MAAAET SPECIES ...ttt ettt ettt ettt sttt ettt ettt eb st aesaeneneeae 137
3332 COCRINEAL ...ttt ettt et e et e et e e taeesbeestaeenseessaeenseessseenseenns 140
3333 OFCHIL QY €S ivienieiiieiieiieie ettt ettt ettt et e te et eeseestesseesbeesaessesseesseesaessessaensanseessensaensan 143
3334 Safflower (Carthamus tINCLOMTUS L.)......coviiiiiiieiieiieiieieeteeeesteeeee et v e 144

3.4 DISCUSSION .....cuiitiieiiitiiettetitet ettt ettt sttt e et bessesessesseseesessesessessessasessesessessesessensens 148
3.5 REFERENCES ... .ottt ettt tte et e et eesta e e taeeataeesseesabaeessaessseeenneannns 150

112



Chapter 3

3 INVESTIGATION OF EARLY 16™ CENTURY ENGLISH
TAPESTRIES ASSOCIATED TO THE “SHELDON”"
WORKSHOP

Historical tapestries were very expensive pieces of work that were only available to
the Royal Families or the very wealthy. Their manufacture was a controlled process
and great attention was paid to the choice of the dye species used for their creation.
The art of tapestry weaving reached its apogee at the end of the Middle Ages,
especially in France and Flanders, a French province until 1526, with the
manufacture of exquisite pieces of work, produced by renowned artists and their
workshops. Their iconography can be complex, as they often included symbolic
emblems, mottoes, or coats of arms, associated with religious or mythological
themes.>? Today surviving tapestries are still exhibited in European Royals palaces,
historic houses or castles and provide invaluable graphical information on important

historical periods.’

3.1 HISTORICAL BACKGROUND

3.1.1 Tapestry works in the Middle Ages and early Renaissance

Tapestry weaving developed in France from the thirteenth century and there was a
strict control of the weaver’s apprenticeship and qualification. It is reported that
weavers were not organised into a guild before the fourteenth century,! but
nevertheless historical records report already in 1277 on existing weavers’
apprenticeships in Paris:

“nul ne peut devenir tisserand s’il n’a accompli tous les services imposés pour étre tisserand,

.... nul tisserand ne peut travailler & une tapisserie sans avoir effectué les étapes exigées”.*

Prior to the fourteenth century and the development of the low warp technique,

mainly embroidery cloths were manufactured. An example of large scale
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embroidery is the famous and often misnamed Bayeux tapestry, possibly
manufactured in England around 1066 - 1082."3 Iconic Medieval tapestries include
the Apocalypse tapestry, manufactured in Paris between 1377 and 1379.° today
conserved in the castle at Angers in France and the famous The Lady and the
Unicorn, manufactured in Flanders around 1500,° today part of the collection of the

museum of the Middle Ages in Cluny cloister in Paris.>

Parisian weaving workshops declined in the fifteenth century, due to political
instability with the Hundred Year’s War between the Kingdom of England and the
Kingdom of France for control of the French throne. At this time Paris was occupied
by English political forces and weakened by civil war, famine and then the plague in
1418. This situation induced significant population migration, including the
migration of weavers, to the South of France and then to Italy.’ In the meantime
other important tapestry workshops at Arras, Tournai, Aubusson, Beauvais and
Bruges were developed, and later in the sixteenth century Brussels, that became
important centres of tapestry weaving in Europe.® During the sixteenth century, the
religious wars between Catholics and Protestants, induced other population
migrations, and they especially affected Flemish weavers who escaped from the Low
Countries to England, where they settled down and introduced the art of tapestry

weaving.’

3.1.2 The origin of tapestry weaving in England

In contrast to the vibrant tapestry weaving industry in the Low Countries, there is
relatively little art historical research on early English tapestries.”” Although it is
often believed that foreign weavers started to settle in England during the reign of
Edward III (1216 - 1272), prior to 1619 with the development of the Mortlake
workshop next to London, it has been unclear if other workshops were weaving
tapestries in England, or if English nobles would have commissioned tapestries from

Flanders or French workshops.! The early work from Barnard and Wace on the
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Sheldon workshop in 1928 presented forty-six early English tapestries, assumed to
be woven at the castle of Sir William Sheldon at Barcheston in Warwickshire.®
Thus, William Sheldon could have been in charge of the first non-Royal tapestry
workshop in England and since this publication the term “Sheldon” was often
applied to early English tapestries based on the assumption that this was the only
workshop in England in the mid sixteenth century. However, recent art historical
publications from Wells-Cole and then Turner demonstrated a much complex
situation, and the main finds of their research will be discussed in the following

sections.!0-13

3.1.3 The Sheldon workshop myth or reality?

Recent art historical research from Turner on the “Sheldon” workshop provided more
understanding of the development of tapestry weaving in England and the pieces that

were woven at Barcheston.!®!% 14 15

William Sheldon acquired the manor of
Weston, near Warwickshire in 1534, and then in 1561 the manor of Barcheston,
where he set-up the first non-Royal English tapestry workshop in 1570. In
preparation for this, it is said that his son Ralph Sheldon (1537 - 1613) spent time
abroad around the year 1555 with a Flemish weaver named Richard Hyckes (1524 -
1621), in order to learn the art of weaving in the Low Countries.!> Richard Hyckes
was later to become the director of the Sheldon factory.!! 12 It still remains unclear
whether Richard Hyckes was a Flemish emigrant or an Englishman of Flemish
origin, and if he signed all the pieces made at Barcheston. However, the quality of
the pieces signed by Richard Hyckes (figure 3.1), clearly demonstrate that he was an
expert in tapestry weaving, an art described by Turner as unknown in England at that
time, and gives some indication that he was most certainly a Flemish weaver.!> 1°
Turner also showed that Richard Hyckes was working as the Queen’s Arrasmaker at
the Great Wardrobe department in London from 1569 until 1609,'> !* and she

explained that this position was a royal appointment where the holder was employed
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to repair tapestries and to supply the materials for which he would then be

reimbursed.'®

It has been suggested that the manor of Barcheston could have been not only a

production workshop but also a training place, where Richard Hyckes was teaching

12,14 and Turner could trace the names of twelve weavers who

the art of weaving,
worked at Barcheston and then left, possibly after completing their apprenticeship, to
join the Great Wardrobe in London.!>'* Today it is quite accepted that the workshop

1718 but also possibly smaller sized works,

produced large tapestry maps,'>
especially cushions covers often depicting biblical scenes, although these have been
so far attributed to the Sheldon workshop only on stylistic criteria.”” '° However,
recent curatorial research especially on the Chastleton House tapestries, proved that
it is not possible reliably to attribute these tapestries to the Sheldon workshop,!® !4

and suggested that several other small tapestry workshops could have been set-up

14,19

next to London.

Figure 3.1: Detail of tapestry map of Worcestershire, © Trustees of Victoria and Albert Museum,

London — courtesy of the Bodleian Library, University of Oxford. Reproduced from reference 15.%
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3.1.4 Sheldon tapestries today

Tapestries attributed to the Sheldon workshop can be found today mainly in the
collection of the Victoria and Albert Museum in London, the Bodleian Library in the
University of Oxford and the Burrell Collection in Glasgow.”? " 18 Most of these
tapestries are large maps, illustrating the Midlands countryside of England (figure
3.1), but the Burrell collection holds nineteen small size tapestries, that have being
much less studied in comparison to the large tapestry maps from the Bodleian
Library.!® ' A reassessment of the collection of early English tapestries is currently
being undertaken at the Burrell Collection, which aims to publish an updated

catalogue of these pieces.

3.1.5 Sir Burrell and the Sheldon Collection

Sir William Burrell (1861 - 1958) was a wealthy Glasgow ship owner and a fine
collector of works of art. He is considered as one of the most important collectors in
Scotland and donated his entire collection to the city of Glasgow in 1944.2° In the
late nineteenth and early twentieth century he amassed a vast collection, which
included around two hundred Medieval and Renaissance tapestries. This tapestry
collection is one of the twenty largest collections in Europe and one of the most
important in the United Kingdom. It includes pieces of extreme importance,
including medieval and early sixteenth century Burgundian and Flemish tapestries,
and also a large group of slightly lower quality European tapestries, dating from the
fifteenth and sixteenth centuries.?’?> But the singularity of the collection is certainly
this unique group of nineteen English tapestries, dating from the mid sixteenth

century and attributed to the Sheldon workshop.

These early English tapestries were collected by Burrell through various sources
between 1916 and 1951, but unfortunately for some of them, it is not possible to
trace their acquisition.”®* ** This probably means that some of the tapestries were
acquired by Burrell before 1911, as after this date he recorded his purchases in
Purchase Books. The last date recorded for the acquisition of a 'Sheldon' piece was
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1952, a few years after he donated his collection to the city of Glasgow. Among
these tapestries is a complete set of six cushion covers depicting the story of Susanna
and the Elders, which was purchased by Sir Burrell in 1936 from J. M. Botibel, an
art dealer (Inv. N°: 47.9 to 47.14, figure 3.2). This is the only complete set, although
the numbering of the scenes does not follow the narrative sequence (47.6: Susanna
on her way to the bath; 47.10: Susanna at her bath; 47.12: Susanna before the Judge;
47.11: Susanna led to Execution; 47.13: The Elders before Daniel; 47.14: The
Stoning of the Elders).?*

3.2 SAMPLING AND DOCUMENTATION

In order to shed more light on these pieces, and as part of a curatorial reassessment of
the Burrell collection, condition reports on the nineteen small tapestries were
prepared by the textile conservators. This gave the opportunity to look at the
complete group of tapestries in great detail and to decide on a sampling strategy with

regard to dyes analysis.

3.2.1 Burrell Collection

Two sampling campaigns were conducted at the Burrell Collection in order to select
yarns for dye analysis and around 250 samples were collected from thirteen
tapestries. The first sampling campaign took place in March 2009 with the textile
conservators at the Burrell collection. Due to the large number of items to
investigate, it was decided at first to focus on the complete set of tapestries depicting
the story of Susanna and the Elders (figure 3.2, Inv. N° 47.9 to 47.14) and three
other tapestries depicting similar biblical scenes, but purchased before 1911 (figure
3.3, Inv. N°: 47.6 to 47.8). These two groups of tapestries were particularly
interesting, as they showed slight differences in their graphics and presented different

levels of degradation of the yellow hues. Of these, tapestries 47.6 and 47.9 - that are
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duplicates of the same biblical scene (Susanna on her way to the bath) - were
sampled with a particular interest in the characterisation of flavonoid and
anthraquinone dyes. Due to the small size of the pieces, silk was found to be present
in higher quantities than is usually found in larger woven pieces, and as a result the
samples collected included a large number of silk yarns (yellow, green, pink) but also
wool yarns (green, red, orange, purple). Each sample location was recorded by
means of coordinates (x; y). The samples were then weighed and photographed
using a stereo-microscope (Olympus SZX12, x 7 - 90) equipped with an optical
camera (Olympus DP70) in order to confirm the fibre identification. Finally, a
sample code was attributed to each sample starting with the accession number of the
tapestry followed by two letters referring to the colour and the yarn, followed by the

sample number (e.g. sample 47.6 GW1 refers to a green wool yarn).

Figure 3.2: Early English tapestries representing the story of Susanna and the Elders, complete set of

six (Ato E, Inv. N°: 47.9 to 47.14), circa 1600, © Glasgow City Museum:s.
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Figure 3.3: Early English tapestries representing scenes from the story of Susanna and the Elders (A

to CInv. N°: 47.6 to 47.8), circa 1600, © Glasgow City Museums.

A second sampling campaign was then undertaken in June 2010, in order to complete
the sampling of the Susanna series. In addition to the nine Susanna tapestries, four
tapestries were included to this study: a long Cushion Cover representing “Faith,
Charity and Hope” (Inv. N° 47.19) and a small panel representing “Judith and the
Head of Holofernes” with the Motto: Si Deus nobiscum / Quis contra nos (Inv. N°
47.23), both of unknown provenance (figure 3.4 A-B),> and two armorial tapestries
one with the coat of arms of Sacheverell (Inv. N° 47.17) and the other one with the
arms of Walter Jones and Eleanor Pope (Inv. N° 47.21). Tapestry 47.17 is dated to
1578 -1580 and is related to a similar tapestry part of the Victoria and Albert
Museum Collection (V&A T.195-1914),> 2* while tapestry 47.21 was found at

Chastleton House in 1919, and acquired after several transactions by Sir Burrell in

1934 from F. Partridge & Sons (figure 3.4 C-D).!**
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Figure 3.4: Early English tapestries A: “Faith, Charity and Hope” (Inv. N° 47.19); B: “Judith and the
Head of Holofernes” (Inv. N° 47.23), C: coat of arms of Sacheverell; D: coat of arms of Walter Jones

and Eleanor Pope, circa 1600, © Glasgow City Museums.

3.2.2 Bodleian Library, University of Oxford

Finally, an exciting possibility arose to sample three tapestry maps of secure Sheldon
provenance from the Bodleian Library, while these were being conserved at the
Shephard Travis Textile Conservation Studio Ltd. This was a unique opportunity to
investigate dated and signed pieces that would allow us to compare and contrast the
dye sources characterised with those found on the tapestries from the Burrell

Collection.'> 7- 18

These tapestries must have been extraordinary expensive items
and their vibrant original colours can still be observed while looking at their reverse

sides, where the flavonoid dyes were protected from photo-degradation (figure 3.5).

Figure 3.5: Observation of the photo-degradation of yellow flavonoid dyes, © L. Troalen.
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In contrast to the small Susanna pieces, the tapestry maps are very large woven
pieces and only small number of silk yarns could be sampled for dye analysis.
Around 50 samples were collected and these included several yellow and green wool
yarns expected to contain flavonoid dyes, but also black, brown, red and purple wool
yarns and a few purple silk yarns. The first tapestry investigated represents a map of
Worcestershire and is signed by Richard Hyckes and dated to after 1579 (Map 1,
figure 3.6); while the second tapestry represents a map of Oxfordshire and is signed

with the date 1588 (Map 2, figure 3.7); finally a fragment part of a tapestry map

representing Warwickshire and dated to 1590 was also included in the study (Map 3,
).15:17.18

figure 3.8

Figure 3.6: Tapestry map of Worcestershire (5 x 5 metres), signed Richard Hyckes, with scale and
divider “borrowed" from the map of Anglia included in Saxton’s Atlas of 1579, © Trustees of
Victoria and Albert Museum, London - courtesy of the Bodleian Library, University of Oxford.

Reproduced from reference 15.%°
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Figure 3.7: Tapestry map of Oxfordshire, fragment excised in the eighteenth century (approx. 5 x 5
metres), sighed with the date 1588,'°> © Trustees of Victoria and Albert Museum, London — courtesy

of the Bodleian Library, University of Oxford. Reproduced from reference 15.%

Figure 3.8: Fragment of tapestry map of Warwickshire, with the Camden’s Britannia Paraphrase
dated to 1590, © Trustees of Victoria and Albert Museum, London — courtesy of the Bodleian

Library, University of Oxford. Reproduced from reference 15.%°
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. ——
47.9 YS4 x20 47.9 GS8 x20

47.9 GW1 x20a 47.9 GW14 x20

47.9 OW13 x20b 47.9 RW22 x20

Table 3.1: Binocular observation of the main colours and type of yarns investigated during this study,

for all images scale bar is 1 mm.
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3.3 DYE ANALYSIS
3.3.1 Experimental conditions

3.3.1.1 Extraction protocol

The extraction of the historical samples was carried out using a strong hydrochloric
acid extraction (chapter 2). The drawbacks associated with this method will be taken
into account for the interpretation of several samples, especially those containing
anthraquinone dyes which are particularly sensitive to esterification or
decarboxylation of the carboxyphenols present.?>?® Furthermore, it was understood
that this would also hydrolyse any glycoside precursors into their aglycone forms,
limiting somewhat species identification.?”- 2 Nevertheless, the use of hydrochloric
extraction will allow comparison of the results with previous important studies on

historical tapestries.*® 3!

A few samples suggested to be sensitive to hydrochloric
acid extraction protocol were also extracted with dimethyl sulfoxide (DMSO).*?> The

details of the extraction protocols can be found in section 7.2.

3.3.1.2 HPLC System

The great majority of the samples were investigated using the HPLC system at
National Museums Scotland, following Method A (chapter 2) using a Phenomenex
Sphereclone ODS(2) reverse phase column, with 5 um particle size, 150 x 4.6 mm
(length x 1.d.), and a guard column containing the same stationary phase. Details on

HPLC system and chromatographic method can be found in section 7.1.

3.3.1.3 UPLC System

Several samples were found to be difficult to characterise by HPLC and were further
investigated using the UPLC system at the University of Edinburgh (chapter 2)
following Method C using a BEH C18 reverse phase column, with 1.7 pm particle

125



Chapter 3

size, 150 x 2.1 mm (length x i.d.), and in-line filter. Details of the UPLC system and

chromatographic method can be found in section 7.1.

3.3.2 Yellow, green, orange yarns

3.3.2.1 Weld (Reseda luteola L.)

The main dye source characterised in this study was weld (Reseda luteola L.), which
was found in one hundred and twelve samples across the Burrell Collection and the
tapestry maps from the Bodleian Library. HPLC analysis of the acid hydrolysed
extracts of weld characterised the association of the flavones luteolin (9, Rt = 15.1
min, [Amax = 252, 292 (sh), 349 nm]) and apigenin (10, Rt = 17.3 min, [Amax = 267,
300 (sh), 338 nm]) and traces of the O-methylated flavone chrysoeriol (12, Rt =17.8
min, [Amax = 251, 268, 290 (sh), 349 nm]). Additionally the green yarns contained
indigotin (52, Rt =22.5 min [A max = 242, 287, 339, 615 nm]), indicating the use of an
indigo-type species, most likely woad (Isatis tinctoria L.), while alizarin (26, Rt =
20.3 min, [Amax = 230 (sh), 248, 280, 430 nm]) and purpurin (28, Rt = 24.7 min, [Amax
=256, 296, 456, 482, 515 nm]) were characterised in the orange yarns, indicating the

use of a madder-type species.

A previously published study showed that the relative amounts of the flavonoid
components characterised in the acid hydrolysed extract of weld (Reseda luteola L.)
were altered by photo-degradation.’! It was found that the photo-degradation of
luteolin (9) and chrysoeriol (12) components occurred in reference wool yarns dyed
with weld (Reseda luteola L.) at a faster rate than apigenin.’! This resulted in the
amount of apigenin in the acid hydrolysed extracts increasing relative to luteolin (9)
and chrysoeriol (12) in artificially aged samples.’’ In the historical samples
investigated in this study, it was found for both silk and wool yarns that the level of
apigenin (10) and chrysoeriol (12) were greatly increased compared to what was
observed in reference yarns (table 3.1).>! The yellow silk yarns were found to

average 8.7 % apigenin and 5.1 % chrysoeriol, while the wool yarns contained
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systematically slightly lower level of apigenin that ranged between 5.9 % and 8.3 %
and chrysoeriol that ranged between 3.6 and 4.0 % (table 3.1).

Relative Amount (Area, %)
Luteolin Apigenin Chrysoeriol

Yarn A nm (9 (10) (12)

MODHT YSla 254 92.8+0.2 4.0+0.1 3.1+0.1
Historical Yellow Silk [48 samples] 254 86.2+3.6 8.7+3.1 51+1.2
Historical Green Silk [11 samples] 254 87.0+ 1.9 79+1.2 5.1+0.8
MODHT YW1 254 93.0+04 43+0.3 2.8+£0.2
Historical Yellow Wool [12 samples] 350 89.1+£3.2 83+1.7 3.7£0.9
Historical Wool [23 samples] 350 90.4£3.1 59+£22 3.6+£0.8
Historical Red Wool [14 samples] 350 89.8 £5.7 72+48 4.0+2.0

Table 3.1: Relative amounts of the dyestuff in the acid hydrolysed extract of reference yarns and

historical yarns, extracted at 254 nm. [For individual yarn see chapter 7, tables 7.11 and 7.12]

Perhaps the higher level of apigenin found in the silk samples analysed would
suggest that the silk yarns have suffered a higher level of photo-degradation,
compared to the wool yarns (figure 3.4). It was found also that these silk yarns
systematically contained a much higher level of flavonoid dyes for the same weight
of sample, suggesting a higher starting dye content, as would be expected from the
structure of silk fibres (chapter 1, section 1.3.2). It has been previously suggested
that the higher susceptibility of the luteolin derivatives to photo-degradation might be
due to the additional hydroxyl functionality in the B-ring, as the chemical reactivity
of flavonoids is known to largely be controlled by the structure of ring C, with less
influence being attributed to the number and position of OH substituents on rings A
and B.3:** But in spite of our observations on historical silk yarns, it seems that the

reactivity of the luteolin derivates to photo-degradation might also be dependant on
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the type of substrate, although artificial ageing experiment of silk yarns dyed with

weld would be necessary to confirm this hypothesis.
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Figure 3.4: HPLC chromatogram of the acid hydrolysed of historical samples Bodleian MAP 1 GW3
and Burrell 47.6 YS3-1I dyed with weld (Reseda luteola L.) monitored at 254 nm. The components

luteolin (9), apigenin (10) and chrysoeriol (12) were identified in both extracts, but exhibited

different relative amounts.

4

4360486, 54889

W0 aNm B 000 40m S0 B0 G000 00 40 4000 5000 B0 Dm 95“: 40N Dm0
luteolin (9) apigenin (10) chrysoeriol (12)
Rt =15.1 min R¢=17.3 min Rt=17.8 min
max = 252, 292 (sh), 349 nm max = 267, 300 (sh), 338 nm Amax= 251, 268, 290 (sh), 349 nm

Table 3.2: PDA spectra of flavonoid dyes characterised in the acid hydrolysed extracts of historical

samples.
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The dyestuff composition was compared against the compositions determined by
HPLC in previous artificial ageing experiments,®' it was that found in general that
both silk and wool historical yarns exhibited a much higher level of photo-
degradation and a wider distribution of dyestuff composition was observed (figure
3.5 and 3.6). Some samples exhibited a much higher level of apigenin around 15 to
20 % that did not seem to be explained only by photo-degradation. It is therefore
possible to consider the use for another dye source containing a higher level of
apigenin that could have been mixed with weld or alternatively that specific
preparation of the yarn, such as over-dyeing, could have affected the uptake of
apigenin onto the yarns, paralleling what was observed on silk yarns that were over-
dyed with dyer’s greenweed (chapter 2). These anomalous compositions were also
observed in a few historical samples analysed from sixteenth century Brussels
tapestries.’!
“Sheldon" tapestries, yellow silk yarns

. "Sheldon" tapestries, green silk yarns
> Artificially aged weld, wool yarns (D. Peggie, 2006)

Y - v - va - - - ‘; - - 70
0 5 10 15 20 25 30
% apigenin (10)

Figure 3.5: Ternary representation of the relative amounts of apigenin (10), luteolin (9) and
chrysoeriol (12) characterised in the acid hydrolysed extracts of historical silk yarns monitored at 254
nm and artificially aged wool yarns. [Data compiled from chapter 7, table 7.11 and D. Peggie

thesis] 3!
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"Sheldon" tapestries, yellow wool yarns
"Sheldon" tapestries, green wool yarns
"Sheldon" tapestries, crange wool yarns
0 X Artificially aged weld, wool yarns (D. Peggie, 2006)

L4 ,‘ 7T ‘/
10 15 20
% apigenin (10)

Figure 3.6: Ternary representation of the relative amounts of apigenin (10), luteolin (9) and
chrysoeriol (12) characterised in the acid hydrolysed extracts of historical wool yarns monitored at
350 nm and artificially aged wool yarns. [Data compiled from chapter 7, table 7.12 and D. Peggie

thesis].3!

3.3.2.2 Dyer’s greenweed (Genista tinctoria L.)

The second important dye source characterised in this study was dyer’s greenweed
(Genista tinctoria L.), which was found in around twenty samples. HPLC
investigation of the acid hydrolysed extract of dyer’s greenweed characterised the
association of the flavones luteolin (9, Rt = 15.1 min, [Amax= 252, 292 (sh), 349 nm)])
and apigenin (10, Rt = 17.6 min, [Amax = 267, 300 (sh), 338 nm]), the isoflavone
genistein (11, Rt = 154 min, [Amax = 260, 335 (sh)nm]) and the methylated
isoflavonoid compound Gt3 (Rt = 12.4 min, [Amax = 255, 310 (sh) nm]), along with
indigotin (52, Rt = 22.5 min, [A max= 242, 287, 339, 615 nm])) in the green yarns.

It was found difficult on the HPLC system to clearly identify and integrate the minor

O-methylated flavone components, so in order to characterise the minor components
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present in historical samples, several yarns were investigated using the UPLC
system. In all the samples investigated only one O-methylated flavone was
characterised, which corresponded well, by the comparison of retention times to
chrysoeriol (12, Rt = 15.69 min). In order to confirm the structure of the O-
methylated flavone four historical samples were re-analysed by reconstituting an acid
hydrolysed extract of the sample with a solution of diosmetin (13; 2 ug mL™) in
methanol:water (1/1 v/v). Comparison of the diosmetin peak area for these spiked
extracts with that of the starting solution of diosmetin showed a very close
correlation; this combined with the obvious appearance of a new peak in the
chromatogram strongly suggests that for all the samples chrysoeriol was the only O-
methylated flavone present in the acid hydrolysed extract (figure 3.7 and table 3.4).
As yet there is no explanation of why diosmetin was not found in the aged samples;
this highlights that further investigation of the light fastness of both O-methylated

flavone isomers is needed.
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Figure 3.7: UPLC chromatogram showing the characterisation of flavonoid dyes present in the acid-
hydrolysed extract of the Burrell historical sample 47.14 GW3 (A) and then spiked with diosmetin (B),

both monitored at 350 nm.
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Table 3.3: PDA spectra of flavonoid dyes characterised in historical sample 47.14 GW3 (UPLC

system).

UPLC system

Identified compound [x]

Area (WVx sec) and % recovery, (n=1) at 350 nm

Sample ID luteolin genistein Apigenin chrysoeriol diosmetin Recovery
® €30) (10) 12) 13 %
47.14 GW3 1672111 32243 238364 67571 263523 89
47.21YS21 736521 143314 542363 22984 293018 99
47.21 YSIII-1 2787069 107970 605737 29573 303657 103
47.11 GW-II-1 960518 178938 103816 34828 269887 91

Spiking solution, diosmetin [2 pg mL']
Area (VX sec); (n=3) at 350 nm

diosmetin
(13)

Spiking solution

296127 £ 4648

Table 3.4: Peak areas (uVx sec) of chromophores identified at 350 nm in the acid hydrolysed extract

of four historical samples spiked with diosmetin (2 pg mL?). [For details see chapter 7, table 7.14].
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Accelerated ageing studies showed that genistein (11) has a relatively slow photo-
degradation rate compared to the other dye components luteolin (9) and apigenin
(10).3! The presence in most of the historical yarns investigated of both the
isoflavone genistein (11) and the methylated isoflavonoid compound Gt3, would

suggest that they exhibit similar photo-degradation rates.

Yellow wool yarns
Yellow silk yarns
Green wool yarns
X  MODHT yarns
(wool and over-dyed silk)

% luteolin (9)

Figure 3.8: Ternary representation of the relative amounts of luteolin (9), isoflavonoids [Gt3 and
genistein (11) and * Gtl, Gt2 and Gt4 for reference samples] and minor flavones components
[apigenin (10), chrysoeriol (12), diosmetin (13)] characterised in the acid hydrolysed extracts of
historical wool yarns monitored at 254 nm and from over-dyed silk reference yarns. [Data compiled

from chapter 7, table 7.10 and table 7.13].

It was observed that the relative amounts of isoflavonoid dyes were very variable in
historical yarns, which would suggest that these variations could be related to the
textile preparation, as it was found that the level of isoflavonoid components, Gt3
and genistein (11) decreased in silk yarn references subjected to over-dyeing

processes, while the quantity of luteolin (9) was found to increase (chapter 2). These
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differences in yarn preparation are highlighted in the ternary representation of the
relative amounts of luteolin (9), isoflavonoid dyes [Gt3 and genistein (11)] and minor
flavones components [apigenin (10), chrysoeriol (12) and diosmetin (13)]. It is
possible then to graphically compare the dye profile of the historical samples to those
of over-dyed silk references. From these observations, it does seem that most of the
yellow yarns were not over-dyed, from the exception of two yarns, while in contrast
most of the green yarns were over-dyed. The scattering of the composition might

also reflect variation in the levels of photo-degradation of the samples (figure 3.8)

3.3.2.3 Young fustic (Cotinus Coggygria L.)

Surprisingly, several wool samples found only in the Burrell tapestries, exhibited a
pale yellow to orange colour but were found difficult to characterise using the HPLC
system, due to their high levels of degradation.  These samples were further
investigated using the UPLC system which allowed the characterisation of the aurone
sulfuretin (15, Rt = 12.72 min, [Amax = 256, 270, 397 nm]), associated with the
flavone luteolin (9, Rt = 13.72 min, [Amax = 252, 266, 292 (sh), 349 nm]). In addition
small amounts of flavonol components including fisetin (14, Rt = 10.79 min, [Amax =
248, 318, 361 nm]) and two un-identified components named yfl (Rt = 11.02 min,
[Amax = 250 (sh), 318, 344 nm]) and yf2 (R¢ = 11.73 min, [Amax = 244, 318, 347 nm])
were identified with the flavone apigenin (10, Rt = 15.55 min, [Amax = 267, 300 (sh),
338 nm]) and the O-methylated flavone chrysoeriol (12, Rt = 15.85 min, [Amax = 251,
268, 290 (sh), 349 nm]). For several samples, the isoflavone genistein (11, Rt =
14.26 min, [Amax = 260, 332 (sh) nm]) associated with the methylated isoflavonoid
compound Gt3 (Rt = 12.35 min, [Amax = 255, 310 (sh) nm]), were additionally
characterised (see figure 3.9, table 3.5 and data compiled in chapter 6, table 6.15).

The presence of both fisetin (14) and sulfuretin (15) dye components identify young
fustic species (Cotinus coggygria S.), although no myricetin (17, [A max = 253, 303
(sh), 374 nm]) or dihydrofisetin (20, [Amax = 234, 280, 310 nm]) reported in other

studies were characterised in these extracts.’!** 3 Because the flavones luteolin (9),
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apigenin (10) and the isoflavone genistein (11) are not reported to occur in young
fustic species, their presence is more likely to correspond to the presence of weld
(Reseda luteola L.) or dyer’s greenweed (Genista tinctoria L.).3" 35 The use of
Young fustic (Cotinus coggygria S.) is surprising, as this yellow dye was known to
be very light fugitive and was therefore often prohibited in the manufacture of
tapestries. Nevertheless, it is often found on the core of decorative metal threads,!
and its presence has been previously reported, although rarely, on contemporaneous
Flemish tapestries.®® The presence of residual flavonoid dyestuffs found in all the
samples could either reflect cross-contamination with the dye weld or dyer’s
greenweed during dyebath preparation, or other general workshop practices. It is
worth noting that the use of young fustic mixed with weld has been characterised in

several pieces of Italian velvet clothes dated from the mid fifteenth century.’’
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Figure 3.9: UPLC chromatogram showing the flavonoid dyes present in the acid-hydrolysed extract of
the Burrell historical sample 47.10 YW3 monitored at 254 nm [yfl and yf2 correspond to unknown

young fustic components].
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Table 3.5: PDA spectra of flavonoid dyes characterised in the acid-hydrolysed extract of the Burrell

historical sample 47.10 YW3 monitored at 254 nm.
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3.3.3 Red, purple, pink yarns

3.3.3.1 Madder species

It was unsurprising that madder was found to be present in the majority of the
orange, red and purple yarns investigated. Madder was characterised in 30 samples
and was found to be mixed with weld (Reseda luteola L.) in orange yarns and
sometimes associated to indigotin (52, Rt = 22.5 min, [A max = 242, 287, 339, 615
nm]), suggesting the use of woad (Isatis tinctoria L.) for the deeper shades of purple.
In many samples the unknown component Nowik C (Rt = 8.37 min, [A max = 259,
306, 339 nm]) characteristic of degraded brazilwood species was also detected.’!

The identification of madder species in historical textiles is known to be extremely
difficult, as the relative amounts of the anthraquinone dyestuffs present in the roots
of madder species are complex and highly variable depending on the age and the
environment of the plant inducing variability in the proportion of dyestuffs extracted
from the roots of the plant.3¥*° Furthermore, the use of a strongly acidic extraction
induces the decarboxylation of several anthraquinones, especially pseudopurpurin
(29) and munjistin (27), as well as the hydrolysis of the glycoside precursors into
their aglycone forms, which further complicates the identification of specific

species.? 2641

The two anthraquinone dyes characterised in the acid hydrolysed extracts of
historical wools, were alizarin (26, Rt = 20.35 min, [Amax = 248, 280, 430 nm]) and
purpurin (28, Rt = 24.67 min, [Amax = 256, 296, 482, 515 (s) nm]) and several
unidentified anthraquinone compounds named rubia 1 (Rt = 18.78 min, [Amax = 248,
288, 421 nm]), Rubia 2 (Rt = 21.31 min, [Amax = 253, 433 nm]), rubia 3 (Rt = 25.23
min, [Amax = 257, 295, 476 nm]), rubia 4 (Rt = 27.15 min, [Amax = 248, 283, 411 nm])
and rubia 5 (Rt = 30.92 min, [Amax = 257, 295, 420 nm]), see table 3.6. The
absorption maxima of these rubia components were compared to published values of
anthraquinone dyes reported to occur in madder species.** However, due to the

similarities in absorption maxima of several anthraquinone dyes and in the absence
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these minor components remained

Figure 3.10: HPLC chromatogram highlighting the differences in the madder dye profiles, observed in

two acid hydrolysed extracts of Burrell historical samples 47.8 PW11 and 47.14 RW4, both

monitored at 254 nm.
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rubia 1 alizarin (26) rubia 2
Rt =18.78 min Rt =20.35 min Rt =21.31 min
Amax = 248, 288, 421 nm Amax = 230 (sh), 248, 280, Amax = 253, 433 nm
430 nm
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Table 3.6: PDA spectra of anthraquinone dyes characterised in the acid-hydrolysed extract of

historical sample dyed with madder-type species, monitored at 254 nm.

A high variability in the purpurin content was observed between samples; and
several purple or brown yarns exhibited a very high level of purpurin accounting for
80 % of the total anthraquinone dye composition (figure 3.10 and data compiled in
chapter 7, table 7.16). These purpurin-rich yarns were only characterised on the
Burrell tapestries, while the tapestry maps from the Bodleian Library exhibited the
levels of alizarin (25 - 30 %) and purpurin (42 - 54 %) typically found in Rubia
tinctorum L. extracts. It is indeed most likely that the principal dye source available
at that time would have been Rubia tinctorum L., which was highly cultivated in
Europe.** Nevertheless, Galium species (e.g. Galium verum or Lady’s Bedstraw) are
often reported to be used in Northern countries, and an unidentified Galium species

was characterised on the prestigious early sixteenth century Fetternear banner part of
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National Museums Scotland collection.*? 1t is therefore not unlikely, that several
dyes sources could have been used for the manufacture of the small tapestries, but
this would need further chromatographic investigation, with the use of an extraction
protocol that would conserves the original composition of the dye extract more

closely.

3.3.3.2 Cochineal

Cochineal dyes were characterised in 18 samples and was found on all the tapestries,
which was surprising given their very early dates. Red insect dyes were extremely
expensive and probably some of the most precious natural red dyes, due to their
intense hues and colour fastness. Cochineal was characterised in wool yarns, where
it was sometime mixed with indigotin (52, Rt = 22.5 min, [A max = 242, 287, 339, 615
nm]), and silk yarns of which several were found to contain ellagic acid (Rt = 8.97
min, [Amax = 254, 310 (s), 366 nm]), a source of tannins. The main dye component
characterised in all the acid hydrolysed extracts was carminic acid (33, Rt = 5.73
min, [A max = 276, 312 (s), 496 nm]) that averaged 90.2 % of the relative amounts at
275 nm. The dye component Dcll (32, Rt = 5.16 min, [A max = 282, 438 nm]) was
found to average 4 % of the relative amounts and was associated to the minor
amounts (< 2 %)of the dye components Dc IV (Rt = 12.15 min, [A max = 276, 312 (s),
496 nm]), Dc VII (Rt = 13.80 min, [A max = 277, 312 (s), 492 nm ]), flavokermesic
acid (35, Rt = 17.51 min, [A max = 283, 439 nm]) and kermesic acid (34, Rt = 18.34
min, [A max= 273, 312 (s), 482 nm)), figure 3.11.

Cochineal species can be differentiated using a graphical system involving the
integration at 275 nm of the peak areas of the minor markers Dc II (32), Dc IV, Dc
VII, flavokermesic acid (35) and kermesic acid (34).2> % Although this system has
been recently disputed in a study using multivariate data analysis, it still provides
some identification of several cochineal species, and more particularly, the level of
the minor component Dc II (32) in the acid hydrolysed extract allows discrimination
between Armenian cochineal (Porphyrophora hamelii Brandt) and American
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cochineal (Dactylopius coccus Costa).**¢ Comparison of the relative amounts of
the dye components characterised in the acid hydrolysed extracts of the historical
samples showed a good correlation to those of wool and silk reference yarns dyed
with Mexican cochineal (Dactylopius coccus Costa). However, three samples of
wool sampled from tapestries at the Burrell Collection exhibited a higher level of Dc
IT (6 to 12 %) than the expected range for Mexican cochineal extracts (1.5 to 5 %).
An explanation for this could be an over estimation of the level of Dc II due a close

elution with carminic acid (Rt = 5.16 min vs. Rt = 5.73 min).

Four samples from the Bodleian tapestry maps exhibited a low Dc II level (< 1 %),
and a slightly higher level in flavokermesic acid and kermesic acid (2 to 3 %) and
fall therefore closer to the compositional range expected for Armenian cochineal
(Porphyrophora hamelii Brandt).****’ Three of these samples (two silk and one wool
yarns) were sampled from the fragment of the tapestry map of Warwickshire (Map
3), supposedly dated to 1590; while the fourth sample corresponded to a wool yarn
collected on the tapestry map representing Worcestershire and dated to 1579 (Map
1). It has been reported that the uptake of cochineal dye slightly varies depending on
the type of yarns and that the relative amount of Dc II characterised in the acid
hydrolysed extract of silk is often lower than the one of wool. This is indeed
observed from the analysis of the MODHT reference yarns, where the relative
amount in Dc II average only 2 % for the silk yarn, while 4 % were characterised in
the wool yarn. However, due to their early date of production (1579 - 1590), it is
possible that another red dye source could have been used for the manufacture of the
tapestry maps, as cochineal dye imported by the Spaniards into Europe would have
not been available in London before 1560s.*® 4° For these reasons, the low Dc II

cochineal species characterised in these four samples remained un-identified.
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Figure 3.11: HPLC chromatogram of the acid hydrolysed extract of Burrell historical sample 47.19
PW7, monitored at 275 nm.
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Table 3.7: PDA spectra of cochineal dyes characterised in the acid-hydrolysed extract of Burrell

historical sample 47.19 PW7, monitored at 275 nm.
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Figure 3.12: Graphical interpretation of the composition of the acid hydrolysed extract of the
historical samples investigated. Integration of peak areas was carried out at 275 nm.** ¥ [Data

compiled from chapter 7 table 7.17].

3.3.3.3 Orchil dyes

Several wool yarns from the Burrell tapestries only, exhibited traces of a dye
component presenting a maximum absorption around 530 nm that might be related to
an orchil dye (Rt = 20.7 min, [A max = 267, ~ 530 nm]. This unknown dye was
sometimes found associated with traces of indigotin (52, Rt = 22.5 min, [A max = 242,
287, 339, 615 nm]) and in other cases traces of carminic acid (32, Rt = 5.73 min, [A
max = 276, 312 (s), 496 nm]).

The characterisation of orchil dyes in historical textiles is difficult, due their high
photo-degradation rate and also the fact that their structure is easily destroyed during
the acidic extraction from the textile.*® Closer observation of all the small tapestries

revealed the characteristic faded colour of orchil dyes on the light-exposed face,
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while a strong purple colour could still be observed at the of the tapestry (figure
3.12). The use of orchil dye, similarly to young fustic, was prohibited in the
manufacture of tapestries, as it was known to be a very light fugitive dye,

nevertheless its presence has been previously reported on Flemish tapestries.*®

Figure 3.12: Observation of purple hues possibly realised with an orchil dye on the Burrell tapestry

47.9, front and back.

3.3.3.4 Safflower (Carthamus tinctorius L.)

The last dye source characterised in all the Burrell historical tapestries is safflower
(Carthamus tinctorius L.). This was found in a group of seven pink silk yarns that
were analysed using the UPLC system (figure 3.13 and 3.14). Several flavonoid
dyes were found to be present in trace quantities in the acid hydrolysed extracts of
these yarns including the flavones luteolin (9, Rt = 13.47 min, [Amax = 253, 266, 292
(sh), 352 nm]) and apigenin (10, Rt = 15.26 min, [Amax = 267, 300 (sh), 338 nm]) and
the O-methylated flavone chrysoeriol (12, Rt = 15.69 min, [Amax = 251, 268, 290 (sh),
349 nm]). In addition, the components Ctl (Rt = 13.34 min, [Amax =269 nm]), Ct2 (Rt
= 14.02 min, [Amax =283 nm]), Ct3 (Rt = 14.68 min, [Amax =221, 291 nm]) and Ct4 (R«
= 15.32 min, [Amax =294 nm)]), recently characterised as the minor components
present in aged safflower extracts were identified in all the samples.’® The main

component of safflower is carthamin (4, Rt = 17.57min, [Amax = 245, 373, 520 nm]), a
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dye which is very sensitive to hydrochloric extraction, although it may be eluted

from the thread using DMSO. The presence of carthamin was further confirmed in

two of the silk yarns after DMSO extraction (chapter 7, table 7.18).%

Figure 3.13: Detail of the back of Burrell tapestry 47.9 showing the pink silk dyed with safflower.
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Figure 3.14: UPLC chromatogram showing the flavonoid dyes present in the acid hydrolysed extract of

Burrell historical sample 47.8 Pink S5, monitored at 300 nm. [Ct2’ corresponds to an unknown

component, possibly an isomer of Ct2].
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Table 3.8: PDA of the flavonoid dyes present in the acid hydrolysed historical sample 47.8 Pink S5,
monitored at 300 nm. The minor Ct components characteristic of safflower dye were identified using

the UV-Vis maxima and shoulders (hm) reported in the recent work of Wouters et al. (2010).>°

All the extracts exhibited similar relative compositions at 300 nm, with the unknown

components Ct3 being present in higher quantity (25 - 30 %) than Ctl, Ct2 and Ct4
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(figure 3.15). Furthermore, UPLC allowed the separation of a new component that
eluted closely to Ct2 and exhibited a similar UV-visible spectrum. This unknown
component named Ct2’ (Rt = 14.09 min, [Amax = 283 nm]) was characterised in all the
sample extracts and could possibly correspond to an isomer of Ct2, although this

would require further mass spectrometric analysis.

I ct
[ luteolin (9)
I ct
354 I ct2
i [ ct3
I ct4
30 [ =pigenin (10)
] [ chrysoeriol (12)

25

20

Relative amount (%)

1 2 3 4 5 3 7
Safflower Silk, Burrell Collection

Figure 3.15: Relative amounts of the dye components characterised in the acid hydrolysed Burrell

silk yarns dyed with safflower, monitored at 300 nm. [Data compiled from chapter 7, table 7.18].

It has been reported that apigenin (10) and kaempferol (19, [A max = 255 (sh), 267,
294 (sh), 325 (sh), 365 nm]) are usually found in small amounts in safflower extracts,
but that only apigenin is usually characterised in aged yarns dyed with safflower.>
Therefore the association of luteolin (9), apigenin (10) and chrysoeriol (12) in the
extracts is more likely to be due to the presence of weld (Reseda luteola L.),
suggesting similar workshop practices as found for the yellow samples. Given their
fugitive nature, it is quite remarkable that UPLC analysis of the acid hydrolysed
extract has allowed the characterisation of minor flavonoid Ct components, and

hence identification of the dye source. Safflower dye has only been characterised
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once on a mid-sixteenth century European tapestry, prior to this study.> Thus its
presence on several Burrell English tapestries is particularly notable in an historic

context as safflower would have been traded into Europe.

3.4 DISCUSSION

This study has demonstrated the benefits to the study of historical textiles of combining
HPLC and UPLC systems. While a large number of historical samples could be easily
characterised using a conventional HPLC system, it was found crucial to investigate
several yarns using the UPLC system. This allowed the detection and integration of
very minor components, providing a more secure identification of several dye sources
such as young fustic (Cotinus coggygria Scop.) or safflower (Carthamus tinctorius L.).
New information was also gained on the characterisation of the O-methylated flavones
present in the acid hydrolysed extract of historical yarns dyed with dyer’s greenweed

(Genista tinctoria L.).

The range of dye sources characterised on the Sheldon tapestry maps included weld
(Reseda luteola L.), madder (Rubia tinctorum L.), woad (Isatis tinctoria L.) or
Mexican cochineal (Dactylopius coccus Costa). The unique yellow dye source was
found to be weld, which differed from what was characterised on a study of
important sixteenth century Brussels tapestries, where both dyer’s greenweed
(Genista tinctoria L.) and weld (Reseda luteola L.) were found, although weld was
also the predominant dye source characterised in wool yarns.>! The use of weld is
not surprising as this would have been a much better quality dye, with a higher
content of luteolin, but it might indicate different workshop practices in England
compared to the Low Countries. The presence of American cochineal (Dactylopius
coccus C.), characterised on all the Sheldon tapestry maps is certainly noticeable, as
cochineal would have been a very expensive dye traded from South America and
only available in London from the 1560s.** 4’ Furthermore, the fact that this dye was
used in large woven areas surely demonstrate the very high value of the tapestry

maps.
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The small tapestries from the Burrell collection are somewhat surprising, as they
exhibit a much larger range of dye sources, including several high quality dye
sources, such as weld (Reseda luteola L.), dyer’s greenweed (Genista tinctoria L.),
madder (Rubia tinctorum L.), woad (lsatis tinctoria L.) or Mexican cochineal
(Dactylopius coccus Costa), but also several low quality dye sources, such as young
fustic (Cotinus coggygria Scop.) or lichen dyes, usually prohibited from the
manufacture of historical tapestries because of their poor light fading qualities. This
might indicate that although these tapestries would have been in their time very
expensive pieces of work, they might not have been produced in the same workshop
that produced the tapestry maps. Thus, dye analysis supports recent art historical
research from Turner on a group of nine early English tapestries representing Judith
with the Head of Holofernes (including Burrell tapestry 47.23), where it was
suggested that these tapestries were of lower quality and corresponded more likely to
the possessions of less wealthy members of society.!” The range of dyes
characterised on both Susanna series of Burrell collection is extremely consistent,
and from dyestuff analysis alone it seems that they are related and were most likely
to have been produced in the same workshop. Similarly to what was observed in the
tapestry maps, weld was the predominant yellow dye source found in silk and wool
yarns, with only a few green wool yarns exhibiting the presence of dyer’s greenweed
(Genista tinctoria L.). This differed from what was characterised on a study of
important sixteenth century Brussels tapestries, where dyer’s greenweed was found

to be the predominant dye source found in silk yarns.?!

The more noticeable find is certainly the presence of safflower dye (Carthamus
tinctorius L.), which was characterised on all the small tapestries and would have
been imported into Europe. The presence of safflower dye is extremely rare but not
without precedent in Europe at that time,*? although safflower is more often
mentioned in seventeenth and eighteenth century dye recipes.** This would need
more art historical research, especially on the Port Books to find information on the

type of dyestuffs that London merchants were importing.’! Other interesting
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information could be found in the accounts records from the Great Wardrobe, that
would have recorded any materials bought for tapestry repairs, although a recent
research from Turner for the period 1559 — 1607 showed that it was often not
recorded whether the yarns purchased were dyed or un-dyed (with exception to red
colour) and reported that occasionally some yarns were described as being of
diversibus coloribus (i.e. various colours) but without information on the type of
dyestuffs used.'® Finally, it would be particularly interesting to investigate
contemporary English embroidered clothes,> known to exhibit similar pink hues,
and to have in spite of these new results a closer examination of the tapestry maps
from the Bodleian Library, to see whether safflower dye was more often used than

what would be expected from the historical written sources.
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4 CHARACTERISATION OF METALLIC MORDANTS ON
PORCUPINE QUILL WORK: METHOD DEVELOPMENT

This chapter presents a method development for the characterisation of metallic
mordants on aboriginal dyed porcupine quills. Indigenous communities across North
America from the North American Subarctic, Great Lakes region and the Northern
Plains, have long used dyed porcupine quills to decorate clothing and basketry.
Unfortunately, much more is known about the technique of porcupine quill work!'-
than the actual dyeing process and dye sources used. As part of this research, a
unique set of dyed raw quill samples and objects collected in 1862 from Sub-Arctic
Athakaspan Dene people was investigated.* 3> Microscopic observation of the
specimens showed some very bright lightfast colours of red, orange, yellow, green
and blue, while others especially blue quills exhibit very faded colours, suggesting
different dyeing processes and the use of different metallic mordants (figures 4.1-A

and B).

Figures 4.1: Optical Microscopic observations of some of the specimens collected in 1862, (A)

A.1862.15 Box 2 and (B) A.1862.15 Box 9a, both at magnification x 7

Preliminary investigation of the quill materials at National Museums Scotland using
non-invasive X-Ray Fluorescence analysis (XRF) identified traces of copper and tin
on several quills, but offered limited application, as the system cannot detect
elements below 0.1% abundance and does not have a micro-focus to allow the
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investigation of very small samples. Indeed, due to the very low concentration of
mordant usually found in historical textiles, Inductively Coupled Plasma (ICP)
coupled to Optical Emission Spectrometry (OES) or Mass Spectrometry (MS) is
usually used, allowing a limit of detection as low as parts per million (ppm) or parts
per billion (ppb).% 7 In many cases however, the interpretation of the results from the
analysis of historical sample extracts remains problematic, due to the observation of

8 Furthermore, this

large amounts of contaminants such as aluminium or iron.%
requires multiple sampling of the same object in order to perform both dye analysis
and mordant investigation, which in the case of the porcupine quill work collection

was not possible.

In this chapter we explore the possibility of using a non-invasive approach for the
study of metal ion mordants by Ion Beam Analysis. The method was developed
based on the study of porcupine quills standards prepared in house with a range of
concentration of copper(Il) and tin(II) ions. These “standards” were investigated
using ICP-OES, non-invasive Particle Induced X-Ray Emission analysis (micro-
PIXE) and Rutherford Backscattering Spectrometry (RBS). The results obtained

with the different techniques will be compared and discussed.

4.1 PORCUPINE QUILL SUBSTRATE

4.1.1 Sorption of metal ions on keratin fibres

Keratin fibres, especially hair, wool and chicken feathers, have long been studied for
their capacity to adsorb metal ions.”!> This may be applied to water purification or
to the accumulation of precious metals (gold, platinum) from aqueous solution.!% !!
The interaction of keratin with metal ions is very complex and has been the subject
of several studies, which show that the uptake of metal ions depends on many
variables including the type of fibre, the metal ion, and the experimental conditions

(concentration of metal ions, temperature, time).” '% 124 The model usually used to

describe the adsorption of metal ions on keratin in solution is the d’Arcy - Watt
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model, that contains three components representing two types of primary adsorption
processes (Langmuir-type and Henry-type adsorption) and a third one, describing
multilayer formation of water molecules.!* The Langmuir’s isotherm is valid for
monolayer adsorption on a homogeneous surface with equally available adsorption

sites and without interactions (equation 4.1).

C _ 1 <C + 1 Equation 4.1
9e 9 max KL X G max

In this equation C. (mg L) is the equilibrium concentration of the metal ions in
solution and ge (mg g™!) is the adsorption capacity at equilibrium. The constant gmax
(mg g!) is the maximum adsorption capacity and relates to the binding energy of the
metal ions, while the constant Kz (L mg™) is the effective dissociation constant for
the metal ions studied. A plot of Ce/g. against C. should be a straight line, where K1

corresponds to the (gradient)! and gmax to (Kz x intercept)™.% 12

The exact binding site of the metal ions on the keratin is not well known, especially
the involvement of nitrogen sites, but studies using Electron Spin Resonance (ESR)
showed a carboxylate binding mechanism for chromium(II-VI) and copper(Il), and a

possible N-donor site interaction for copper(II).!> 16

4.1.2 SEM observation of Porcupine quill

The quills used by Native American peoples are from Erethizon species. These
quills consist of a ‘“soft” medulla and a “hard” cortex and a cuticle, with the cuticle
forming a strong cylindrical outer shell (figures 4.2-A-D).!” Porcupine quills are
predominantly made of hard a-keratin proteins, although lipids and carbohydrates are

).1821 These quills can be variable in

also present in significant quantities (chapter 1
size but typically range between 1.5 mm and 2.5 mm in diameter. Cuticle
measurements were undertaken using a Scanning Electron Microscope working with

a Backscattered Electron Detector in controlled pressure mode (SEM-BSC).
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Measurements were taken on the section of several porcupine quills in order to assess
homogeneity within the same quill and also possible variation between quills. From
these observations, the cuticle thickness is 58 pum on average, ranging from 35 um to
100 pm for the larger quills. There is however a fairly low variation within the same

quill cross-section (< 5 pm), see table 4.1.

Figures 4.2: Backscattered Electron Micrographs (SEM-BSC): (A) cross-section of a porcupine quill,
scale bar is 200 um; (B) detail of cortex, scale bar is 20 um; (C) detail of cuticle, scale bar is 50 um; (D)

detail of cuticle and cortex, scale bar is 20 um.

Quill 1 Quill 2 Quill 3 Quill 4 Quill 5 Quill 6 Quill 7
Cuticle (um) | 65.1+5.0 43.0+34 64.1£34 50.2+£35 1009+42 503+49 356+24

Table 4.1: SEM measurements of Erethizon porcupine quill cuticles. [Data compiled from Chapter 7,
section 7.3.1, table 7.20].
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4.2 |ICP-OES STUDY

4.2.1 ICP-OES principles

Inductively Coupled Plasma (ICP) coupled to Optical Emission Spectrometry (OES)
is an atomic spectroscopy technique that allows the concentration of metals to be
determined at concentrations as low as ~10 parts per trillion, and up to 1000 parts per

million.?> 23

Atomic spectroscopy techniques include flame atomic absorption
spectroscopy (FAAS), atomic or optical emission spectroscopy (AES or ICP-OES)
and atomic fluorescence spectroscopy (AFS). FAAS is based on the analysis of the
absorption of optical radiation by the atoms constituting the sample, while AES or
OES are based on the measurement of the intensity of the light emitted by the atoms
constituting the sample, and AFS is based on the analysis of the fluorescence of the

atoms constituting the sample.

N. = Mexp(_k_?’] Equation 4.2

ICP-OES analysis is based on the Boltzman Distribution Law (equation 4.2) that
states that in a system in thermodynamic equilibrium, the number of atoms N; in the
excited state, is proportional the number of atoms in the ground state (No), with an
energy Eo= 0, and g and go are the statistical weights of the jth and ground states,
respectively and & is a constant.”> This means that the intensity of atomic emission is
critically dependent on temperature and that the plot of emission intensity against
sample concentration should be a straight line. Optical emission spectrometers
(OES) contain a device responsible for bringing the sample to a high enough
temperature; the optics including a mono- or polychromater and a microcomputer
that controls the instrument. The inductively coupled plasma (ICP) torch consists of
a quartz tube (15 to 30 mm diameter) through which an inert gas, usually argon,

flows.
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For these experiments the system was calibrated using two standard solutions, one of
copper and the other one tin, both at 1000 pg mL™'. The calibration curves were
obtained by preparing a range of concentrations with calibrated micro-pipettes,
allowing the analysis of concentration ranging between 200 and 0.02 ug mL! (see
section 7.3.3.1). Two wavelengths were selected: 327.393 nm for the analysis of

copper(Il) and 283.994 nm for the analysis of tin(II).

4.2.2 Investigation of porcupine quill references

4.2.2.1 Mordanting condition

The cleaning and dyeing processes of porcupine quills are discussed in more details
in chapter 5. For this experiment, a set of standards of porcupine quills were
prepared by dyeing several quills (200 mg) in a 50 mL dyebath containing cochineal
dye (2.00 g) and variable amounts of copper(Il) sulphate and tin(II) chloride, in order
to obtain the following concentrations: 100; 500; 1000; 2500; 5000; 10,000 and
15,000 ug mL"! [for dyebaths details see Chapter 7, section 7.3.2 and table 7.21].

4.2.2.2 Influence of dyebath time on metal ion uptake

Of tin(IT) and copper(Il), the sorption of copper onto keratin fibres is probably the
most studied. It has been observed that the uptake of metal ions on keratin fibres
depends on the treatment time and temperature, with longer heating times and higher
temperatures showing a great increase in the total uptake of the fibres.!” * From
these results, the maximum uptake of copper on wool and human hair is generally
observed after one hour in the metal ion solution, while optimal uptake was observed
by working below 85 °C.>!* The uptake of metal ions was found to be proportional
to their concentration in the dyebath but to be variable between ions, with copper(Il)
exhibiting the higher total sorption compared to other metal ions such as

manganese(Il), zinc(Il) and arsenic(Ill). At an equilibrium concentration of 0.3 pg
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mL! the sorption of copper(Il) on human hair was found to be 0.035 ug mg™! of dry
fibre at 25 °C, three fold greater than the sorption of zinc(II) and thirty time fold

greater than the sorption of manganese(1I).’

In order to relate these observations to porcupine quills, several quills (200 mg) were
heated at 85 °C in a cochineal dyebath containing copper(Il) or tin(I) at 1000 ug
mL! for several hours. Quills were collected, as well as dyebath fractions, after one
hour, two hours and five hours and subjected to ICP-OES analysis. The quantities of
copper(Il) or tin(II) consumed from the dyebath and sorbed onto the porcupine quills
are presented in the figures 4.4 and 4.5.

1100 _

| P Cu2+
1000_‘1. —e—Sn*
900
800 |=

700 ]

[M*] (ug mL")
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Figure 4.4: Plot showing the concentration of copper(ll) and tin(ll) (ug mL?) in the dyebath, after
heating at 85 °C for 1h, 2h and 5 h, determined by ICP-OES. Mean values and standard deviation
obtained from triplicate measurements. [Data compiled from Chapter 7, section 7.3.3, tables 7.24

and 7.25].
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Figure 4.5: Plot showing the quantity of copper(ll) and tin(ll) sorbed onto the porcupine quill
substrate (ug mg?) after heating the dyebath at 85 °C for 1 h, 2 h and 5h determined by ICP-OES.
Mean values and standard deviation obtained from triplicate measurements. [Data compiled from

Chapter 7, section 7.3.3, tables 7.26 and 7.27].

For both dyebaths ICP-OES analysis showed that the concentration of free copper(Il)
and tin(II) metal ions fall very rapidly during the first hour of the experiment, with
the amount of copper decreasing from 833 pug mL™' to 242 pug mL"!, while the
concentration of tin(I) was found to decrease from 992 pg mL"! to 243 pug mL™'.
After this the metal ion content of both dyebaths plateaus with only minor variation
of the copper(Il) and tin(Il) content observed (figure 4.6). The most likely
explanation of this rapid change in concentration is the formation of an insoluble lake
with the carminic acid. It is however surprising that ICP-OES only detected the
quantity of free metal ion present in the dyebath, but this could be explained by the
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fact that the insoluble lake would have been discarded during filtration of the extract

prior ICP-OES analysis.

Carminic acid is a bi-dentate ligand which coordinates with the metal ions with the
carboxyl and the hydroxy group ortho to this in positions 2 and 3 (figure 4.7).>* Five
deprotonation sites are known as follow: the first deprotonation occurs with the
carboxylic group in position 2 at a pKai value of 3.39, followed by the hydroxy
group in position 5 with a pKaz of 5.78, and then the hydroxy group in position 6
with a pKa3 of 8.35. The last two dissociations correspond to the hydroxyl groups in
position 8 with a pKas value of 10.27 and in position 3 will dissociate last and

showed a pKas value of 11.51.%

Figure 4.6: Carminic acid with its five deprotonation sites: carboxyl group in position 2 and hydroxyl

groups in positions 3, 5, 6 and 8.2*

The dyebaths were not buffered but the measurement of the pH at the start of the
experiment showed pH values of 2.60 and 4.41; meaning that carminic acid was in
its first deprotonated form and able to bind to the metal ions to form either a dye-
metal-fibre complex®® or a dye-metal-dye complex (figure 4.7-A and B), but three
dimensional structure involving several metal ions and dye molecules could also
form, as observed by Soubayrol and co-workers in their study of alizarin lake with
aluminium(III).** Furthermore, in the case of tin(Il), there is a distinct possibility
that some reaction could occur between the catechol unit of carminic acid and tin(II)

leading to the formation of a tin(IV)-catechol ligand, as was observed in early studies
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from Wakley and Varga, Budesinsky and later Hernandez-Méndez and co-workers

(figure 4.8-A-B).2%

The stability of the some carminic acid complexes has been studied and were found
to be as follow: copper(Il) > zinc(I) > nickel(Il) > cobalt(Il) > mercury(Il).?*
Although we do not have similar information for tin(I) or tin(IV), we can note that
after one hour 29.1 % of copper and 24.5 % of tin remain free in solution. This
would suggest that both copper(Il) and tin(Il)/tin(IV) strongly complex with carminic
acid and exhibit a similar stability (table 4.2).

S~ \(H)/O Fibre

M
o " HO

OH -~

HO

OH

Figure 4.7: Possible structure of the dye-metal-fibre (A); dye-metal-dye (B) complexes formed during

the dyebath experiments.

OH
2 @ + Sn 2++ 1/202 —> ©i + 2H++ Hzo
OH

Figure 4.8: Reaction between catechol unit and tin(ll) under oxidative condition, as reported in early

study from Herndndez-Méndez and co-workers.?
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pH carminic acid Cu**t=0 Cu** t=1h % free Cu?*
(mol) (mol) (mol) t=1h
4.41 4.062 X 103 6.549 X 10* 1.903 x 10+ 29.1%
pH carminic acid Sn?* t=0 Sn?" t=1h % free Sn?*
(mol) (mol) (mol) t=1h
2.60 4.062 X 103 4.196 X 10 1.028 x 10+ 24.5%

Table 4.2: Mol of free metal ion [copper(ll) or tin(Il)] present in the dyebath containing 2 g cochineal
(equivalent to 2 g carminic acid) and 200 mg porcupine quills after one hour at 85 °C, Values were
obtained by ICP-OES analysis from triplicate measurements. [Data compiled from Chapter 7, section

7.3.3, tables 7.26 and 7.27].

These results are disappointing with regard to the sorption of copper(Il) and tin(II)
onto porcupine quills, as only a minor amount of metal ions has been able to interact
with the substrate (table 4.3). After one hour in the dyebath ICP-OES analysis
showed quite similar amounts of metal ions were adsorbed by the porcupine quills.
The sorption averaged 0.81 pg of copper(Il) per mg of substrate and 0.75 pg of
tin(II) per mg of substrate, which corresponds to an average of 0.3 - 0.4 % of the
total of metal ions introduced (or 1.2 - 1.3 % of the free metal ions after one hour in
the dyebath). After one hour, we observe a stabilisation of the uptake of tin(Il),
while the uptake of copper(Il) slightly increases to reach 1.16 ug of copper per mg of
substrate after five hours.” I* These observations correspond well to what has been
reported in other studies, where the uptake of metal ions on wool or hair usually
showed a plateau after one hour in the metal ion solution. The slight increase in the
sorption of copper has been reported to happen after heating wool for an extended
period at 85 °C and is attributed to keratin hydrolysis and subsequent in situ

precipitation of CuS."

It is not possible to directly relate these sorptions to other studies, because the
behaviour of porcupine quills is unknown, but these values seem much smaller.

Similar experiments working at a concentration of copper of 1200 ug mL™! found an
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uptake of 9.4 pg of copper(Il) per mg of wool, or 39 % of the quantity of copper
introduced after one hour in the dyebath at 85°C."* The low uptake of metal ions by
the quills might be related to the difference in thicknesses of the cuticles of the two
substrates, which was found to average 58 pum for porcupine quills compared to a
reported value of 1 to 4 pm for wool,>® and must greatly affect exchange with the

dyebath.

Dyebath att=0h Quillsatt=1h Sorption %
[Cu?'] (ug mL™") Cu*" (ug) [Cu?"] (ug mg™) Cu®" (ng) Cu**
833+ 8 (42+1.2) X 104 0.81 +0.07 162 + 14 0.39
[Sn**] (ug mL™") Sn? (ug) [Sn?*] (ng mg™) Sn** (ng) Sn?*
992 + 25 (5.0 £1.2) X 10 0.75 £ 0.05 148 + 10 0.30

Table 4.3: Mass (ug) of metal ion [copper(ll) or tin(Il)] at t = Oh and sorbed at t = 1 h onto 200 mg of
porcupine quills, in 50 mL dyebath containing 2.00 g cochineal at 85 °C. Mean values obtained by
ICP-OES from triplicate measurements. [Data compiled from Chapter 7, section 7.3.3, tables 7.26

and 7.27].

4.2.2.3 Quantification of copper(ll) and tin(ll) uptake

In order to understand better the uptake of metal ions on porcupine quills, several
dyeing experiments were conducted using the same dyebath conditions, but with
increased concentrations of copper(Il) and tin(I). The quills were removed after one
hour and observed under Scanning Electron Microscopy (SEM-BSC) and
investigated by ICP-OES. These microscopic observations showed that the
porcupine quills are less affected than wool by high concentrations of mordants, and
changes were observed such as a shrinking of the cuticle scales from a tin(Il)
concentration of 5000 pg mL! (figures 4.9-A and B). Above this concentration, the
structure of the quills started to collapse and the quills were very brittle. In

comparison, Scanning Electron Microscopic observation of wool fibres dyed with a
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tin(II) concentration of 2500 pg mL™! showed extensive damage, with shrinking of
the structure and significant lifting of the scales (figures 4.9-C and D). These
observations correspond well to what is reported for the tin-weighting of silk, where
silk loaded with excess of tin(IV) chloride was found to be more brittle and

yellowish brown in color, with the fibers burst open.’!

Figure 4.9: Scanning Electron Micrographs (SEM-BSC), (A) porcupine quills after treatment in a
dyebath containing 5000 pg mL? of tin(ll), scale bar is 200 um; (B) detail showing shrinking of the
scales, scale bar is 20 um; (C) wool fibre after treatment in a dyebath containing 2500 pg mL? of
tin(ll) showing extensive damages of the fibres, scale bar is 100 um; (D) detail of a wool fibre, scale

bar is 20 um. [for SEM observation of un-scoured porcupine quill, see section 7.4.2].
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For each dyebath of copper(Il) and tin(Il), three porcupine quill samples were
investigated by ICP-OES analysis. Previous studies on hair behaviour showed that,
depending on the experimental conditions, there is not necessarily an equilibrium
between the concentration in solution and the uptake in metal ions onto the fibre.’
As a result, it is difficult to make any predictions on the behaviour of porcupine
quills during the dyebath experiments, although from previous observations (section
4.1.3.2) it appears that after one hour, an equilibrium is reached between carminic
acid, metal ions and the porcupine quill substrate. For this reason, it was not possible
to produce a Langmuir isotherm, especially as no measurement of the equilibrium
concentration was systematically recorded. One possible representation of the
sorption of copper(Il) and tin(Il) on porcupine quills would then be a plot
linear/linear, where the sorbed quantity of metals ions in pg mg! of fibre is
expressed as a function of the dyebath concentration at t = 0 h. Figures 4.10 and 4.11
show that ICP-OES measurements provided a reasonable linear correlation between
the concentration of metal ions in the dyebath and the uptake on porcupine quills
expressed in ug per mg of substrate, although the series of tin standards exhibited
less homogeneity than copper. The uptake of copper(Il) and tin(II) at 1000 pg mL™!
were slightly different from what was observed in the previous experiment (section
4.1.3.2). This could possibly be due to some heterogeneity between porcupine quills.
The total uptake of copper ranged between 0.2 and 0.4 % for the different dyebaths,
while the uptake of tin was systematically higher and ranged between 0.5 and 4.4 %
(table 4.4).

These differences could be explained by different affinity of the metal ions with the
porcupine substrate, with tin(Il) exhibiting a higher affinity than copper(II).
Different affinity of metals ions for human hair have been reported, where copper(Il)
exhibited a much higher sorption than manganese(Il), zinc(Il) or arsenic(III).” In this
published study, the differences in sorption were explained by the fact that copper(Il)
had the greatest ligand field stabilisation value and the smaller radius size compared

to manganese(Il) and zinc(II).” Furthermore, the greater sorption of copper(Il) was
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also explained by its greater binding capacity to the sulfur of keratin and the stability
of the copper - sulfur interaction.” Similar high affinity of copper was also observed
in a study focused on madder dyeing process, where copper(Il) was found to present
a higher affinity with wool fibres than iron(II) and aluminium(III).>?> Although we do
not have similar study for tin(Il), the use of tin is reported for weighting silk and a
study on cumulative tin-weighting of silk using tin(IV) chloride showed that the
weight of the silk increased directly with the number of times the process was
repeated. This study also showed that the uptake of tin on wool was much higher
than on any other substrates, showing a very strong affinity of tin(IV) for keratin
based fibres.’! It is therefore likely, despite the different oxidation state, that tin(II)
would also have a high affinity for porcupine quills substrates, especially as under
the dyebath conditions, tin(II) could easily be oxidised in tin(IV) (see section
4.2.2.1).

Dyebatht=0h Quillsatt=1h Sorption % | Dyebatht=0h | Quillsatt=1h Sorption %

Cu®' (ng) Cu® (ng) Cu* Sn’* (ng) Sn*' (ug) Sn**
0.5 x 10* 18+4 0.37 0.5 x 10* 220 + 24 4.40
2.5 x 10* 51+17 0.20 2.5 x 10* 390+ 314 1.56
5.0 104 86+ 18 0.17 5.0 x 10* 248+ 6 0.50
12.5 x 10* 454 + 80 0.36 12.5 x 10* 3973 + 1064 3.18
50.0 x 104 1449 +100 0.29 25.0 x 10* 4312 + 580 1.72
75.0 x 104 2372 +£492 0.32 50.0 x 104 13675 + 1244 2.74

75.0 x 104 19145 £ 108 2.55

Table 4.4: mass (ug) of metal ion [copper(ll) or tin(ll)] at t = Oh and sorbed at t = 1 h onto 200 mg of
porcupine quills, in a 50 mL dyebath at 85 °C, containing 2.00 g cochineal. Mean values obtained by
ICP-OES from triplicate measurements. [Data compiled from Chapter 7, section 7.3.3, tables 7.29

and 7.30].
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Figure 4.10: Linear plot of the dyebath concentration (x, [Cu?*] in pg mL?) at t = 0 h vs. the sorption
of copper(ll) in pg per mg of quill substrate, measured by ICP-OES. Mean values and standard
deviation obtained from triplicate measurements [y = 7.79 X 10%x - 0.08801 (R? = 0.99438)]. [Data

compiled from Chapter 7, section 7.3.3, table 7.30].
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Figure 4.11: Linear plot of the dyebath concentration (x, [Sn?*] in pg mL?) at t = 0 h vs. the sorption
of tin(Il) in ug per mg of quill substrate, measured by ICP-OES. Mean values and standard deviation
obtained from triplicate measurements [y = 0.00657x - 2.02765 (R? = 0.97776)]. [Data compiled from
Chapter 7, section 7.3.3, table 7.29].
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4.2.3 Summary

ICP-OES investigation showed that the set of porcupine quills exhibited a range of
concentrations in tin(Il) and copper(Il) and that the sorption of metal ions showed a
reasonably linear correlation with the initial dyebath metal ion concentration. The
total uptake of copper ranged between 0.2 and 0.4 % for the different dyebaths, while
the uptake of tin was systematically higher and ranged between 0.5 and 4.4 %. It
was also observed that the maximum sorption was reached after one hour of the
dyeing process at 85°C, which compared well with observations in other studies on
wool and human hair. Finally, the adsorbed quantities of metal ions by the porcupine
quills in pg mg™!' were much smaller than previous studies on wool. This observation
suggested that the thickness of the cuticle adversely affected metal ions exchange

with the dyebath.

4.3 |ION BEAM ANALYSIS

4.3.1 lon Beam Analysis principles

Ion Beam Analysis (IBA) refers to several analytical techniques developed in the late
1950s and includes Rutherford Backscattering Spectrometry (RBS), Nuclear
Reactions Analysis (NRA) and Elastic Recoil Detection Analysis (ERDA). In the
late 70s a technique using accelerated particles was developed, referred under the
term of PIXE - for Particle Induced X-Ray Emission analysis - this technique is
today widely used for cultural heritage study, as it allows a non-invasive
investigation of many materials, is multi-elemental, and provides a limit of detection

as low as parts per million (ppm).>*-3*

The principles of the main IBA techniques are described in figure 4.12.3* Rutherford
Backscattering Spectrometry (RBS) is based on an elastic interaction between a

3436 wwhile

positively charged ions and the atomic nuclei present in the sample,
Nuclear Reactions Analysis (NRA) is based on the interaction of the projectile with
the nuclei of the material under investigation resulting in a nuclear reaction, followed
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by the emission of gamma rays for example in the case of Particle Induced Gamma-
ray Emission (PIGE).>* Finally Particle Induced X-ray Emission (PIXE) is based on
the interaction of a particle, usually a proton, expelling an electron from the inner
shell of the target nuclei, followed by an electronic re-arrangement and the emission
of characteristic X-rays, following the rules of the Moseley’s Law (figure 4.13).3% 3%
37 The great advantages of these techniques is that they can be used simultaneously
for the study museum objects and offer complementary information.>* Particle
Induced X-Ray Emission (PIXE) and Particle Induced Gamma-ray Emission analysis
(PIGE) are used for bulk analysis and are very sensitive, while Rutherford
Backscattering Spectrometry (RBS) and Elastic Recoil Detection Analysis (ERDA)
are used for the determination of layer thicknesses and find application in the study

38-40

of depth profiles.

PIXE step 1 PIXE step 2

Figure 4.12: Physical principles of Rutherford Backscattering Spectrometry (RBS), Nuclear Reactions
Analysis (NRA) and Particles Induced X-Ray Emission (PIXE) analysis, reproduced from Calligaro et al.,

200434
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Figure 4.13: Notation of characteristic X-ray transitions including related energy levels, quantum

numbers and electron occupation.’’

4.3.2 PIXE analysis of trace elements in porcupine quills

4.3.2.1 Interaction of 3 MeV proton beam with keratin

PIXE measurements are typically conducted using a 3 MeV accelerated proton beam,
the X-rays emitted by the target is collected by a Si(Li) detector, and the limit of
detection typically lies in the range of 1 to 10 ppm.** PIXE is not often used for the
study of organic materials, because these are sensitive to heat and can be damaged by
the irradiation. Nevertheless, PIXE combined with RBS analysis has been
successfully applied to the study of metal point drawings, easel paintings and bones,
all containing a combination of organic and inorganic components.*'** With regard
to keratin analysis, early studies using PIXE investigation of human hair and human
finger nails have been reported but highlighted the difficulty in quantifying traces of

inorganic elements in an organic matrix.*> 46

A later study used a standard-free
method for the quantitative analysis of human hair, using zinc levels as an internal
standard and reported that the concentration of sulfur could not be used as an internal
standard due to its volatilisation during irradiation. It was observed that the level of

sulfur decreased by up 23% for an integrated dose of 80 pC.*’
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Figure 4.14: AGLAE external microprobe layout, reproduced from Calligaro et al., 2004.3* (1)
focusing coil, (2) exit nozzle, (3) Si(Li) detector for 1 - 15 keV range, (4) Si(Li) detector for 5 - 40 keV
range, (6) Peltier cooled X-ray detector for monitoring the beam dose using the PIXE signal emitted

by the SisN4 exit foil.

In this study, all the measurements were undertaken at the AGLAE external micro-
beam (Accelerator Grand Louvre d’Analyse Elementaire, LC2RMF-Paris); the set-up
of the detectors is described in figure 4.14.3** In order to understand the interaction
of the 3 MeV proton beam and helium ions with the porcupine quill; it is possible to
model the energy loss using the range R which ions travel through the keratin.** The
range R corresponds to the maximum distance the ion beam can penetrate in the
material and is related to the rate of energy loss per unit length (dE/dx) expressed in
keV um™ (equation 4.3).3* This rate of energy loss is proportional to the atomic
number of the incident ion and the target,** here a porcupine quill, described by the

average atomic composition of keratin (table 4.5).°

R J-Eo (d_E)_l «dE Equation 4.3
dx
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Keratin layer, composition by atoms

1.3

Density p (g/cm®)

C (12.011)
0.33

H (1.008) 0O (15.999) N (14.007)
0.462 0.102 0.094

S (32.066)
0.012

Table 4.5: density (g cm3) of keratin and composition by atoms based on an average composition by

weight (Wt %) of 51 % carbon, 21 % oxygen, 17 % nitrogen 6 % hydrogen and 5 % sulfur.*>5°

The range to which the beam will travel into the keratin can then be simulated using

the density of keratin®® (1.3 g cm™) and TRIM software (SRIM 2003 version).’!

From this simulation it is predicted that the 3 MeV proton beam and helium ions will

travel to a maximum depth of 136 um into the keratin, so through the average 58 um

cuticle of the porcupine quill (section 4.1.2). Furthermore, due to the thickness of

the quill (> 1 mm) the beam energy will decrease inside the quill, inducing some

irradiation damage (figure 4.15).

'+ 100 um

Layer 1

- 100 um

Depth vs. Y-Axis

0A

-- Target Depth - 200 um

Figure 4.15: Penetration depth and angular distribution due to scattering processes of protons in

keratin.

software.”!

Simulation of the trajectory of a 3 MeV protons beam inside obtained from TRIM
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4.3.2.2 Target description

It is important to define properly the porcupine quill target in order to accurately
model the PIXE experiment. From the range calculated above, it is possible to rule
out a thin layer target, where the beam would have gone through the porcupine
quill.** It is not clear however if the model used for the study of human fingernails
could be applied to porcupine quills.*® 1In this study fingernails were defined as a
thick homogenous target (equations 4.4 and 4.5), where 4; corresponds to atomic
mass and ci to the mass content of element i. The terms w;, k: and i(E) correspond to
the fluorescence yield, branching ratio and cross-section of the considered shell
element i. N4 corresponds to the Avogadro number and &(Ex) corresponds to the X-
ray detection efficiency, N is the number of ions with the energy Eo falling on the
target, and 6. and 6o the ion-impact and X-ray take off angles. Finally, Si(E), wi(E)

are the stopping power and attenuation cross section of the matrix 7.4

Yl-(Ex) = %g(Ex )wikiNciIi (Eo) Equation 4.4
o,(E) dE' .
[f(EO):E ZC_/S_/(EX)XeXp —chﬂ_/(Ex)COSZ" j-Ezchj(E,) JE Equation 4.5
0 T cos 6y £,

In order to confirm that the cuticle of the porcupine quill can be described as a thick
homogeneous target, microscopic observation were undertaken using Scanning
Electron Microscopy (SEM-BSC). Due to the limit of detection of the X-ray
Dispersive Energy system (EDX), it was only possible to investigate the references
containing the higher level of tin. This showed that the majority of tin(Il) was
absorbed by the cuticle layer, where the concentration in sulfur is also the highest,
while minor amounts of tin were absorbed inside the quill (figures 4.16 and 4.17).
On the SEM-BSC micrograph, the first microns of the cuticle layer appear brighter
suggesting a small gradient in composition, although EDX analysis through the

cuticle only showed small variation of the chlorine and tin contents (section 7.3).
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This would suggest that it would be reasonable to consider a thick homogenous
target for the quantification of the PIXE measurements, although clearly porcupine
quills do not fall into standard model for PIXE analysis. Furthermore, the

quantification of tin and copper in the cuticle layer might differ from the values

obtained by ICP-OES analysis where a section of the porcupine quill was used.

Figure 4.16: (A) Scanning Electron Micrograph (SEM-BSC) of a polished cross-section of porcupine
quill prepared in a dyebath containing tin(ll) chloride at 10,000 ug mL?; (B) Elemental mapping of tin
(Sn, La line); (C) Elemental mapping of sulfur (S, K line), at 20 kV at x 500 magnification.
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Counts

Figure 4.17: Line scan through the cuticle, at 20 kV, showing the variation in tin content.

4.3.2.3 Absorption factors and transmission of Cu(K) and Sn(La) X-rays in
keratin

It is possible, using the GUPIX software,’> >* to calculate the effective analysed

depth of the characteristic X-ray line of copper and tin in keratin. This showed that
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both copper and tin exhibit similar depth profiles, as the software provided the values
of 69.5 um for the La X-ray line (3.44 keV) and 72.10 um for the K X-ray line
(25.271 keV) for tin and for copper a depth penetration of 78.5 um for the K X-ray
line (8.047 keV).

The second important factor to take into consideration is the mass absorption
coefficient u expressed in cm? g’!, that is calculated considering the total atomic
absorption cross-section gq of the atoms constituting the material using the equation
4.6, where N4 corresponds to Avogadro number and 4 is the atomic weight.** In the
case of keratin, it is possible to calculate the u coefficients of tin and copper taking
into account the atomic composition of keratin, and the total atomic absorption cross-
section o, of the atoms constituting keratin (table 4.6). From these calculations, the
mass attenuation coefficients u are very different for tin depending on the X-ray lines
selected, Sn La gives a u value of 124.48 cm? g'!, Sn K gives a u value 0.53 cm? g’!
and Cu K a u value of 10.63 cm? g! (table 4.6). It might be therefore surprising,
given the differences in the mass absorption coefficients u, that the effective
analysed depth for K X-ray line (25.271 keV) of tin is only 72.1 um. This can be
explained by the fact that in light target, such as keratin, the depth analysed is more
affected by the depth penetration of the beam (here 136 um) than the attenuation of
the X-Ray.

Sn Sn Cu
La, 3.44 keV K, 25.271 keV K, 8.047 keV
Penetration depths (um) [95 %] 69.5+£0.7 72.1+£1.0 78.5+£0.9
Mass attenuation coefficient u (cm? g!) 124.48 0.53 10.63
Transmission in 80 um of keratin, T = e*?4 27.40% 99.45% 89.50%

Table 4.6: Depth profiles (um), mass attenuation coefficient 4 and transmission 7, calculated for
Sn(La) and Cu(K) using GUPIX and GUCSA software, with the average atomic composition of

keratin.>>3 [Data compiled from Chapter 7, section 7.3.4, table 7.35].
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U= % X0, = % X;0 i Equation 4.6
W
/- Ioe_"pd Equation 4.7

The mass absorption coefficient 4 will also affect the transmitted intensity / through
the keratin; as this is expressed as a function of the mass absorption coefficient u, the
density p (g cm™) and the thickness of the material d (cm) (equation 4.7).>* When
calculating the percentage of transmitted intensity / for a layer of 80 um of keratin,
which corresponds to the maximum depth for the analysis of tin and copper, the
transmitted intensity will be only 27.4% for tin La compared to 99.4 % for tin K and
89.5 % for copper K (table 4.6). This means that in the case of tin, geometrical
effects such as the circular shape of the porcupine quill might affect the analysis of
tin when considering the La line (figure 4.18), while the quantification of tin and
copper using their K lines should not be much affected although using the La line

might provide a lower limit of detection for the analysis of tin.

protons —™———>

protons >
X-ray / -

Figure 4.18: Analysis of porcupine quill by PIXE measurements.
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4.3.2.4 Parameter files and calibration

PIXE measurements were carried out using a 3 MeV proton external set-up with two
Si(Li) X-ray detectors: a Low Energy detector (LE), for the 1 - 15 keV range and a
High Energy detector (HE), for the 1 - 40 keV range. These detectors recorded
simultaneously the composition low-Z matrix elements and the high-Z trace elements

present in the matrix®*

and quantification was performed using the GUPIXWIN
software package.”> GUPIXWIN is a non-linear-least-square fitting programme
designed for PIXE spectra that allows the calculation of the element concentrations
from their X-ray peak areas in the spectrum, taking into account, in the case of a
thick homogeneous target, self-absorption effects and the energy dependent
production rates of X-rays.” Usually an element present in the matrix and visible at
both low and high energy, such as iron (Fe, Z = 26), will be used by the software to
link the concentrations of the elements present in the matrix and at trace levels.>
The challenge in analysing porcupine quill samples arises from the fact that keratin is
made of elements that are invisible to the detectors. Only sulfur (S, Z = 16) will be
visible at both low and high energy but it is present in such a small amount that it
will not allow the low and high energy detectors to be linked. As a result the

quantification of the elements characterised by low and high energy detectors was

undertaken using separate parameter files.

As a first attempt to investigate porcupine quills, the experiment was undertaken with
an average current of 2 to 4 nA for an analysis time between 240 and 300 sec,
corresponding to an integrated dose Q of 1 pC. In order to reduce the damage to the
quills, analysis was undertaken by scanning an area of 100 x 500 pm (chapter 6).
During this set of measurements, the beam showed some instability, especially at the
start of experiment, and this is indirectly expressed through the variation of dose per
second recorded and shown below as a graphical interpretation (figure 4.19). This
variability in the beam charge (Q) will affect the calculation of the concentration, as
it is not possible to control the exact irradiation received by the material analysed

using an external micro-beam (in opposite to internal micro-beam). To reduce such
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variation, the system is equipped with a Peltier cooled X-ray detector that monitors
the beam dose, meaning that the integrated dose should in theory be kept constant
during the experiment as it is expressed as a function of current multiplied by

irradiation time (equation 4.8).

0(C) oc 1(4)x t(sec) Equation 4.8

Porcupine quills references (Sn)
A Porcupine quills references (Cu)
® DR-N standard
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Figure 4.19: Evolution of the dose / sec recorded during the analysis of porcupine quills references
containing tin and copper; and a small selection of historical quills. A DR-N standard was analysed
regularly in order to calculate the accurate value the beam charge Q. [Data compiled from Chapter

7, section 7.3.4, table 7.40].

Previous observation showed that porcupine quill will be considered as equivalent to
a thick target (section 4.2.1.3) and therefore that the concentration Cz of element Z in
the sample will be expressed by the yield Yz, expressed in counts per unit
concentration (equation 4.9):* 1In order to have an accurate calculation of the trace
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elements present in the keratin matrix, it is important to know the exact value of the
beam dose Q and the value of the quantity H, which translates the element peak area
for the given charge collected into an element concentration.’? This would be ideally
done by analysing porcupine quill standard of exactly known composition,®* but in
the absence of such standard, this was achieved by analysing a DR-N standard

containing several elements as oxides (figures 4.20 and 4.21).

These measurements allowed the exact beam charge (Q) and the quantity (H) values
to be calculated for the set of experiments, and provided an accurate quantification of
the DR-N standard when summed up by GUPIXWIN to 100 percent (equation 4.10).
The values obtained for the different elements present in the DR-N standard were
quantified for both low and high energy detectors and compared to their theoretical
values (figures 4.20 and 4.21). The values of Q and H calculated for the different
experiment segments were then used to create the parameter file for the
quantification of the porcupine quills, working in matrix mode with the matrix

defined as keratin using its relative weight percentage composition (table 4.7).3*

N, Equation 4.9
= v,

[NZ j
Y, 2 :
CZ = _NZJ lmp]ylng CZ =100% Equation 4.10

S

7

&

Entry 1 to 57 Entry 60 to 89 Entry 90 to 107 Entry 108 to 118
Low Energy Q1 :0.0065 nC Q2: 0.0075 pC Q3:0.0105 pC Q2: 0.0075 pC
H: 1 H: 1 H: 1 H: 1
High E
(Bo e Q1 : 0.0065 uC Q2: 0.0075 uC Qs: 0.0120 uC Q2: 0.0075 uC
oo MM H: 1 H: 1 H: 1 H: 1
28.5 mm air)

Table 4.7: Values of the beam dose (Q) and the quantity (H) for the different segments of the

experiments, as shown in figure 4.17.
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Figure 4.20: Quantification of the DR-N standards using low energy detector during the experiment,
obtained values obtained are compared to theoretical values. Note that it was not possible to

accurately quantify the elements aluminium (Al, Z = 13) and silicon (Si, Z = 14). [Data compiled from

Chapter 7, section 7.3.4, table 7.38].
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Figure 4.21: Quantification of the DR-N standards using high energy detector during the experiment,

obtained values obtained are compared to theoretical values. [Data compiled from Chapter 7,

section 7.3.4, table 7.39].
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4.3.2.5 Quantification of copper and tin by PIXE analysis

Due to accelerator maintenance at the time of these experiments, it was not possible
to quantify accurately the K line of tin for this set of measurements. As a result, the
quantification values discussed below were obtained from the High Energy detector;
using the La line of tin and K lines of sulfur, chlorine and copper for GUPIX

calculations.

4.3.2.5.1 Copper reference porcupine quills

Similarly to what was observed by ICP-OES analysis, the copper references were
found to be quite homogeneous by PIXE analysis. The stability of the beam dose
during the measurements allowed inter-comparison of the references. The level of
sulfur was found to range from 2.20 Wt % for the lower concentration in copper to
5.00 Wt % for the more concentrated samples. This can be explained by the fact that
the copper was introduced with the sulfate anion, which was also slightly absorbed
by the keratin. Similarly to what was observed by ICP-OES, the levels of copper
present in the cuticle layer of the porcupine quill were much lower than those
observed for the tin references, and copper was found to range between 0.01 Wt %
and only 2.26 Wt % for the highest concentration. A linear plot of the dyebath
concentration (x, [Cu?*"] in pg mL™") vs. Wt % of copper characterised by PIXE
analysis showed a linear correlation (figure 4.22), with a comparable standard
deviation to that found by ICP-OES (around 20 %), although some measurements

were more dispersed.

4.3.2.5.2 Tin reference porcupine quills

The porcupine quill references prepared in tin(II) chloride dyebaths were analysed at
the start of the experiment when the beam showed more variation of the dose, which

affected the quantification. This impacted on the quantification of sulfur which
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should be in theory the same for all the samples. Sulfur content ranged between 1.31
Wt % and 2.45 Wt % due to the variation of the beam dose Q (table 4.7). In order to
evaluate the concentration of tin and inter-compare the measurements it was
therefore decided to normalise the sulfur content to 2.00 Wt % and apply this
corrective factor to the concentration of tin and chlorine. These results can be found
in table 4.8 and showed after normalisation, that the level of tin ranged between 0.01
Wt % for the lower concentration to 15.00 Wt % for the higher concentration. The
level of chlorine was found to range between 0.002 Wt % and 4.45 Wt % for the
more concentrated dyebaths. The heterogeneity of the tin references observed by
ICP-OES analysis was similarly observed by PIXE analysis and the linear plot of the
dyebath concentration (x, [Sn**] in pg mL") vs. the percentage of tin characterised in
Wt % showed a reasonable linear correlation with almost a saturation level for the
two highest concentrations (figure 4.23). This could be explained by the difficulty of
quantifying tin when its concentration is present in higher quantity than the matrix,

which alters the representation of the target.
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4 PQ References, Cu - PIXE HE
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Figure 4.22: Linear plot of the dyebath concentration of [Cu®*] (ug mL?) vs sorbed copper
determined by PIXE analysis (Wt %). Mean values and standard deviation obtained from six
measurements on three different porcupine quills. [y = 1.47 X 10%x - 0.03642 (R? = 0.98977)].

[Data compiled from Chapter 7, section 7.3.4, table 7.42].
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Figure 4.23: Linear plot of the dyebath concentration of [Sn?*] (ug mL?) vs. sorbed tin determined by
PIXE after normalisation to 2 Wt % sulfur (Wt %). Mean values and standard deviation obtained from
six measurements on three different porcupine quills. [y = 0.00109x + 0.10849 (R?> = 0.94753)].
[Data compiled from Chapter 7, section 7.3.4, table 7.41].
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PIXE (Wt %) PIXE (Wt %), normalised
[Sn**] ng/mL 16 S (K) 50 Sn (La) 17 C1(K) 16 S (K) 50 Sn (La) 17 C1 (K)
100 2.30+0.45 0.011+0.004 0.019+0.007 2.00 0.009 £0.003 0.017 +0.005
500 1.97+0.18 0.04+0.01 0.14+£0.01 2.00 0.04 £ 0.01 0.14 £ 0.01
1000 245+£048 0.07+0.01 0.41 £0.04 2.00 0.06 +0.01 0.34 £ 0.05
2500 1.34+0.34 1.83+1.15 1.01 £0.29 2.00 2.82+1.71 1.55+0.39
5000 1.32+044 474+1.23 1.41+£0.45 2.00 6.81 £1.95 2.00 £ 0.31
10000 1.68+0.74 10.20 £ 4.60 2.56+1.16 2.00 1235+ 1.17 3.09+0.43
15000 1.85+£0.65 13.82+4.64 4.20+1.77 2.00 14.96 + 0.29 4.45+0.33
[Cu?'] pg/mL 16 S K 29 Cu (K)
100 2.22+0.29 0.007 +0.002
500 2.31+0.19 0.037+0.003
1000 338+0.64 0.08+0.02
2500 443+0.78 0.39+0.09
10000 496+0.22 1.29+0.37
15000 5.01+£045 226 £0.28

Table 4.8: PIXE Wt % concentration of tin, copper, chlorine and sulfur characterised in reference

quills.

Mean values obtained from six measurements on three different porcupine quills.

compiled from Chapter 7, section 7.3.4, tables 7.41 and 7.42].

4.3.2.6 Summary

[Data

PIXE measurements were carried out successfully on the reference materials

prepared with variable levels of copper(Il) and tin(Il). It was found that the 3 MeV

proton and helium ion beams were penetrating to a maximum depth of 136 pm,

causing damage to the sample due to irradiation and transfer of beam energy into the

target. The quantification of the trace elements present in the porcupine quills was

achieved with the GUPIXWIN software package treating the cuticle of the quill as a

homogeneous thick target. It was found crucial to have access to the exact value of

the beam charge Q during the experiment, as any variation impacted directly on the

quantification. This was achieved through the analysis of a known standard DR-N

during the experiments, which was used as an external standard to control the value
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of the beam dose Q. The levels of copper in porcupine quills were found to range
between 0.01 and 2.26 Wt % for the highest dyebath concentrations, while the levels
of tin ranged from 0.01 to 15.00 Wt %. For both set of references a reasonably linear
correlation was observed between the dyebath concentrations of metal ions vs. the
percentage of metal ions characterised by PIXE in Wt %, suggesting a good
correlation with the results obtained by ICP-OES analysis. As well to copper and tin,
it was also possible to quantify simultaneously the level of sulfur and chlorine.
However other elements such as calcium, potassium and iron could also be
quantified, which would particularly be interesting for the analysis of historical

materials.

4.3.3 Rutherford Backscattering Spectrometry (RBS)

4.3.3.1 RBS Principles

Rutherford Backscattering Spectrometry (RBS) consists of an elastic collision,
meaning that there is no energy lost or gained during the collision,** between a
projectile with high kinetic energy, here 3 MeV protons and helium nuclei from the
incident beam, and the stationary particles located in the target (figure 4.24). For a
given angle, typically in the range 150 - 170°, the ion recoil energy is characteristic
of the mass of the target nucleus. RBS allows the quantitative determination of the
composition of a material and depth profiling of individual elements. The method is
quantitative without the need for reference samples and non-destructive, it is also
very sensitive for heavy elements (ppm).*® The RBS technique is often used for the
analysis of intermediate or heavy elements in a light material and a recent study
demonstrated its application for the characterisation of organic fractions present in

archaeological and recent bones.*

189



Chapter 4

Figure 4.24: Elastic collision between the incident particles (m;, Z;) and the target (m,, Z2). Eo
corresponds to the energy of the incident particles, E; the energy of the scattered particles and E,

the recoiled energy.*

The backscattered projectile has an energy E; reduced from the initial energy of the
projectile Eo (equation 4.11), where £ is the kinematical factor (equation 4.12) and is
expressed as a function of the projectile (m:) and the target nucleus (m:), with 6,

scattering angle of the projectile in the laboratory.

E, =kxE, Equation 4.11

The probability of observing a backscattered event is expressed by the differential
cross-section (equation 4.13), where Z; and Z: are the atomic numbers of the incident
particle and the nucleus target.** This probability will be higher for a heavy nucleus,
because it is expressed as the square of the electric charge Z (equation 4.13) and a
heavy nucleus will have a higher recoil energy (equation 4.11).* Rutherford
scattering cross-sections have been measured since 1950 for many elements and are
available in the simulation software SIMNRA developed by the Max-Planck-Institute

for Plasma Physics, in Germany.*®
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As well as Rutherford cross-sections, several non-Rutherford cross-sections can be
used to simulate RBS spectra. These nuclear reactions correspond to scattering with
non-Rutherford cross-sections and are also called RBS, but use inelastic scattering
nuclear reactions (NRA) and ERDA. Non-Rutherford reactions are very important
for the quantification of light-Z elements, as their cross sections are multiplied by a
factor of 10 approximately in comparison with Rutherford cross-sections.*® 4 37
Several non-Rutherford cross-sections specific to the set-up used in AGLAE

accelerator at 150° were used for the quantification of carbon, oxygen and nitrogen

[see Chapter 7, section 7.3.5].

E, (my +my)
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4.3.3.2 SIMNRA simulation: calculation of depth profile

The RBS measurements were recorded simultaneously to the PIXE experiments and
RBS spectra were simulated using the SIMNRA software by virtually overlapping
the contribution of the different atoms present in the cuticle layer. It was found to be
more reproducible to model the target as a single layer of keratin doped with
different amount of metal ions. The depth of keratin analysed by RBS can be
calculated using a reference containing a high quantity of tin that should be very
visible on the spectra (figure 4.25). It was then possible to evaluate accurately the
thickness of the keratin layer as 140000 x 10'> atoms cm™. The average molecular

weight of keratin can easily be converted using the Avogadro number to 1.29 x 1077
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g cm? for 10" atoms cm™ and the depth of keratin analysed can then be calculated
using the thickness of this layer (140000 x 10'° atoms cm™) and the density of
keratin (1.3 g cm™) and corresponds to 13.6 pum. This means that only the first few

microns of the cuticle will be analysed by RBS (table 4.9).

—— 15 sept 013- PQ reference Sn, 15000 pg mL”
—— RBS simulated spectra

2250
2000
| Layer's thickness:

1750 140,000 x 10° atoms cm™®
1500
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Figure 4.25: RBS spectra 15sept 013. The spectra simulated with SIMNRA software (red) using both
Rutherford and non-Rutherford cross-sections (in red), allowed the evaluation of the thickness

investigated.

Layers 1 2

Thickness (10'5 at ecm) | 1000 140000

Composition He: 1 C:0.33
H:0.458
0:0.1000
S:0.01

N :0.090
Sn:0.0012

Table 4.9: Atomic composition and thicknesses of virtual layers of spectra 15sept 013 doped with

excess of tin simulated with SIMNRA software.
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4.3.3.3 Quantification of copper and tin by RBS analysis

The RBS spectra obtained from several references were simulated by SIMNRA and
the atomic composition of the metal ion-containing layer converted into weight
composition (Wt %) to allow direct comparison with PIXE analysis. The variation
of the beam dose Q is indirectly assessed on the RBS spectra through the number of
incident particles (*s) that can be adjusted by the software. For the copper reference
samples the number of incident particles was little variable, which confirmed the
PIXE observations, and lying between 2.80 x 10'° and 3.41 x 10'° *sr. Figure 4.26
shows the simulated RBS spectra of a porcupine quill prepared in 15,000 pg mL"!
copper(Il) dyebath. The simulated spectra was found to fit closely to the RBS
spectra, although the fronts of carbon and oxygen were found to be slightly offset,
which could be explained by the fact that RBS is very sensitive to carbon
contamination; traces of organic residues such as oils left from scouring process
could be picked up by the RBS detector. Sulfur was fitted using Rutherford cross-
sections only, as the value of the non-Rutherford cross-sections was not available for
the AGLAE system; this might need to be improved for future measurements. The
RBS simulated spectrum provided a very close correlation for the concentration of
copper and sulfur compared to the values obtained by PIXE analysis (table 4.10).
Small differences were found in the sulfur content that was slightly under estimated
by RBS simulation, but the copper content was found to be very close to PIXE
measurements and ranged between 0.25 and 2.00 Wt %. It was found that below

0.25 Wt % copper could be detected by RBS but it could not be quantified.
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RBS (Wt %) PIXE (Wt %)

Entry  [Cu®](ugmL? DoseQ (UC) Particles *sr S Cu S Cu
15sep092 500 0.0120 2.80 x 1010 3.38 0.25 2.28 0.04
15sep087 1000 0.0075 3.41 x 10'° 3.59 0.25 3.67 0.08
15sep080 2500 0.0075 3.06 x 1010 3.38 0.42 4.10 0.43
15sep067 10000 0.0075 3.37 x 100 3.76 1.08 5.05 1.20
15sep062 15000 0.0075 3.01 x 100 4.12 2.05 5.14 2.00

Table 4.10: Dose Q (uC) used for GUPIX calculation compared to particles number (*sr) fitted by

SIMNRA for several measurements containing copper. The atomic composition of virtual layers was

converted into weight percentage (Wt %) to allow direct comparison with PIXE analysis.

compiled from Chapter 7, section 7.3.5, table 7.47].

Counts

—— 15sep062 PQ reference, Cu 15000 pg mL™
—— RBS simulated spectra
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Figure 4.26: RBS spectra 15sept 062, porcupine quill prepared in 15000 pg mL™? copper(ll) dyebath,

and simulated RBS spectra with SIMNRA software using both Rutherford and non-Rutherford cross-

sections (in red). [Data compiled from Chapter 7, section 7.3.5, table 7.47].
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RBS simulation was also done on several samples containing tin and chlorine. As
can be observed on figure 4.27, tin is very visible on the RBS spectra and can be
easily quantified in the keratin matrix. The numbers of incident particles was much
more variable for the selected simulated spectra and ranged between 1.62 x 10'* and
2.44 x 10" *sr, confirming the variation of beam dose Q observed during PIXE
analysis. It was found difficult to quantify both sulfur and chlorine using Rutherford
cross-sections only, because their kinematic factors are very close. As a result the
quantification of sulfur by RBS analysis was not as accurate as that for the copper
containing samples. The concentrations of tin characterised in the RBS simulated
spectra were very close to the values obtained by PIXE analysis after normalisation
of the sulfur content to 2.00 Wt %. This showed that the control of the beam dose O
is crucial for accurate PIXE quantification. Interestingly, due to the possibility of
adjusting the number of incidents particles with SIMNRA software; the
quantification of tin was found to be unaffected by RBS analysis but was
systematically slightly over-estimated compared to PIXE (table 4.11). This could
mean that the first microns of the keratin are slightly more concentrated in tin than
the rest of the cuticle, and correlates what was observed previously by SEM-BSC

imaging [Figure 4.16, section 4.3.3.2]:

RBS (Wt %) PIXE corrected (Wt %)
Entry [Sn#] (ug mLD I(D:é()? Particles*sr S Sn Cl S Sn Cl
15 sept 030 2500 0.0065 1.62 x10'0 2.5 2.32 0.14 2.0 1.94 2.04
15 sept 025 5000 0.0065 1.76 x101° 3.11 7.93 0.43 2.0 5.96 2.28
15 sept 010 10000 0.0065 2.44 x10'0 1.85 1235 1.64 2.0 10.21 2.93
15 sept 015 15000 0.0065 2.22 x101° 2.77 1542  3.06 2.0 14.96 4.45

Table 4.11: Dose Q (uC) used for GUPIX calculation compared to particles number (*sr) fitted by
SIMNRA for several measurements containing tin. The atomic composition of virtual layers was
converted into weight percentage (Wt %) to allow direct comparison with PIXE analysis, after

normalisation to 2.0 Wt % of sulfur. [Data compiled from Chapter 7, section 7.3.5, table 7.46].
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—— 15sept 015 - PQ reference Sn, 15000 pg mL"
—— Simulated RBS spectra
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Figure 4.27: RBS spectra 15sept 015, porcupine quill prepared in 15000 pug mL? tin(ll) dyebath, and
simulated RBS spectra produced by SIMNRA software using both Rutherford and non-Rutherford

cross-sections. [Data compiled from Chapter 7, section 7.3.5, table 7.46].

4.4 DISCUSSION

The sorption of copper(Il) and tin(Il) onto porcupine quills were studied by ICP-
OES, which showed a reasonably linear correlation with the initial dyebath metal ion
concentration. The adsorbed quantities of metal ions by the porcupine quills in pg
mg! were however much smaller than previous studies on wool, with the total
uptake of tin being systematically higher than copper. This reference set of
porcupine quills was then non-invasively investigated by RBS-PIXE analysis and the
weight concentrations (Wt %) measured on the surface of the porcupine quills, i.e.
adsorbed in the cuticle layer, were evaluated with both techniques. The
quantification of the trace elements present in the porcupine quills by PIXE was
however found to be altered by some variation in the beam charge QO during the

experiment. It would be necessary for future experiments to control this parameter
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better in order to obtain a more accurate quantification of the trace elements.
Nevertheless, for both set of references (copper and tin) a reasonably linear
correlation was also observed between the dyebath concentrations of metal ions vs.
the weight concentration (Wt %) characterised by PIXE, and suggested a good
correlation with the results obtained by ICP-OES analysis. These surface
measurements could however not be directly compared due to the fact that in the
case of ICP-OES a complete cross-section of porcupine quill was subjected to
analysis. Finally RBS analysis allowed complementary information on the lights
elements present in the cuticle layer, such as carbon, oxygen, nitrogen and sulfur.
The simulated RBS spectra generated with SIMNRA software allowed a good
quantification of traces copper or tin present in the keratin layer, even for the lowest
concentrations. This non-invasive approach using combined RBS-PIXE analysis
will be applied to the study of nineteenth century porcupine quill work from National
Museums Scotland collection and the results obtained from this study will be

discussed in chapter 5.
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5 INVESTIGATION OF NORTH AMERICAN ATHAPASKAN
PORCUPINE QUILL WORK FROM NATIONAL MUSEUMS
SCOTLAND

Indigenous communities across North America, from the North American Subarctic,
Great Lakes region and the Northern Plains, have long used dyed porcupine quills to
decorate clothing and basketry. Porcupine quill work was replaced in the nineteenth
century by bead work and although quill work continued into the twentieth century it
is relatively rare today. There were a multitude of styles and techniques used to
decorate garments with quill work," 2 and special care was given to the colour of the
porcupine quills to realise the patterns. Today the knowledge on dyeing techniques
of porcupine quills is very limited and little is known about the actual dyeing
processes and dyes sources used by Native Americans,” with only one
comprehensive study on the characterisation of the dye sources found in pre-1856
Eastern Woodlands porcupine quill work.* > This chapter presents the scientific
investigation of a group of dyed porcupine quills specimens collected in 1862 from
Northern Athapaskans and today found in the collection at National Museums
Scotland collection.® 7 To the addition of these specimens, a few samples removed
during conservation work from contemporaneous Athapaskan objects were added to

broaden the study.

In the first part of the chapter, the material investigated will be contextualised, using
existing important curatorial research on the Athapaskan cultural group.> #!1° The
challenges arising from the investigation of dyed porcupine quill work will be
presented with regard to sampling, extraction and dyes analysis. Several natural dyes
were characterised by Ultra Performance Liquid Chromatography (PDA-UPLC).
These results will be discussed and compared to published data on contemporary
Eastern Woodlands quill work. Finally, the concentration of several metallic
mordants was characterised by non-invasive Proton Induced X-Ray Emission
analysis (PIXE) coupled to Rutherford Backscattering Spectrometry (RBS). The
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application of these non-invasive techniques to the study of porcupine quill work is
innovative and provided new information on the use of mordant chemicals traded
from Europe into North America after contact. This study highlights how European
contact impacted on traditional Athapaskan’s porcupine quill work and reflects on

the important cultural changes that took place in the late nineteenth century.

5.1 HISTORICAL BACKGROUND

5.1.1 Athapaskan Cultural Group

The term Athapaskan (also written Athabaskan, Athabascan and Athapascan), refers
to both a cultural group and a language family, which includes twenty three native
languages.'! Athapaskans, also called “Dene”, are Native American Indians and can
be subdivided into three groups, Northern Athapaskan, Pacific Coast Athapaskan and
Southern Athapaskan.® Northern Athapaskans represent the majority of Athapaskan
people and include the Tlicho, the Gwich’in, the Slavey, and the Chypewyan, all
living in the interior of Alaska and Northern Canada (figure 5.1).

VICTORIA [SLAND

Figure 5.1: “Denendeh, The Land of the People”, by David Laverie. Reproduced from Thompson,
199410
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Traditionally, before European contact, the Dene harvested the land’s resources.’
They were hunters and fishermen and used animal hides, sinews, bones, porcupine
quills, and the bark and roots of the trees, to make clothings, containers, tools,
snowshoes and canoes. Northern Athapaskan artefacts are very rare and significant
collections include the Canadian Museum of Civilization and National Museums

%10 ¢lothes

Scotland.® Clothing was a very important aspect of Athapaskan culture,
and footwear were manufactured from tanned caribou hides and were adapted to the
climate of the Sub-arctic. Nevertheless, these clothes were also decorated with
sophisticated embroidery using dyed porcupine quills - but also moose hair or goose
quills - and fringing (figures 5.2 A-B).% '% 2 There are only a few known pre-contact
examples of porcupine quill work, but this was an important form of work, and the

earliest garment decorated with porcupine quill work among the Athapaskans is in

the Canadian Museum of Civilization and can be dated to circa 1800.% 13

Figure 5.2: A: Athapaskan Shirt or tunic of moose leather ornamented with porcupine quills (Inv. N°:

A.848.10); B: Athapaskan Moccasins, summer shoes plain, Slave Indians (Inv. N°: A.848.6 and A), ©

Trustees of National Museums Scotland.
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In the late eighteenth century, Dene people started to interact with Europeans and
were involved in the fur trade. These contacts initiated a period of rapid cultural
changes, which is reflected in the traditional crafts.® 1 Soon Athapaskans started to
incorporate in their embroidery work glass beads, that they had exchanged against
fur with Europeans.® Beads were very extremely sought after because they were
easier to use and prepare and the European influence can also be observed through
the introduction of floral patterns that were mixed with the traditional geometric
one.® '* The interest of Athapaskans for traded beads is reported in the testimony
from Frederic Wentze, working for the North West Company in the Mackenzie

territories in 1814:

“For two successive years, a pressing demand had been made for beads, it being well
understood that the Loucheux tribe would scarcely trade anything else, and for the want of
this, their favourite article, they preferred taking back to their tents the peltries they had

brought to trade; this neglect must necessarily diminish the amount of returns”.*®

5.1.2 Dye sources in Athapaskan porcupine quill work

Each area used local vegetable dyes for dyeing porcupine quills, but because Native
American Indians did not have a written language, the only information available
today on the preparation of porcupine quills is from European observers. A recent
review of Native Indians dyeing techniques strengthens that these transcriptions were
often inaccurate or fragmentary.> This was explained by the fact that Native people
would have kept secret some part of the dyeing process or by a lack of understanding
of Europeans, trying to find similarities with European dyeing techniques.* One of
the most often quoted recipes™ * is part of the ethnographic observation of Daniel
Harmon reporting on Sub-arctic people for the years 1810 - 1819.'% In his journal,
Harmon described the preparation of dyed porcupine quills as a process where the
quills and dyestuff(s) were boiled together in a “vessel” until the desired colour was

reached:
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“The women manifest much ingenuity and taste, in the work which they execute with
porcupine quill. The colour of the quills is various, beautiful and durable; and the art of
dyeing them is practiced only by females. To colour black, they make use of a chocolate
coloured stone, which they burn, and pound fine, and put into a vessel, with the bark of the
hazel-nut tree. The vessel is then filled with water, and into it the quills are put, and the
vessel is placed over a small fire, where the liquor in it is permitted to simmer, for two or
three hours. The quills are then taken out; and put on a board to dry, and rubbed over with
bear’s oil, they become of a beautiful shinning black, and are fit for use. To dye red or
yellow, they make use of certain roots, and the moss which they find, on a species of the fir
tree. These are put, together with the quills, into a vessel, filled with water, made acid by

boiling currants or gooseberries in it”.1°

Several ethnographical observations on Athapaskans mention natural dyes, tannins or
pigments that were used for the preparation of porcupine quill work." > 1 These
include: hazel-nut bark with a chocolate stone'® or charcoal'” for black hues;
currants,'® cranberries,'® tisavoyanne red' (or savoyan'®) sometime mixed with
ochre pigment for red hues;'” various species of blueberries were used for blue
hues,!” while alder bark!” and tisavoyanne yellow'® were used for yellow hues.

Frederic Wentze reports on the dyeing and colours of Athapaskan quil work in 1807:

“The dyes made use of by the Indians to stain porcupine quills and feathers, which are the
only thing they stain, are the roots of plant which the Canadians call Savoyan; its colour is of
an orange cast. This root, boiled with cranberry, dyes a beautiful light red; the dyes for

yellow are another small root which they gather in marshy plains.”*

Red and yellow seemed to be particularly important colours and the first European
description of Athapaskan porcupine quill dyeing techniques referred specifically to
these two native dye plants “tisavoyanne yellow” and “tisavoyanne red”.> These
plants correspond respectively to the species Helleborus trifolis L. - an alkaloid rich
dye plant® - and Galium tinctorium L. Scop - a type of bedstraw growing in North
America?® - and were characterised as the main dye sources in Eastern Woodlands

quill work.* >  Mid-nineteenth century Athapaskan porcupine quill work is

208



Chapter 5

characterised by the use of bands of blue, red and natural colour, produced with
natural dye sources (figure 5.3),® while later these dyes were replaced by aniline dyes

8 The replacement of

to realise red, purple, pink, orange, yellow and green hues.
natural dyes by aniline dyes is also reported for the Micmac cultural group living in
Nova Scotia, where quill work was prepared with aniline dyes as soon as they
became available to Native Indians in the late nineteenth century.?! Colours in
Athapaskan motifs are usually used equally with each colour layer being three
stitches wide. A standard Athapaskan motif such as the diamond is repeated in rows
and the colours, including pinks, purples, and bright yellows, distinguish this work

from that of the Algonkian.®

Figure 5.3: Athapaskan fringe for a woman's dress of tanned caribou skin cut into thongs which are
wrapped in alternate pairs with red, blue and white porcupine quills to give a netted effect and

strung with white beads (Inv. N°: A.848.13), © Trustees of National Museums Scotland.

5.1.3 Porcupine quill work at National Museums Scotland

National Museums Scotland (NMS) has the oldest and most extensive collection of

nineteenth century Dene artifacts in the world today.® 7> 2> 2> The Athapaskan
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collection was collected between 1858 and 1862 and strongly reflects on the history
of National Museums Scotland and how ethnographical and scientific collections
were build-up in the mid-nineteenth century, but it is also a testimony to the

interaction of Scotland with the rest of the world.

The Royal Museum, a precursor of NMS, was founded in 1854 under the title of the
Industrial Museum of Scotland, and its first director was Professor George Wilson
(1818-1859). © George Wilson was an enthusiastic chemist, who also held the chair
in Technology at the University of Edinburgh, and was passionate about public
education.?*?*> Iconic scientific items collected by George Wilson include the Lyon
Playfair and Joseph Black glassware collection, that testify today of the teaching of

chemistry at the University of Edinburgh in the early nineteenth century.?

During
an inaugural lecture, delivered at the University of Edinburgh in 1855, George
Wilson described his vision for the Industrial Museum of Scotland:

“An Industrial Museum is intended to be a repository for all the objects of useful art,
including the raw materials with which each art deals, the finished products into which it
converts them, drawings and diagrams explanatory of the processes through which it puts
those materials, models or examples of the machinery with which it prepares and fashions

them, and the tools which specially belong to it, as a particular craft.”?

In 1854, George Wilson sent out a call to Scots overseas to involve them in
collecting and sending back to Scotland ethnographical collections. The museum
started to collect objects from all over the world including West and South Africa,
North and South America, West Indies, China, and the Pacific.® The story of how
the Athapaskan collection was built up with the support of George Wilson’s brother
has been the subject of many publications.® > 2* Daniel Wilson, a Professor at the
University of Toronto was able to get the support of Sir George Simpson, Overseas
Governor of the Hudson’s Bay Company, who forwarded Wilson’s call to employees
working in remote trading posts in Canada.® Scots working for the Hudson’s Bay

Company were involved in the fur trade and collecting Natural Sciences specimens,
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contributing to the development of the renowned collection of the Smithsonian

Institution.?” 28

On behalf of National Museums Scotland they also collected,
hundreds of objects (mainly Athapskan but also Inuit), and the NMS collection today

includes around 240 Athapaskan artifacts.?

The main contributor to National Museums Scotland collection was Bernard Rogan

Ross,® 2

who was a chief trader at Fort Simpson from 1858 to 1862 and in charge of
the Mackenzie River District.”*> Ross had a particular interest in porcupine quill
work and as a result, collected both final artifacts but also the raw materials that were
used to produce them, making the NMS collection particularly significant today.
Ross also collected porcupine quill work that is today part of the National Museum

of the American Indian collection (Smithsonian Institution), these materials offer an

interesting parallel to the collection of National Museums Scotland.??

5.1.4 Dyed porcupine quill specimens (Inv. N°: A.848.15)

As part of the development of new galleries at NMS, several Athapaskan artifacts
were conserved and this gave the opportunity for an in-depth study of these
materials. The characterisation of the dyestuffs used for the production of the objects
is crucial in order to understand their behaviour to display conditions and to
determine the regimes which will minimise damage, especially with regard to the
fading of the porcupine quill work. Due to the limited knowledge of dye extraction
from porcupine quill substrates,’ it was decided to develop an analytical approach
focusing on the raw materials collected in 1862 by Bernard Ross.”” ?° These
materials will be investigated for the first time; questions raised in the past regarding
the nature of the dyestuffs used to produce the vivid shades of red and blue will be
adressed. For example in the 1974 catalogue on the Athapaskan collection,
McFadyen Clark described the quills samples as:

“Natural, and some coloured in red and blue with European aniline dyes”.?
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On the black and white photography shown in the 1974 Athapaskan catalogue, the
porcupine quill samples, appear bundled in little groups and associated with other
raw materials described as goose quills and moose hair, also said to be dyed with
European aniline dyes.”” The use of aniline dyes already in 1862 in North America
would be quite peculiar, even taking into account the existing trade between Europe
and Canada with the Hudson Bay Company. Indeed, at that time in Europe, mauvein
(1856) and fuchsine (1858) would have been just discovered and synthesised from
the coal tar industry (chapter 1, section 1.2.4).3° In order to shed more light on the
nature of the samples it was necessary to refer back to their original description from

the museum registry book, when they were given an accession number in 1862:

848, October 24" 1862 - North American Indian Specimens
Entry 15: porcupine quills from Erithezon epi(s)canthus, yellow species, European dyes,
Slave Indians

a) White

b) Dark Blue dyed with indigo

c) Light Blue dyed with Indigo

d) Dark green from Indigo and Turmeric

e) Light Green from Indigo and Turmeric

f)  Yellow with Turmeric

g) Orange

h) Scarlet dyed with Cochineal

Entry 17: dyed goosed quills for embroidery shoes, Slave Indians

Entry 18: Moose Deer Hair, plain and dyed for embroidering fringes belts, Slave Indians

The NMS registry book (1858-1861) provided some interesting information and
showed that not only dyed porcupine quills but also specimens of goose quills and

moose hair were collected from Athapaskans in 1862. The porcupine quill samples
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were registered under the entry 15 (A.848.15) and were described by colour with
some information on their dyeing processes. Several natural dyes were specifically
named: turmeric, indigo and cochineal. There was however, no mention of the
colours or the dyes used to prepare the samples of goose quills and moose hair (Inv.
N°: A.848.17 and A.848.18). From this description it does seem clear that these dyes
originally described as “European” dyes were all natural dyes but traded from
Europe into North America - probably through the Hudson Bay Company - which

was later wrongly transcribed as European aniline dyes.

5.1.5 Binocular Observation and Sampling

Due to some relocation of the ethnographical collection from National Museums
Scotland to a new storage area at the National Museums Collection Centre, it was not
possible to access the samples of goose quills and moose hair, so these are not
included in this study. As a result, and also due to time constraints, a sub-set of
porcupine quills was selected for both dye and mordant analysis, together with
around ten micro-samples removed during conservation work from a small group of
Athapaskan artifacts.  The investigation of these samples allowed a direct
comparison of the raw porcupine quill specimens with some of the artifacts
manufactured and collected at the same time and will be discussed in the following

sections.

The porcupine quill specimens were not found in their original state, but they were
grouped by colour in small little transparent boxes, although some boxes contained
mixed colours. It was not recorded when this packaging happened, and whether the
moose hair samples were now mixed with the porcupine quills samples. Some quills
were indeed very thin and could be moose hair, but this would need to be confirmed
by a specialist. In order not to disturb the specimens, a label was given to each little
box (1 to 19) and a selection of porcupine quills was collected from each box for

binocular observation and then analysis.
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Microscopic observation showed that the colours were very well preserved and that
the specimens still exhibited very bright hues. The range of colours is extraordinary,
as can be observed in the micrographs below, with various shades of blues, green,
orange, yellow, and red; together with very pale quills that could be either un-dyed or
more faded than the rest of the materials. In general the porcupine quills appeared
very dry and brittle, with several quills being already broken. The dyestuffs were
found to be only present on the cuticle layer of the porcupine quills, while the inside
of the quills remained un-dyed, this was also observed on several objects (figure 5.4-

A and B).

Figure 5.4: Binocular micrographs left (A) detail of red porcupine quill work (Inv. N° A.845.13), scale

is 1 mm; right (B) detail of orange porcupine quill work (Inv. N° A.480.6), scale is 2 mm.

The main colours in the sample box are red and blue, with a third of the sample box
being made of red or orange porcupine quills (figure 5.5, e.g. boxes 5A, 6, 7, 8). The
red hues were very bright and intense, and would suggest the use of a specific dyeing
process to achieve such a bright effect. Other bright colours included shades of
green, blue and yellow. Interestingly, for each bright shade an equivalent colour was
found but with a much faded aspect (figure 5.5, e.g. boxes 3 and 18). This would
suggest that some of the quills might have been manufactured with the same

dyestuffs but using a different metallic mordant. This is particularly noticeable for
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the blue quills, with some of the quills exhibiting a very intense homogeneous and
bright blue colour, while others exhibited a much darker shade, with a spotty surface
aspect that would be expected from indigo dye (figure 5.5, e.g. box 1 and 2). Finally,
the sporadic appearance of a small layer of a white salt was also observed on the
surface of several quills; but it did not seem to be colour related, as these salt
residues were observed on red, orange and blue quills (see figure 5.5, e.g. boxes 2, 6

and 8).
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Figure 5.5: Examples of dyed porcupine quill specimens collected in 1862 (Inv. N°: A.845.15), for all

scale baris 2 mm.

5.2 DYE ANALYSIS

Prior to investigating the historical materials it was necessary to prepare a set of
reference materials that could be destroyed during the method development and be
used to build-up a reference library for National Museums Scotland. Due to the
rarity of information available in the literature on dyeing procedure for porcupine
quills, several experiments were undertaken in order to first clean the surface of the
porcupine quills and then proceed to their dyeing using a range of natural dyes. The
scouring and dyeing processes of porcupine quills will be discussed in the following

sections.
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5.2.1 Preparation of reference material

5.2.1.1 Scouring

Prior to dyeing, porcupine quills need to be cleaned from the oils that cover their
surface, through a degreasing process called scouring. Although there are several
recipes available in the literature for scouring wool, no such information is available
for porcupine quills. A recent review on Native American dyeing techniques used
ashes and calcium for the scouring of porcupine quills, but the effectiveness of the
cleaning process was not determined.® It was therefore decided to test several
cleaning agents including potassium hydroxide soap, potassium bicarbonate and
calcium oxide, working at various concentrations and pH (section 7.4). The effect of
the cleaning processes was then observed using Scanning Electron Microscopy
(SEM-BSC) and treatments showing damage of the surface of the quills were
discarded (figure 5.6-A). After scouring, the porcupine quills showed a clean surface
with slight lifting of the scales (figure 5.6-B). The best cleaning was achieved under
slightly alkaline conditions with a succession of cleaning processes, incorporating the

use of calcium oxide and potassium bicarbonate [see Chapter 7, section 7.4.2].

5.2.1.2 Dyeing process

The reference materials were prepared with a range of natural dyes including
turmeric (Curcuma longa L.), Mexican cochineal (Dactylopius coccus Costa), weld
(Reseda luteola L.), dyer’s greenweed (Genista tinctoria L.) and madder (Rubia
tinctorum L.), working with various metallic mordants (alum, cream of tartar, copper
sulfate and tin(Il) chloride). Because vat dyeing is a complicated process, it was
decided not to undertake experiments with indigo dye. The best results were
provided with quills that had been previously properly cleaned, working with an
excess of dyestuff (typically 3:1 w/w of dry fibre) and at a temperature of 85 — 90 °C.

In order to reproduce closely the process of porcupine quills dyeing described in
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European transcriptions,® it was decided to proceed with a single dyebath, mixing the

metallic mordant and the dyestuffs together [see Chapter 7, section 7.4.3].

Figures 5.6: Backscattered Electron Micrographs (SEM-BSC): (A) damaged surface of a porcupine quill
cuticle after treatment with excess of calcium oxide; (B) cleaned surface of a porcupine quill showing

slight lifting of the scales, both scales are 20 pm.

Figure 5.7: References porcupine quills: (A) turmeric, (B) mixture of turmeric and cochineal, (C, D, E)

cochineal at various concentration and mordant and (F) madder.

5.2.1.3 Effect of the mordant

The effect on the final colour of cochineal prepared with various mordants is shown
in the microscopic observations below (figure 5.8). At lower concentration cochineal

provided with alum a pale pink colour (A, PQ7, section 7.4.3), while using a more
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concentrated dyebath it provided a stronger pink hue (B, PQ8a, section 7.4.3), which
was shifted to a red hue with the addition of cream of tartar (C, PQ8b, section 7.4.3).
Finally, the use of a combination of alum, cream of tartar and tin (II) chloride
provided a bright scarlet hue similar to what was observed in the sample box (D,

PQ8c, section 7.4.3).

Figure 5.8: Microscopic observation of reference porcupine quills: dyed with cochineal and different
mordants. (A) cochineal PQ7 ; (B) cochineal PQ8a; (C) cochineal PQ8b; (D) cochineal PQ8c. For all

scale is 500 um.

5.2.2 PDA-UPLC conditions

From previous microscopic observations, it was clear that the investigation of
porcupine quill work would be challenging, as only the thin outer cuticle layer
contains dyestuffs for extraction and analysis. Furthermore, sampling porcupine
quill work is far more complicated than historical textiles, where the back of an
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object often offers the possibility to easily sample a small thread of wool or silk.
Several micro-samples (< 1 mg) could be removed during conservation work, but
characterising such small samples would be very challenging using conventional
chromatographic techniques (figure 5.9). For these reasons, Ultra High Performance
Chromatography (PDA-UPLC) was the best suited technique, as the method
developed for the investigation of historical tapestries proved to be robust for the
separation of the natural dyes and offered a limit of detection as low as 1.5 to 0.3 ng

(chapter 2).

Figure 5.9: Small fragment of red porcupine quill removed during conservation work (inv N°

A.845.13), scale is 1 mm

5.2.2.1 Calibration, LOD and LOQ

In addition to carminic acid (33), which was calibrated previously, two extra
dyestuffs were used to calibrate the UPLC system: curcumin (1) and juglone (90),
the latter being a source of tannin, that was predominantly characterised in Eastern
Woodlands porcupine quill works.> Due to the range of the PDA detector on the
UPLC system (200 — 500 nm), limited investigation could be undertaken of the blue
dyes, this would need to be further investigated using a conventional HPLC system

at National Museums Scotland, but could not be performed during this research.
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Table 5.1: Standards of carminic acid, juglone and curcumin used for the calibration of UPLC system.

The system used Method C developed in chapter 2, working with a BEH C18 reverse

phase column, 1.7 um particle size, 150 x 2.1 mm (length % i.d.), set-up with in-line

filter (see section 7.4 for chromatographic conditions). The retention times, limit of
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detection (LOD) and limit of quantification (LOQ) obtained for these standards are

presented in the table 5.2.

Retention time
LOD #5s LOQ s
Rt £ s (min) n n
Compound (x) (ng) (o)
[n=12]
carminic acid 33 (430 nm) 5.788 £0.116 7.02+1.40 21.27+4.23
juglone 90 (254 nm) 12.098 +0.010 2.20£0.09 6.65+0.26
curcumin 1 (450 nm) 20.407 £ 0.009 3.99+0.19 12.08 £ 0.56

Table 5.2: Retention time variability, LOD and LOQ values using UPLC Method C, based on the slopes
(S) of the calibration curves (concentration [x] (ug mL?) vs. height (Hy, AU) and the baseline noise
Hnoise Of sample blanks analysed (s) - at 254 nm (juglone), 430 nm (carminic acid) and 450 nm

(curcumin). [Data compiled from chapter 7, section 7.4.4, tables 7.49 and 7.50].

5.2.3 Turmeric

Turmeric is a mixture of three diarylheptanoids: curcumin (1), demethoxycurcumin
(2) and bisdemethoxycurcumin (3), chapter 1. It is well known that these dyes are
easily degraded during a strong acidic extraction with concentrated hydrochloric
acid.®! As a result, two alternative extractions protocols were tested for the analysis
of turmeric extracts. The first extraction used a published “mild” acidic solution of
trifluoroacetic acid (TFA), while the second extraction used dimethyl sulfoxide
(DMSO), following a published protocol originally developed for the investigation of
safflower dye.*>** The reproducibility and efficiency of both extractions were tested
using porcupine quill reference PQ6 dyed with turmeric [see Chapter 7, section 7.4.5,

table 7.51].
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5.2.3.1 Extraction efficiency and reproducibility

The extraction method using trifluoroacetic acid was found to be less effective than
dimethyl sulfoxide (DMSO), which extracted more of the dyestuffs and was also
found to be more reproducible (figure 5.10).

bisdemethoxycurcumin (3)
300000 I demethoxyeurcumin (2)
curcumin (1)

250000
200000

150000

100000

Peak Area (UPLC)

50000 -

TFA DI\:‘ISO I

Figure 5.10: Comparing the peak areas of diarylheptanoids extracted from reference PQ6 (1 mg)
using TFA and DMSO methods, monitored at 450 nm. [Data compiled from chapter 7, section 7.4.5,
table 7.51].

Relative Amount: average + s (%), n=5, at 450 nm

bisdemethoxycurcumin (3)  demethoxycurcumin (2) curcumin (1)
Porcupine quill (PQ6) 59.0+09.1 20.7+3.2 20.2+5.9

Table 5.3: Average relative amount of the diarylheptanoids extracted from 1 mg of porcupine quill
PQ6 dyed with turmeric, using a DMSO extraction method, monitored at 450 nm. [Data compiled
from chapter 7, section 7.4.5, table 7.52].

The main component extracted from the porcupine quill reference PQ6 was found to
be systematically bisdemethoxycurcumin (3, Rt = 19.91 min, [Amax = 234 (s), 422
nm]), which averaged 59 % of the total amount of the diarylheptanoid dye extract,
while demethoxycurcumin (2, Rt = 20.15 min, [Amax = 226 (s), 426 nm]) and
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curcumin (1, Rt = 20.36 min, [Amax = 233 (s), 428 nm]) averaged respectively 20.7 %
and 20.2 % (table 5.3). The extraction with DMSO was however found to be less

reproducible than the concentrated hydrochloric acid method, and the extracts

exhibited a higher standard deviation that could be due to the poor baseline

separation. This lower reproducibility was however also reported using the mild

trifluoroacetic acid procedure for a study of historical textiles dyed with turmeric.>?

0.04 4

0.03 4

0.02 4

Absorbance (AU)
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0.00 4

-
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T
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24

Figure 5.11: Chromatogram of the DMSO extract of the diarylheptanoids from reference porcupine

quill PQ6 dyed with turmeric, monitored at 450 nm [by order of elution: bisdemethoxycurcumin (3),

demethoxycurcumin (2) and curcumin (1)].
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Table 5.4: Diarylheptanoids extracted from 1 mg of porcupine quill PQ6, using DMSO, monitored at
450 nm.

5.2.3.2 Historical quills (A.848.15)

Thirteen porcupine quills were selected for analysis and extracted using dimethyl
sulfoxide. These quills exhibited a range of colour: yellow (pale and bright hues),
orange, green (light and dark green) and dark blue. Curcumin (1, Rt = 20.36 min,
[Amax = 233 (s), 428 nm]), demethoxycurcumin (2, Rt = 20.15 min, [Amax = 226 (s),
426 nm]) and bisdemethoxycurcumin (3, Rt = 19.91 min, [Amax = 234 (s), 422 nm])
were characterised in all the extracts, with the exception of a dark blue quill which
exhibited a high level of tannins (ellagic acid). Turmeric was found to be associated
with cochineal (carminic acid, 33) in the orange samples, while it was mixed with an
unidentified blue dye for the shades of green. Four samples exhibited an unknown
component, eluting at 7.4 min and named unknown 1 (figure 5.12). This component

exhibited three absorption maxima Amax at 234, 300 and 438 nm and was observed in
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light green and yellow porcupine quills. It could possibly correspond to an alkaloid
component, although the UV/Visible spectra did not match close enough to those of
berberine (5, Amax = 230, 266, 348, 431 nm) or sanguinarine (6, Amax = 234, 281, 329,
350 (sh), 400, 474 nm ), that were characterised in a study on Eastern Woodland

quill work,’ to allow a positive identification as either of those.
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Figure 5.12: UPLC chromatogram of the DMSO extract of a yellow porcupine quill (A.845.15 Box 4),
monitored at 450 nm [by order of elution: unknown 1, bisdemethoxycurcumin (3),

demethoxycurcumin (2) and curcumin (1)].

Most of the historical quills exhibited a close composition to the extract from
porcupine quill reference PQ6, prepared with commercial turmeric. The amount of
bisdemethoxycurcumin ranged between 43 and 60 %, but a few samples exhibited a
lower level of bisdemethoxycurcumin (figure 5.12). It is not possible to relate these
compositions to a source of turmeric, although the historical quills were found to be
closer to Indian turmeric, because published studies on turmeric rhizomes showed
that the diarylheptanoid contents are very variable.>* 3> Furthermore, the affinity of
the three diarylheptanoids with the porcupine quill substrate is unknown and will
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greatly affect the dye profile after extraction. As a general observation, curcumin (1)
is the main component present in most of the turmeric species, while
bisdemethoxycurcumin (3) is always characterised as the main component in the
porcupine quill extract, which could be explained by a higher affinity for the quill

substrate.

Historical quills (A.848.15)
Porcupine quill reference (PQ6)
. Rhizomes, China (Cheng, 2010)
O 100 ® Rhizomes, India (Li, 2011)

4
0 25 50 75 100

bisdemethoxycurcumin

Figure 5.12: Ternary diagram of the relative amounts of bisdemethoxycurcumin (3),
demethoxycurcumin (2) and curcumin (1) characterised in DMSO extracts of reference porcupine
quill PQ6 and historical quills A.848.15. The composition of the extract is compared to the rhizome
34, 35

composition of Curcuma Longa L. from China and India (Cheng et al., 2010 and Li et al., 2011).
[Data compiled from Chapter 7, section 7.4.5, tables 7.52 and 7.53].
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5.2.4 Cochineal

5.2.4.1 Porcupine quill extract

Although the major colouring component characterised in the acid hydrolysed extract
of yarns dyed with red insect dyes is often carminic acid (33), minor constituents can
be characteristic of a particular species. These specific “marker components” can
then be compared with those from freshly dyed reference materials, and indicate the
use of particular biological sources. It is well established that the identification of
cochineal species in historical textiles can be based on a graphical system involving
the integration of peak areas from three minor markers Dcll (32), flavokermesic acid
(35) and kermesic acid (34), *% %7 with the minor component Dc II (32) usually found
in an amount of 2 to 4 % in wool yarns and 1 to 2 % in silk yarns dyed with

Dactylopius Coccus Costa.*®

Prior to investigating historical porcupine quills, a reference quill dyed with
American cochineal (Dactylopius Coccus Costa) was extracted using a strong
hydrochloric acid solution in order to characterise its dye profile (see section 7.4).
The main component characterised in the acid hydrolysed extracts of porcupine quill
was carminic acid (33, Rt = 6.12 min, [A max= 276, 312 (s), 493 nm]) associated with
a small amount of the components D¢ II (32, Rt = 5.86 min, [A max = 289, 429 nm]),
Dc IV (Rt = 11.43 min, [A max = 276, 312 (s), 496 nm]), and flavokermesic acid (35,
Rt = 14.98 min, [A max = 287, 430 nm]). The other minor components, Dc VII and
kermesic acid (34), reported to occur in Dactylopius Coccus Costa extracts were
found to be below the limit of detection at 275 nm but traces of Dc IV (< 0.4 %; Rt =
13.30 min) was detected at 430 nm (figure 5.14). Notably, the acid hydrolysed
extracts of the reference porcupine quill exhibited some slight differences in
composition to that of wool or silk, with the minor component Dc II being present in
an amount ranging between 5 to 9 %, while flavokermesic acid was found to be
present in an amount of 1.9 % (table 5.6). These compositions are clearly out of the
range offered by Wouters and Verhecken for Dactylopius Coccus Costa extracts

(figure 5.15).3% 3° These differences could be explained by the nature of the
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porcupine quill substrate, inducing a different uptake of the cochineal dye during the
dyebath process. In support to this, it is worth noting that Dc II (32) and
flavokermesic acid (35) are related compounds; as a recent study showed that the
minor component D¢ II is likely to be a 7-C-glycoside of flavokermesic acid.*
Finally, it was also found, that the composition of the acid hydrolysed extract of the
reference porcupine quill material was more variable, which could be due to the

porcupine quill substrate being less homogeneous than wool.

33
0.04
32 /
0.03
=)
$ \
8 0.024 \
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@
£
2 \
2
DcVIl 35
0.01 Dc IV |
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T ¥ T ¥ T
5 10 15
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Figure 5.14: UPLC chromatogram of the acid hydrolysed extract of porcupine quill reference (PQ Sn
100 pg mL?) dyed with American cochineal, monitored at 430 nm [by order of elution: Dc Il (32),

carminic acid (33), minor component Dc IV, Dc VIl and flavokermesic acid (35)].
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Table 5.5: Anthraquinone dyes extracted from 1 mg of porcupine quill reference (PQ Sn 100 pg mL?)

dyed with American cochineal, monitored at 275 nm and 430 nm.
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Relative Amount: average + s (%), n=3
Dc II carminic acid Dc IV Dc VII  flavokermesic. acid kermesic acid
32 33 (35) (34)
275 nm 7.0+1.9 88.5+2.2 26+1.0 nd 1.9+0.1 nd
430 nm 7.02+£ 0.7 89.3£0.8 1.5+0.1 0.4=+0.1 1.7+0.1 nd

Table 5.6: Averaged relative amounts of the dyestuff compounds in an acid hydrolysed extract of

porcupine quill reference (PQ Sn 100 pg mL?!) dyed with American cochineal, monitored at 275 nm

and 430 nm. [Data compiled from Chapter 7, section 7.4.6, table 7.54].

de Il (Wt %)
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i Porphyrophora Hamelii B. (PH)
\:’ Porphyrophora polonica L. (PP)
0o +— T
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flavokermesic acid + kermesic acid (Wt %)

Figure 5.15: Graphical representation of the different cochineal dyes species adapted from Wouters

and Verhecken 1989, showing the composition of a reference wool extract (MODHT RW5) and the

reference porcupine quill extracts, monitored at 275 nm. [Data compiled from Chapter 7, section

7.4.6, table 7.54].

5.2.4.2 Historical quills (A.848.15)

Twenty three

porcupine quills were selected for analyses, as well as five micro-

samples removed from four objects during conservation (Inv. N°: A.848.12;
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A.848.13; A.848.45 and A.848.49), and these were extracted using a strong
hydrochloric acid solution. The quills exhibited a range of bright orange and red
hues. Carminic acid (33, Rt = 6.59 min, [A max = 276, 312 (s), 493 nm]) associated
with the minor component Dc II (32, Rt = 6.14 min, [A max = 289, 429 nm]), was
detected in all twenty three samples. In eleven samples the carminic acid (33, Rt =
6.59 min, [A max= 276, 312 (s), 493 nm]) was also associated with a minor amount of
flavokermesic acid (35, Rt = 15.12 min, [A max = 287, 430 nm]). The samples were
found to contain only small quantities of dyestuff and it was therefore decided to
work at 430 nm where the signal to noise was found to be better. This was supported
by the fact that the relative amounts of the dye components extracted from the
reference quill were found to be very close at 430 nm and 275 nm (table 5.6). The
acid hydrolysed extracts were found to be very heterogeneous in composition with
the relative amount of Dc II ranging between 5 % and 65 %, while the level of
carminic acid ranged between 10 % and 97 %. Only a few samples exhibited similar
relative amounts to the acid hydrolysed extract of the porcupine quill reference, but it
does seem likely that the historical porcupine quills were dyed with Dactylopius
Coccus Costa (figure 5.16).

An unknown component eluting at 8.39 min was characterised in sixteen historical
quill samples ranging between 1 and 30 % of the total relative amount. This
component named unknown 2, exhibited absorption maxima at Amax = 228, 281 and
470 nm and seems clearly related to cochineal dyes. The presence of a maximum
absorption peak at 281 nm would suggest that it is related to flavokermesic acid, but
this would need to be confirmed further with mass spectrometric studies (figure
5.17). It was also observed that in the porcupine quill extracts, carminic acid eluted
systematically later and showed a higher variability in retention time (Rt = 5.79 +
0.12 min vs Rt =6.14 + 0.60 min). This was also observed for all the other minor red
components (table 5.7). It is possible that the variability in retention time could be

due to the presence of a metallic mordant, which would affect the chromatographic
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analysis, as it has been reported in a study on carminic lakes that the extracts

exhibited longer and more variable retention times.*!

Retention time + sr (min), n = 25

Dc 11 (32)

carminic acid (33)

unknown 2

Dc 1V

Dc VII

flavokermesic acid (35)

6.14 + 0.60

6.59 +0.61

8.39 +0.55

11.72 £ 0.65

13.13 £ 0.60

15.12+0.61

Table 5.7: Variation in the retention time observed for the analysis of twenty five historical

porcupine quills.
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Porcupine quills samples (A.848.15)

Figure 5.16: Relative amount of the dyestuffs characterised in the acid hydrolysed extract of eight

red historical porcupine quills, highlighting the high variability in the relative amount of the

individual components, monitored at 430 nm. [Data compiled from Chapter 7, section 7.4.6, table

7.55].

Finally; the micro-samples investigated from the objects A.845.13 and A.845.12

showed the presence of carminic acid and Dc II, characterising Dactylopius Coccus

Costa, while the micro-samples removed from objects A.848.45 and A.848.49
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contained minor amounts of alizarin and purpurin, characteristic of a madder species.
It is not possible to conclude whether these samples were dyed with a local Galium
species or imported madder, but in both cases alizarin was found to be the main

component present in the acid hydrolysed extracts.
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Figure 5.17: Chromatogram of the acid hydrolysed extract of porcupine quill A.848.15 Box 2

monitored at 430 nm [by order of elution: Dc Il (32), carminic acid (33), and unknown 2)].

5.2.5 Blue dyes

It was not possible to characterise the blue dyes in this study, as the PDA detector of
the UPLC system does not allow analysing wavelengths above 500 nm. However,
some extraction tests were carried out and showed that the blue dyestuff used to
produce the darker shades “spotted” blue hues were insoluble in hydrochloric acid
solution but easily extracted with DMSO, suggesting the presence of indigo dyes.
However, for the brighter shades of blue, it was found that the blue dye was easily

extracted and solubilised in the hydrochloric acid solution, and did not seem to be
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affected by the pH change. This would suggest that indigo carmine (91), a
sulfonated indigo could have been used for the stronger blue hues, but this
conclusion would need further chromatographic investigation. Indigo carmine is a
blue dye and water-soluble (pKa = 11.4 and 13), that was synthesised first in 1743 by
Johann Christian Barth and used in Europe from 1770 until the beginning of the

twentieth century.*

O- Na

91

Indigo carmine
23,3'-dioxo-2,2'-bis-indolyden-5,5'-disulfonic acid disodium salt
My = 466.36 g mol™
Amax= 250, 290, 420 (s), 610 nm

5.3 MORDANT ANALYSIS BY MICRO PIXE AND RBS

5.3.1 Beam dose Q and calibration

The system was calibrated following the same process as described in chapter 4, with
the values of the beam charge Q and the quantity H calculated over the set of
experiments using a DR-N standard. It was found in the experiments discussed in
chapter 4, that although the beam dose Q was kept to a very low level, some damage
due to the irradiation was visible with naked eye on some of the porcupine quills and
appeared as a brown spot. It was therefore decided to work at a much lower beam
dose Q for the investigation of historical materials in order to limit, as much as
possible, beam damage during irradiation. The beam was found to be much more
stable for this set of experiments (figure 5.18) and only minor re-adjustments of the
dose Q were necessary. The beam dose ranged between 0.00200 and 0.00238 uC

and these values were used to create the parameter file for the quantification of the
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porcupine quills; working matrix mode with the matrix defined as keratin using

percentage composition by relative weight (Wt %) (table 5.8).

The values obtained for the different elements present in the DR-N standard were

quantified for both low and high energy detectors (LE and HE) and compared to their

theoretical values (figures 5.18 and 5.19). The parameter files used for the low

energy detector (LE) did not allow a good quantification of several light elements

including magnesium, aluminium and silicon that were systematically over-

estimated, but provided similar quantification of the elements potassium, calcium,

phosphorus, titanium, manganese and iron to that which was obtained with the high

energy detector (HE).
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Figure 5.17: Evolution of the dose / sec during the analysis. A DR-N standard was analysed regularly

in order to calculate the beam charge Q. [Data compiled from Chapter 7, section 7.4.7, table 7.56].

Entry 61 to 93 Entry 94 to 113 Entry 114 to 157
Low Energy Q1: 0.00238 pnC Q2: 0.00270 pC Q3:0.00230 puC
(Be, 125 um) H: 0.063 H: 0.063 H: 0.063
High Energy Q1: 0.00238 pnC Q2: 0.00200 pC Q3: 0.00215 pC
(28.5 mm air) H:1 H:1 H:1

Table 5.8: Values of the beam dose Q and the quantity H for the different segments of the

experiments, as shown in figure 5.17.
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Figure 5.18: Quantification of the DR-N standards using the low energy detector. [Data compiled
from Chapter 7, section 7.4.7, table 7.57].
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Figure 5.19: Quantification of the DR-N standards using the high energy detector. [Data compiled

from Chapter 7, section 7.4.7, table 7.58].
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5.3.2 Investigation of reference quills

Several of the reference quills prepared for the dyeing experiments were also
analysed by PIXE in order to compare the information obtained using low and high
energy detectors and also to see if it would be possible to differentiate between
dyeing processes. The results obtained for two scoured quills (entries 1 and 2),
several quills prepared with combinations of alum and cream of tartar (entries 6, 7
and 8), as well as traces of tin (entries 4, 5 and 9) and chromium (entry 3) can be

found in table 5.9.

Due to their poor correlation with the DR-N standard at low energy, it was decided
that the quantification of aluminium and silicon was not reliable, and their
quantification is not presented in this study. It was found that the sulfur
concentration was more homogeneous with the high energy detector (HE) and
evaluated to 2 %, while the values obtained from the low energy detector (LE) were
more variable and slightly over estimated with a level of sulfur evaluated to 3 %.
Potassium and calcium were detected with both detectors at trace levels and for a few
samples prepared with cream of tartar (entries 3, 4 and 8) it was found that the level
of potassium was slightly higher around 0.7 - 1 %, and as would be expected, this
was found to be more visible using the low energy detector. Finally, using the high
energy detector, traces of zinc were detected in the blank porcupine quills and also in
all the quills dyed at a concentration of 50 ppm (all entries). Heavy elements such as
chromium (entry 3) or tin (entries 4, 5 and 9) were easily detected in the reference
quills, meaning that it is possible to differentiate between dyebath recipes and it was
found that the quantification of tin using the La line offered a lower limit of

detection, at approximately 100 ppm.

These results were very encouraging for future studies of historical specimens and
suggest that it should be possible to gain information not only on the presence of
trace heavy metals but also several light elements, such potassium or calcium that

could indicate specific dyeing processes.
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Matrix, Wt % Traces, ppm
Entry | Low Energy (LE) 16 S 19K 20Ca| 24Cr 26 Fe 29 Cu 30 Zn 50 *Sn 50 Sn
K K K K K K K K LA

1 Blank 1 3.16 0.0l 0.2 0 10 0 32 0 0
2 Blank 2 426 013 0.04 13 5 12 25 0 0
3 PQ4b (AL K, Cr) 402 072  0.07 1229 0 13 92 0 0
4 PQ5a (ALK, Sn,Cl) | 361 1.02  0.05 0 0 50 24 0 102
5 PQ5b (ALK, Sn,Cl) | 388 0.53  0.09 0 0 24 119 0
6 PQ6 (Al 298 0.58  0.10 0 0 0 23 0
7 PQBa (Al) 0.00 0.01  0.00 6 0 11 0 0
8 PQ8b (Al K) 378 068  0.12 10 8 15 35 0 13
9 PQ8c (AL K, Sn) 395 027 007 9 0 0 0 0 282

Mean 317 054 007

stdv 1.44 033  0.04

Matrix, Wt % Traces, ppm
High Energy (HE) 16 S 19K 20Ca| 24Cr 26 Fe 29 Cu 30 Zn 50 *Sn 50 Sn
K K K K K K K K LA

1 Blank quill 1 206 001  0.04 0 4 3 54 0 0
2 Blank quill 2 277 001  0.04 2 11 6 73 0 28
3 PQ4b (AL K, Cr) 1.64 039  0.04 1282 8 5 87 0 0
4 PQ5a (ALK, Sn,Cl) | 215 070  0.04 4 0 14 52 0 112
5 PQ5b (ALK, Sn,Cl) | 225 042  0.07 2 8 7 55 274 482
6 PQ6 (Al 199 048  0.08 0 1 6 43 0 229
7 PQ8a (Al) 209 021  0.03 0 2 9 48 0 0
8 PQ8b (AL, K) 212 053  0.10 0 0 4 44 0 48
9 PQ8c¢ (AL K, Sn) 196 0.19  0.05 0 4 2 42 200 293

Mean 203 042  0.06

stdv 020 018 0.03

Table 5.9: Comparing information collected at low and high energy on a set of porcupine quill
references, prepared with various dyebath conditions. [Data compiled from Chapter 7, section

7.4.7.2, tables 7.60 and 7.61].

5.3.3 Historical samples

Around 85 historical porcupine quills were investigated from the specimen box
A.848.15, selecting a large range of colours: bright and dark blue; bright and dark

green, orange, red, yellow and several of the un-dyed (?) or faded quills. Despite
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lowering the beam dose, some slight damage of the surface of the porcupine quills
was still observed after irradiation, but this remained very minor considering that the
area analysed was only 100 x 500 pm. This damage was visible under binocular
observation and appeared as a light brown spot sometime with some discoloration of
the dyestuff (figure 5.19). The results obtained for the quantification of light and

heavy elements will be discussed in the following sections.

Figure 5.19: Discoloration of the surface of one of the porcupine quill specimen in A.848.15 observed

after irradiation, irradiated area is 100 x 500 um (scale bar is 200 um).

5.3.3.1 Quantification of light elements

Most of the porcupine quills investigated exhibited trace levels of calcium and
potassium, evaluated to 0.02 - 0.04 Wt % for calcium and below 0.2 Wt % for
potassium. However, a few blue and green porcupine quills exhibited however a
higher level of potassium ranging between 0.4 and 0.8 Wt %, which was found to be
associated to slightly higher level of calcium ranging between 0.11 and 0.14 Wt%
(figure 5.20). Because these levels are very low it appears difficult to attribute the
presence of potassium and calcium to specific dyebath procedures as their presence
could also be the result of contamination. Finally, several quills exhibited a high

level of sodium (1 to 3 Wt %), and although the quantification of sodium might not
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be reliable due to its easy volatilisation under irradiation, this is clearly visible in

figure 5.21. These higher levels of sodium were observed in blue, green, orange and

several “colourless” quills and did not seem therefore to be colour related. In general

chlorine was found to be present in very minor quantities and ranged between 0.02

and 0.27 Wt % and did not particularly increase with the sodium content, excluding

the presence of sodium chlorine salt. It is worth noting that the use of ashes - a

source of sodium or potassium - is reported in Micmac quill dyeing recipes for blue

hues:

“Blue. The bark of the beech is boiled about an hour; a table spoon of hardwood ashes,

which have been put into a half-gallon of boiled water are added.”*
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Figure 5.20: Concentration of potassium (K) versus calcium (Ca) expressed as weight percentage (Wt

%), quantified from samples in the specimen box A.848.15 using the low energy detector (LE). [Data

compiled from Chapter 7, section 7.4.7.2, tables 7.59 and 7.60].
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Figure 5.21: Concentration of sodium (Na) versus potassium (K) expressed as weight percentage (Wt
%), quantified from samples in the specimen box A.848.15 using the low energy detector (LE). [Data

compiled from Chapter 7, section 7.4.7.2, tables 7.59 and 7.60].

5.3.3.2 Quantification of heavy elements

The investigation of the heavy elements present in the specimens A.845.15 showed
some exciting results, with both tin and copper characterised in various amount in all
the porcupine quills investigated. Tin was found to be present in higher quantities in
the red and oranges hues, reaching a level of 0.4 to 1.5 Wt %, while copper was
found predominantly in the darker shades of blue and green and reached 0.3 Wt %
for the most concentrated one (figure 5.22). Tin was also detected in the brighter
shades of blue, where the level of tin was around 0.2 - 0.4 Wt %. While the
“colourless” porcupine quills exhibited also minor amounts of tin and copper
suggesting that either these quills were pre-mordanted or that these were previously
dyed and now extremely faded. Chlorine was characterised in very minor amount

suggesting that tin was not used as a tin(Il) or tin(IV) chloride, but more likely as a

242



Chapter 5

tin oxide, obtained by dissolving tin in nitric acid.** The level of sulphur was found
to be higher in the blue and green specimens, ranging between 2.5 and 4.5 Wt %, and
the higher level of sulfur seemed also to correspond for a few quills to higher levels
of copper, but the correlation was not systematic, and is not possible to conclude that
copper was used as a copper sulfate (figure 5.23). Finally arsenic and mercury were
characterised below 25 ppm in all the historical specimens, indicating that these were
unlikely to have been treated in the past with inorganic pesticides containing mercury

and arsenic, such as arsenic trioxide As203, Pb3[AsOas]2 or HgClo *4°
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Figure 5.22: Concentration of copper (Cu) versus tin (Sn) expressed in weight percentage (Wt %),
quantified from samples in the specimen box A.848.15 using the high energy detector (HE). [Data
compiled from Chapter 7, section 7.4.7.2, tables 7.59 and 7.61].
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Figure 5.23: Concentration of sulfur (S) versus copper (Cu) expressed in weight percentage (Wt %),
quantified from samples in the specimens box A.848.15 using the high energy detector (HE). [Data

compiled from Chapter 7, section 7.4.7.2, tables 7.59 and 7.61].

5.3.3.3 RBS analysis

The RBS spectra obtained from several historical specimens were simulated by
SIMNRA and the atomic composition of keratin layer containing tin and / or copper
was then converted into its weight percentage composition (Wt %) to allow direct
comparison with PIXE analysis. Figure 5.24 shows the simulated RBS spectra of a
green porcupine quill containing small amount of tin and copper. The simulated
spectra was found to fit closely to the RBS spectra and the concentration carbon and
oxygen were better estimated than could be achieved with modern porcupine quill

samples, suggesting that the surface contained less carbon rich contaminants.

It was however found difficult to quantify the level of copper by RBS, as most of the
quills also exhibited minor amounts of tin. The probability of having a Rutherford

reaction is higher for tin than copper and as a result, the tin signal masks the signal of
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copper, meaning that low concentrations of copper cannot be estimated. The results
obtained for a few porcupine quills are presented in table 5.20. For both sulphur and
tin, the quantification by RBS gave a slight over estimation compared to the values
obtained by PIXE, which could indicate that surface and bulk composition are
different, with the first microns of the cuticle exhibiting a higher level of sulphur and
tin. This could possibly correspond to a deposition of the mordant on the surface of

the cuticle.

—— 01 March 134 - A.848.15 Box 17a green quill
—— Simulated RBS spectra

2000

1500

1000

Counts

500

0 100 200 300 400 500
Channel

Figure 4.24: RBS spectra 01March 134, green porcupine quill (A.848.15 Box 1(a) and simulated RBS
spectra with SIMNRA software using both Rutherford and non-Rutherford cross-sections (in red).

[see Chapter 7, section 7.4.7.3, table 7.63].
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RBS (Wt %) PIXE (Wt %) HE
Entry Particles *sr S Cu Sn S Cu Sn
01 March 099 2.00 x 10'° 3.00 0.17 0.80 1.90 0.09 0.48
01 March 107 2.00 x 10'° 3.48 ND 0.81 1.83 0.08 0.41
01 March 122 1.78 x 10'° 3.32 ND 2.15 1.17 0.07 1.21
01 March 134 1.92 x 10'° 3.50 0.26 0.16 3.01 0.17 0.06

Table 5.20: Number of beam particles (*sr) fitted by SIMNRA for several measurements of historic
porcupine quills investigated by RBS. The atomic composition of virtual layers was converted into
weight percentage to allow direct comparison with PIXE analysis. [see Chapter 7, section 7.4.7.3,

table 7.63].

5.3.3.4 ICP-OES analysis

In order to confirm those analyses a small set of porcupine quills were also re-
investigated by ICP-OES and the results obtained were compared to the results of
PIXE analysis. In addition, six micro-samples, removed during conservation
treatment from objects A.848.13 and A.849.7 (figure 5.25) were also investigated.
ICP-OES confirmed that both copper and tin were present in substantial
concentrations in all the porcupine quills, with the level of tin reaching 20 to 30 pg
per mg of quill in the more concentrated samples. Considering the low sorption level
of porcupine quill for tin and copper (chapter 4), it would be reasonable to believe
that the specimens were prepared in dyebaths containing a rather high concentration
of mordants, although of course the exact dyebath conditions remain unknown.
Double mordanting is not a common practice in the preparation of historical textiles
and it is rather surprising that both copper and tin are present in all the specimens. It
is not however possible to directly correlate ICP-OES and PIXE measurements,
using the quantification curves obtained from reference porcupine quills (chapter 4),
because the aged porcupine quills specimens appeared less dense than fresh one.
perhaps due to desiccation over time. Thus the masses from which the metal ions
were extracted for ICP-OES cannot be directly correlated. Interestingly similar

levels of tin and copper were found in the samples removed from objects (blue,
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green, red and white), confirming that these objects were very likely to have been

manufactured from the raw specimens collected in 1862 (table 5.21).

Figure 5.25: A.849.7, bracelet made with porcupine quills dyed with native dyes: Canadian

Indians, Slavey, © Trustees of National Museums Scotland

ICP-OES PIXE

(1g per mg quill) (Wt %)

Sn Cu Sn Cu
A.848.15
Box 2, red 29 2 1.71 <0.01
Box 2, red 17 3 0.82 0.01
Box 4, orange 20 2 0.65 0.02
Box 4, yellow 14 3 0.10 0.02
Box 5A, red 18 1 0.88 nd
Box 5B, red 20 2 0.41 0.01
Box 5B, bright red 12 1 0.26 0.01
Box 6 Q1, bright red 10 1 0.63 nd
Box 6 Q2, red 9 2 0.18 <0.01
Box 7, bright blue 9 2 0.49 0.03
Box 8, orange 14 1 0.83 <0.01
Box 8, orange (salt) 11 2 0.56 <0.01
Box 14A, red 12 2 0.06 <0.01
Box 16B, orange 1 0.02 0.01
Box 9A, bright blue 2 0.4 0.31 <0.01
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Box 9A, spotted blue 9 2 0.21 0.01
Box 17A, dark green 5 1 0.21 0.02
Box 17B, dark green 13 5 <0.01 0.06
Box 18, yellow 3 0.4 0.10 nd
Objects

A.848.13, pink 31 5

A.849.13, green 58 15

A.848.13, blue 29 4

A.848.13, white 11 2

A.849.7, green 19 5

A.849.7, blue 13 5

Table 5.21: Comparison of the levels of tin and copper obtained by ICP-OES and PIXE analysis on a
small set of porcupine quills specimen (A.848.15) and several samples removed from objects

A.848.13 and A.849.7. [Data compiled from Chapter 7, section 7.4.7.4, table 7.64].

5.4 DISCUSSION

The investigation of the raw specimens and porcupine quill work collected in 1862
from Northern Athapaskan showed unexpected results, with the exclusive use of
American cochineal (Dactylopius Coccus Costa), turmeric (Curcuma longa L.) and

unidentified blue dyes (indigo and possibly indigo carmine).

These results strongly differ from the study of Eastern Woodlands porcupine quill
recently undertaken at the National Museum of the American Indian (Smithsonian
Institute).* > In this study, thirty four objects dated pre-1856 from different cultural
groups in the Eastern Woodlands were investigated (Mik’maq, Ojibwe, Delaware,
Seneca, Huron, Iroquois, Mohegan, Great Lakes). Sixty six samples of black, blue,
yellow, red and brown were analysed and showed exclusive use of local natural dyes,
including the use of madder (possibly Galium species), tannins (gallic acid and
juglone), several alkaloid dye sources (berberine), indigo and anthocyanidin dyes.

Only two samples in this study exhibited the presence of carminic acid, and the dye
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source was reported to be American cochineal, that would have been made available
through European contact. Indeed, there is no evidence of trade routes extending
from Mexico into North America, while trades routes of cochineal from South
America into Europe however have a long history, and it is well known that

cochineal was traded into Europe as early as the sixteenth century.** 46

The exclusive use from 1862 of imported European dyes by Athapaskans in 1862
highlights how European contact impacted on traditional porcupine quill work in the
late nineteenth century. It is unknown if these dyes were already traded into North
America and quickly adopted by Athapaskan people for the preparation of porcupine
quills, as they would have much easier to use than local natural dyes. But these
technical changes correspond well to what is reported with the use of glass beads for
embroidery.® It is also possible that Bernard Ross provided some raw materials for
the manufacture of the objects he commissioned. More art historical research would
be needed, looking specifically at the account books from the Hudson Bay Company
on the trade of dyestuffs. Although records seemed to give accounts mainly of what
was traded from the Indians (furs primarily), as opposed to what was given to them.*’
Nevertheless, beads are mentioned in some records and were traded at 2 beavers per

pound of beads.*’

Cochineal appeared in the museum’s registry under the term of scarlet, which a
European terminology, referring to the use cochineal prepared with tin mordant.
Unsurprisingly, considering the red hues observed in the specimens, tin was found to
be present associated with a smaller amount of copper in all the specimens and
objects investigated. By changing the concentrations of these two mordants, bright
and darker hues using the same dyestuff were obtained. It would be legitimate to
question if these metallic salts were a voluntary addition or the result of dyeing the
quills using copper or tin vessels that would have depleted the metal ions during the
dyebaths. Native copper was available in the Lake Superior region and there are
examples of personal ornaments made of copper such as earrings or bracelets, but

also copper knives in the Southern Alaska.*® ** Nevertheless, metal artifacts before
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European contact are rare in the Dene culture, but the use of European copper or
brass kettles is reported to occur after contact, these being exchanged for fur with
Europeans. Copper kettles are mentioned in several ethnographic studies, but none
specifically related to the dyeing of porcupine quills, but there is no mention of the
use of pewter vessels that would explain the level of tin characterised in the
specimens.’*32 It is however reported that European dyes and mordant were already
traded to Nova Scotia in the 1830s, suggesting that by 1862 these materials would

have been also available in the Northern territories.?!

“The majority (of the dyes) were imported, and included indigo, logwood and ground
redwood, with various mordants ... Newspapers in Novia Scotia during the early 1800s
advertised, “dyestuffs just received from London”, and “finest quality Spanish indigo”. One

1830 advertisement list “indigo, logwood, redwood, alum, copperas, vitriol ...."”*

The use of mordants reflects a change in dyeing technologies and it is possible that
the high contents and variations of tin and copper reflect of some experimentation
with these new materials. It is not clear why the analysis of cochineal seemed to be
particularly affected by the level of mordant and whether the concentrations of
mordant in the dyebath affected the uptake of the cochineal dye onto the porcupine
quills. Alternatively, it is also possible that residual amounts of tin and copper in the
acid hydrolysed extract affected the chromatographic analysis. This would need to
be further investigated by studying more reference materials and possibly improving

the sample preparation prior to UPLC analysis.

Finally, the thesis will also help in the design of appropriate conditions and regimes

53,54

for display, which will minimise further light damage, as published research into

the light fastness of natural dyes has shown that cochineal and indigo are moderately

stable, while turmeric and indigo carmine have higher rates of photodegradation.*? %3

It would be also interesting, given the nature of the porcupine quills to see if the
excess of mordant affects the fading properties of the natural dyes, and further dye
testing on the quill specimens from the Athapaskan collection is intended using

54, 55

micro-fading system. It is also intended to extend dye analysis to a larger
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number of artifacts from National Museums Scotland collection in order to document
better the use of new dyestuffs, especially in the period immediately after these
objects were collected (1860 - 1870), when early synthetic dyes would have been

traded from Europe into North America.
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6 CONCLUSION

This chapter summarises briefly the key results in the thesis, and stresses the
significance of the work in the field of heritage science.

6.1 ULTRA PERFORMANCE LIQUID CHROMATOGRAPHY (UPLC)

The thesis reports some of the first applications of Ultra Pressure Liquid
Chromatography (UPLC) to the analysis of textile samples from the cultural heritage
field. Using this technique has allowed objects which were previously considered to
be ineligible for sampling (and thus accurate dyestuff analysis) to be studied due to
the greatly reduced sample size, and new substrates (e.g. North American quill work)

where the dyestuff is found in much reduced quantities to be analysed.

The use of Ultra Performance Liquid Chromatography (UPLC) for the analysis of
natural product dyestuffs has been pioneered as part of this research, and the limit of
detection and limit of quantification (LOD and LOQ) of a range of dyestuffs was
determined. This research has demonstrated that up to 10-fold improvements in
sensitivity may be achieved using Ultra Performance Liquid Chromatography (UPLC)
as compared to the equivalent High Performance Liquid Chromatography (HPLC)
separation, allowing far smaller samples sizes to be taken and/or samples of more
fugitive (or more degraded) dyestuffs to be successfully analysed. In total, over 100
samples have been analysed by UPLC, and it is clear that the greatly reduced LOD
and LOQ which this technique offers means that it will see widespread application in

the field of heritage science.

Two UPLC methods were developed; the first method used a BEH C18 column (50 x
2.1 mm, length x i.d.) with a shorter run time, and provided excellent separation for a
wide range of dyestuffs; it is anticipated that this method will enable the rapid analysis
of multiple samples from objects. The second method used a PST BEH C18 column
(150 x 2.1 mm, length x i.d.) and a longer run time; this method enabled the
identification of very minor components and closely-eluting regio-isomers and was

combined effectively with ESI-MS analysis.
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These methods were validated through the analysis of some heavily degraded, late
sixteenth century wool and silk samples from the outstanding collections held at the
Burrell Collection (Glasgow, UK) and the Bodleian Library (Oxford, UK) generating
exciting new information about the dyestuffs which have been employed in their
preparation. It is anticipated that these methods will become the standard protocol in
the heritage science field world-wide. Furthermore, the application of related UPLC-
MS methods will allow future studies using isotope ratios to pinpoint the provenance
of objects and will also allow rapid identification of the photo-degradation products of

natural product dyestuffs.

6.2 DYER’S GREENWEED MINOR COMPONENTS

UPLC analysis of silk and wool reference yarns dyed with dyers’ greenweed (Genista
tinctoria L.) showed for the first time that both luteolin methyl-ethers chrysoeriol and
diosmetin are present in low levels in the acid hydrolysed extracts. It also provided
the identification of four previously unreported Genista related components, named
Gtl, Gt2, Gt3 and Gt4 that were characterised by TOF-ESI-MS analysis combined
with PDA-UPLC. This allowed the attribution of some possible structures to these
minor components; with the minor component Gt2 corresponding to the isoflavone
genistein with an additional OH substituent, while the minor component Gt3
corresponded to an O-methylated isoflavonoid related to genistein. Further analysis
using MS-MS fragmentations will be carried out in order to offer definitive structures
for these components. These findings will have an impact in a broad range of fields
outside that of cultural heritage - from those with current interests in the use of natural
product dyestuffs, to scientists working in species identification/phylogeny and

traditional medicines.

6.3 EARLY ENGLISH «SHELDON» TAPESTRIES

Thirteen tapestries from the Burrell collection and three key tapestry maps from the
Bodleian collection were sampled and as a result, more than five hundred samples
were investigated by chromatographic analysis. Through pioneering the use of UPLC
techniques for the analysis of natural product dyestuffs it was possible to characterise
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traces of safflower dye (Carthamus tinctorius L.) on all the Sheldon tapestries from
the Burrell collection. Safflower is a well-known fugitive dye and, thus far, its use in
Europe prior the eighteenth century has been only rarely recorded. This research
strongly suggests that this dye was actually already in use in Europe in the late
sixteenth century. This finding is especially relevant to art historical researchers, with
interests in trade and exchange, and will initiate further research (e.g. Port Books or
accounts records from the Great Wardrobe) to find information on the type of
dyestuffs that London merchants were importing, as well as the materials bought for

tapestry manufacture and repair.

6.4 SORPTION OF METALLIC IONS ON PORCUPINE QUILLS

A small study using Inductively Coupled Plasma (ICP) coupled to Optical Emission
Spectrometry (OES) was initiated on the sorption properties of porcupine quills, with
a particular focus on the sorption of copper(ll) and tin(Il). This showed that for the
range of dyebath concentrations considered (100 to 15,000 pg mL™), the sorption of
metal ions exhibited a reasonably linear correlation with the initial dyebath metal ion
concentration, and that the uptake of tin(ll) was systematically higher than that of
copper(ll). The quantities of metal ions adsorbed by the porcupine quills were found
to be much smaller than published studies on wool and this suggested that the

thickness of the cuticle adversely affected metal ion exchange with the dyebath.

A non-invasive method for mordant analysis was developed using Particle Induced X-
Ray Emission (PIXE) analysis, and this allowed the quantification of the trace
elements present in reference porcupine quills. These pioneering experiments
permitted the quantification of copper and tin present in the outer cuticle layer (first
80 pm), and when combined with Rutherford Backscattering Spectrometry (RBS)
allowed complementary quantification of the light elements present in the cuticle
layer, such as carbon, oxygen, nitrogen and sulfur, providing new information on the
distribution of copper and tin in the cuticle layer. It was found that the first microns
of the cuticle (1 — 2 pm) were richer in sulfur and metallic mordant (tin or copper).
This non-invasive approach using a combination of PIXE and RBS analysis was then
successfully applied to the study of nineteenth century porcupine quill work from the

collections in the National Museums Scotland.
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6.5 MID NINETEENTH CENTURY NATIVE AMERICAN QUILL WORK

The second objective of the research was the investigation of non-European
ethnographical materials, which have received little systematic study in comparison to
historical textiles. A unique group of dyed porcupine quill samples and objects that
was collected in 1862 from Sub-Arctic Athakaspan Dene people was investigated for
the first time and an analytical approach using a combination of UPLC analysis and
lon Beam Analysis (PIXE-RBS) allowed the characterisation of both natural dye
sources and metallic mordants. This showed the exclusive use of traded “European”
dyes, such as American cochineal (Dactylopius coccus Costa) and turmeric (Curcuma
longa L.) associated with chemical mordants, such copper and tin, to achieve darker
or brighter hues. This has not been reported before and has initiated exciting
discussions with curatorial colleagues at National Museums Scotland and at the Prince
of Wales Conservation Centre in Canada, opening new avenues for future research on
porcupine quill work collections. Finally, the thesis will also help in the design of
appropriate conditions and regimes for display, which will minimise further light
damage, as published research into the lightfastness of natural dyes has shown that if
cochineal and indigo are often moderately stable, turmeric and indigo-carmine fade
relatively quickly. Further dye testing on the dyed quills from the Athapaskan
collection is intended using micro-fading to gain a more complete understanding of all
of the objects.

6.6 CONCLUSION

The Science and Heritage Programme aims to "fund research activities that will
deepen understanding and widen participation in research in the field of heritage
science”. The work described in this thesis clearly relates closely to these objectives,
as it has allowed collaborations between the University of Edinburgh and several
museum institutions including National Museums Scotland and the Burrell Collection
(Glasgow Museums) to be strengthened and new collaborations with the Bodleian
Library (Oxford) to be developed. These collaborations have enabled important
historical questions regarding the provenance of tapestries attributed to the "Sheldon™

workshop to be addressed from a scientific perspective for the first time.
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Furthermore, the analysis conducted on an internationally ranked collection of North
American quill underpinned a scientific investigation of the nature of both dyestuffs
and mordants and proved to have a significant impact upon the current understanding

of cultural changes happening in the late nineteenth century in North America.
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7 EXPERIMENTAL

7.1 MATERIALS AND CHROMATOGRAPHIC METHODS

7.1.1 References materials and chemicals

HPLC: methanol (HPLC grade) and ortho-phosphoric acid (reagent grade) were used
without further purification; mobile phases were prepared with high-purity water
obtained from a Milipore Mili-Q system with a resistivity of at least 18 MQ (ELGA
system). UPLC: methanol, acetonitrile and water were LC-MS grade and used without

further purification.

Standards of luteolin (3',4",5,7-Tetrahydroxyflavone, TLC > 98 %), genistein (4',5,7-
Trihydroxyisoflavone, HPLC assay > 98 %), apigenin (4',5,7-Trihydroxyflavone, HPLC
assay > 95 %), alizarin (1,2-Dihydroxyanthraquinone, dye content 97 %), purpurin
(1,2,4-Trihydroxyanthraquinone, dye content, 90%) and carminic acid (7-a-D-
Glucopyranosyl-9,10-dihydro-3,5,6,8-tetrahydroxy-1-methyl-9,10-

dioxoanthracenecarboxylic acid, HPLC assay > 96 %) were purchased from Sigma-
Aldrich UK. Standards of fisetin (3,3',4',7-Tetrahydroxyflavone, HPLC assay > 99 %)),
sulfuretin (3',4',6-Trihydroxyaurone, HPLC assay > 99 %), chrysoeriol (4',5,7-
Trihydroxy-3'-methoxyflavone, HPLC assay > 99 %), and diosmetin (3'5,7-
Trihydroxy-4'-methoxyflavone, HPLC assay > 99 %) were purchased from

ExtraSynthese, France.

Silk and wool reference samples prepared with natural dyestuffs at NMS and during the
Monitoring of Damage to Historic Tapestries (FP5, EC contract number EVK4-CT-
2001-00048) were used to validate the method. These samples included threads dyed
with weld (Reseda luteola L.), dyers’ greenweed (Genista tinctoria L.), madder (Rubia
tinctoria L.), cochineal (Dactylopius. Coccus C.) and young fustic (Cotinus coggygria
L.).

7.1.2 Sample preparation

For HPLC analysis, the hydrochloric acid extraction protocol, developed for the routine

analysis of the dye components from reference and historical samples, was as follows:
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the dyed yarn or solid reference material (typically 1 - 5 mg) was placed in a 2 mL glass
test tube, to which was added a mixture of 37% hydrochloric acid: methanol: water [400
uL, 2:1:1 (v/v/v)]. The tube was then placed in a water bath at 100 °C and heated for
precisely 10 min. After rapid cooling under cold water, the extract was filtered using a
Polyethylene filter (55 pm, 5 mm) from Crawford Scientific™. The frit was rinsed with
methanol (200 pL) and the combined filtrates dried by rotary vacuum evaporation over
a water bath at 40 °C. The dry residue was then reconstituted with methanol: water [50

uL, 1:1 (v/v)].

For UPLC analysis, the hydrochloric acid extraction protocol above was adapted as
follows: the sample (typically 0.1 - 1 mg) was extracted in a 1 mL glass test tube, to
which was added a mixture of 37% hydrochloric acid: methanol: water [200 pL, 2:1:1
(v/v/v)]. The tube was then placed on a heated block at 100 °C and heated for precisely
10 min. After cooling down at room temperature, the extract was transferred into a 1
mL Eppendorf vial and the glass tube was rinsed with water: methanol [100 pL, 1:1
(v/v)]. The combined extracts were centrifuged for 10 min at 10,000 rpm and then
filtered directly into Waters UPLC vials using a PTFE Phenomenex syringe filter (0.2
um, 4 mm). The extract was then cooled with liquid Nitrogen and dried under vacuum
using a freeze drier system. The dry residue was then reconstituted with water:

methanol [40 uL, 1:1 (v/v)].

7.1.3 Solutions of standards

The HPLC system was calibrated using a stock solution of standards containing
carminic acid, luteolin, genistein, apigenin, alizarin and purpurin (1.00 £ 0.01 mg of
each standard) in water: methanol [25 mL, 1:1 (v/v); equivalent to 40 ug mL™']. Diluted
solutions were then prepared with components at concentrations of 20, 10, 5, 4, 2 and
0.5 pg mL"!, by dilution with water: methanol [1:1 (v/v)] using calibrated micro-

pipettes.

Both UPLC methods were calibrated using four stock solutions of standards: 1. a
solution containing carminic acid, fisetin, sulfuretin, luteolin and genistein (1.00 = 0.01
mg of each standard) in water:methanol [25 mL, 1:1 (v/v); equivalent to 40 ug mL™']; 2.

a solution containing apigenin, chrysoeriol, alizarin and purpurin (0.20 £ 0.01 mg of

267



Chapter 7

each standard) in water:methanol [10 mL, 1:1 (v/v); equivalent to 20 pg mL']; 3. a
solution of diosmetin (1.00 £+ 0.01 mg) in water:methanol [25 mL, 1:1 (v/v); equivalent
to 40 ng mL™']; and 4. a solution of carminic acid (3.00 = 0.01 mg) in water:methanol
[10 mL, 1:1 (v/v); equivalent to 300 pg mL']. Diluted solutions were then prepared
with components at concentrations of 20, 10, 5, 1, 0.5, 0.1, 0.05, 0.02 and 0.01 ug mL™,
by dilution with water:methanol [1:1 (v/v)] using calibrated micro-pipettes. Additional
calibration points for carminic acid used dilutions of stock solution 4 at the

concentrations of 150 and 100 pg mL"!.

The solutions of standards were kept in a fridge at 4 °C.

7.1.4 Chromatographic Methods

7.1.4.1 HPLC system

A Waters 600 gradient pump and a Waters 2996 PDA detector were controlled by Waters
Empower software and the data collected was processed with Origin 8.5 (OriginLab,
Nohampton, MA, USA). Solvents were sparged using an in-line vacuum degasser and
chromatographed peaks were monitored at 254 nm. The column was enclosed in a heat-
controlled chamber and maintained at 25 + 1 °C. Sample extracts were manually injected
via a Rheodyne injector with a 20 pL. sample loop. The PDA detector recorded all spectral
information between 250 and 750 nm; chromatographed peaks were monitored at 254 nm.

The bandwidth (resolution) was 2.4 nm, and response time set to 1 s.

Method A: used a Phenomenex Sphereclone ODS(2) reverse phase column, 5 pm
particle size, 150 x 4.6 mm (length x i.d.), with a guard column containing the same
stationary phase. The column temperature was set to 25 °C which allowed a back
pressure of 1600-1800 psi to be employed. The total run time was 35 min at a flow rate
of 1200 uL min'. A tertiary solvent system was used; A = 20% (v/v) MeOH (aq.), B =
MeOH, C = 5 % (v/v) ortho-phosphoric acid (aq.). The elution programme was
isocratic for 3 min (67A: 23B: 10C) then a linear gradient from 3 min to 29 min (0A:
90B: 10C) before recovery of the initial conditions over 1 min and equilibration over 5

min.
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7.1.4.2 UPLC system

Two chromatographic methods were developed using a Waters Acquity UPLC® system
comprising the Waters Binary Gradient Manager with Waters Sample Manager
incorporating a Waters Column Heater with sample detection using a Waters PDA
detector. Data were collected by Waters Empower 2 software and processed with Origin

8.5 (OriginLab, Northampton, MA, USA).

Solvents were sparged using an in-line vacuum degasser and chromatographed peaks
were monitored at 254 nm. The autosampler used a strong wash of acetonitrile (200 pL)
and a weak wash of acetonitrile: water [600 pL, 10:90 (v/v)]. Waters UPLC vials with a
residual volume of 9 pL were used for preparation of the historical samples. The dry
residue was reconstituted with water: methanol [40 pL, 1:1 (v/v)] - allowing a single
injection of 10 puL. Sample extracts were injected via a Rheodyne injector with a 10 uL
sample loop using the mode “partial loop with needle overfilled”. Sample extracts were
injected automatically via a Rheodyne injector with a 10 uL sample loop. The PDA
detector recorded all spectral information between 250 and 500 nm; chromatographed
peaks were monitored at 254 nm. The bandwidth (resolution) was 1.2 nm with a sampling

rate of 5 points s™!.

For both methods the column temperature was set to 55 °C, to reduce solvent viscosity,
which allowed a back pressure of 8500 - 9000 psi to be employed. A pH 3 aqueous
phase was prepared using H20 (250 mL) with the addition of glacial acetic acid (50 puL)

using a calibrated micropipette (equivalent to 0.02 %).

Method B: used a BEH C18 reverse phase column, 1.7 um particle size, 50 x 2.1 mm
(length x 1.d.), with in-line filter. The total run time was 6 min at a flow rate of 500 puL
min'. A binary solvent system was used; A = 0.02 % aqueous formic acid, B = MeOH.
The elution programme was isocratic for 0.25 min (75A: 25B) then a linear gradient
from 0.25 min to 4 min (20A: 80B) before recovery of the initial conditions over 10 s

and equilibration over 2 min.

Method C: used a PST BEH C18 reverse phase column, 1.7 pm particle size, 150 x 2.1

mm (length x i.d.), with in-line filter. The total run time was 37.33 min at a flow rate of
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250 pL min™'. A binary solvent system was used; A = 0.02 % aqueous formic acid, B =

MeOH. The elution programme was isocratic for 3.33 min (75A: 25B) then a linear

gradient from 3.33 min to 29 min (10A: 90B) before recovery of the initial conditions

over 1 min and equilibration over 5 min.

Details of the columns and the chromatographic programmes used can be found below

in tables 7.1 and 7.2.

Column Name SphereClone ODS (2) BEH C18 BEH C18
150 x 4.6 mm, 5 pm 50 x 2.1 mm, 1.7 pm 150 x 2.1 mm, 1.7 pm
Manufacturer Phenomenex Waters Waters
Part Number 00F-4135-E0 186002350 186003556
Column L % i.d. [mm] 150 x 4.6 50 x2.1 150 x 2.1
Fiplee g ot Frie S
Particle Substrate Hybride Hybride
Stationary phase Ethylene Bridged Hybrid ~ Ethylene Bridged Hybrid
Ligand Type Cis Trifunctional Cis Trifunctional Cis
trlfsﬁfn lz)ensity 3] 3]
Surface Area m?/g 185 185
Mode Reverse Phase Reverse Phase Reverse Phase
Carbon load [%] 18 18
Partical Shape Spherical Spherical Spherical
Particle size [pum] 5 1.7 1.7
Pore diameter [A]/ 130 A 130 A
Volume mL/g 0.7 mL/g 0.7 mL/g
Endcapped Yes Yes
pH range 1-12 1-12
xz:;fizm Rated 18,000 PSI or 1241 bar 18,000 PSI or 1241 bar
L/dp 30,000 29,500 88,300
z[")l{“rrzni E;’ll\‘j[rf“ 2.49 0.17 0.52

Table 7.1: Columns information.

Method A, HPLC, ODS(2), 150 x 4.6 mm, 5 pm

Solvent System

Programme

Equilibration Period

Flow rate [pul/min]

A

20/80 MeOH:H20

v/v
67
67
0
67
67

1200

B C
MeOH 5/95 Phos. Ac:H20

v/v

23 10

23 10

90 10

23 10

23 10

Gradient Curve
(min )
0 Initial
3 11
29 6
30 6
35 11

270



Chapter 7

Temperature [°C] 25
Injected Volume [pl],
manual injection

Method B, UPLC, BEH C18, 50 x 2.1 mm, 1.7 pm

Solvent System A B Gradient (min ) Curve
0.02% CH3COOH MeOH

aq.

Programme 75 25 0 Initial
75 25 0.25 6
20 80 4 6
75 25 4.1 6

Equilibration

Period 75 25 6 6

Flow rate [pl/min] 500

Temperature 55

Injected Volume 2.5

[ul], autosampler

Strong Wash CH3CN

Weak Wash 10790

CH3CN:H20, v/v

Method C, UPLC, BEH C18, 150 x 2.1 mm, 1.7 pm

A B Gradient (min ) Curve
Solvent System 0.02% CH3COOH MeOH

aq.

Programme 77 23 0 Initial
77 23 3.33 6
10 90 29.33 6
77 23 30.33 6

Equilibration

Period 77 23 37.33 6

Flow rate [pul/min] 250

Temperature 55

Injected Volume

[ul], autosampler 5

Strong Wash CH3;CN

Weak Wash 10790

CH3CN:H20, v/v

Tables 7.2: Chromatographic programmes.

7.1.4.3 UPLC ESI MS system

Analysis was performed using a Waters Acquity UPLC® system coupled with a QTOF2
Mass Spectrometer (MS) (Micromass Waters Corporation, Manchester, UK) equipped
with an electrospray ionization source. Method C’: used a PST BEH C18 reverse phase
column, 1.7 pm particle size, 150 x 2.1 mm (length x i.d.), with in-line filter. The total
run time was 49.33 min at a flow rate of 250 uL min™'. A binary solvent system was
used; A = 0.02 % aqueous formic acid, B = MeOH. The elution programme was

isocratic for 3.33 min (75A: 25B), then a linear gradient from 3.33 min to 41.33 min
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(10A: 90B) before recovery of the initial conditions over 1 min and equilibration over 5
min. MS analysis was conducted in negative ionization mode. Source conditions
included a capillary voltage of 2.71 kV, a sample cone voltage of 35 V, a desolvation
temperature of 300°C and a source temperature of 120 °C. Data was collected using
Masslynx 4.1 (Waters Corporation, Milford, MA, USA) and processed with Origin 8.5
(OriginLab, Northampton, MA, USA).

7.1.5 METHOD DEVELOPMENT

7.1.5.1 Calibration curves

The calibration curves and linearity of each standard were calculated at 254, 350 and
430 nm. For the HPLC system (Method A), standards were investigated once and the
calibration was made using 6 solutions ranging between 2 and 40 ug mL™'. Samples
were injected manually via a Rheodyne injector with a 20 pL sample loop. For the
UPLC system (Method B), each standard was investigated in triplicate using an auto-
sampler and the calibration was made using 7 solutions ranging between 0.5 and 80
ug mL! (carminic acid used 6 solutions ranging between 5 and 160 ug mL™"). For the
UPLC system (Method C), each standard was investigated in triplicate using an auto-
sampler and the calibration was made using 6 to 8 solutions ranging between 0.2 and

40 pg mL™! (carminic acid used 8 solutions ranging between 5 and 300 ug mL™!).

Calibration curves and linearity range for HPLC method A and UPLC methods B and
C are presented in table 7.3. Flavonoids standards were studied at 254 and 350 nm,

while anthraquinones standards were studied at 254 and 430 m.

Method A : HPLC ODS(2), 150 X 4.6 mm, 5 pm : each standard analysed once

254 nm 350 nm 430 nm
Compound
[x] [x] (ng/mL) vs. Ax n [x] (ng/mL) vs. Ax n [x] (ng/mL) vs. Ax n
R?) [ug/mL] (R?) [ug/mL] ®R?) [ug/mL]
carminic y = 15853x - 34641 n==6 y=5157.5x - 12809 n==6
acid (0.9928) [2 - 40] (0.9975) [2 - 40]
Luteolin y =58444x - 102841 n==6 y =74471x - 134955 n=6
(0.9933) [2 - 40] (0.9918) [2 - 40]
Genistein y=116528x - n==6 y =9003.8x - 14107 n==6
130158 (0.9905) [2 - 40] (0.9864) [2 - 40]

Apigenin y =41300x - 34861 n==6 y =65765x - 109885 n=6
(0.9878) [2 - 40] (0.9912) [2 - 40]
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Alizarin y = 84887x - 85741 n==6 y =17343x - 28269 ( n=6
(0.9964) [2 - 40] 0.9989) [2 - 40]
Purpurin y =40942x - 63162 n=6 y =5272x - 10741 n=6
(0.9927) [2 - 40] (0.9957) [2 - 40]
Method B : UPLC, 50 x 2.1 mm, 1.7 pm : each standard analysed in triplicate
Compound 254 nm 350 nm 430 nm
[x]
[x] (ng/mL) vs. Ax n [x] (ng/mL) vs. Ax n [x] (ng/mL) vs. Ax n
R?) [ng/mL] (R [ng/mL] R?) [ng/mL]
carminic y=7231.5x - 14520 n=6 y=13318x+591.71| n=6
acid (0.9977) [5-160] (0.9859) [5-160]
Fisetin y =10609x + 5767.8 n=7 y=15219x - 7260.6 n=7
(0.9944) [0.5 - 80] (0.9984) [0.5 - 80]
Sulfuretin | y =8738.8x + 7148.7 n="7 y =17443x - 3441.9 n=7 y=12777x - 6585.9 n="7
(0.9956) [0.5 - 80] (0.9992) [0.5 - 80] (0.9966) [0.5 -80]
Luteolin y =17582x - 1094.9 n=7 y=18025x - 971.32 n=7
(0.9956) [0.5 - 80] (0.9995) [0.5 - 80]
Genistein y =30627x + 4886 n=7 y =2574.5x - 158.27 n="7
(0.994) [0.5 - 80] (0.9983) [0.5 - 80]
Apigenin y =9040.3x + 10742 n=7 y=15723x - 1620.8 n==6
(0.9925) [0.5 - 80] (0.9989) [0.5 - 40]
Chrysoeriol | y=7098.5x + 12683 n=7 y=10261x + 5015.9 n==6
(0.9926) [0.5 - 80] (0.9972) [0.5 - 40]
Diosmetin | y=10607x - 6776.1 n=7 y =12648x - 11226 n="7
(0.9983) [0.5 - 80] (0.9976) [0.5 - 80]
Alizarin y =26897x + 20034 n=7 y=5070.7x +2932.8| n=7
(0.9944) [0.5 - 80] (0.9947) [0.5 -80]
Purpurin y=11311x- 15902 n=7 y = 1404.5x - 2420.5 n=>5
(0.9979) [0.5 - 80] (0.9977) [5 - 80]
Method C : UPLC, 150 x 2.1 mm, 1.7 pm : each standard analysed in triplicate
Compound 254 nm 350 nm 430 nm
[x]
[x] (ng/mL) vs. Ax n [x] (ug/mL) vs. Ax n [x] (ug/mL) vs. Ax n
(R?) [ug/mL] R?) [ng/mL] R?) [ng/mL]
carminic y =21531x - 38694 n=3§ y =6250.1x - n=7
acid (0.9985) [5-300] 39771 (0.9979) [5-300]
Fisetin y=52077x - 13517 n=8[ y =67736x - 14165 n=7
(0.9986) 0.2 - 40] (0.9988) [0.1 - 40]
Sulfuretin y =36740x + n=3§ y = 66468x +3515.9 n="7 y =49583x - n=3_§
2992.4 (0.999) [0.2 - 40] (0.9997) [0.1-40]| 5394.3(0.9996) [0.1 - 40]
Luteolin y =74376x + n=28 y =76802x - 8180.5 n=7
3791.5 (0.9998) [0.2 - 40] (0.9991) [0.1 - 40]
Genistein y=123813x + n=_§ y=287424x+11782| n=7
7069.6 (0.9998) [0.2 - 40] (0.9996) [0.1 - 40]
Apigenin | y =48781x - 842.08 n==6 y = 64572x + 57708 n==6
(0.9998) [0.5 - 20] (0.9927) [0.5 - 40]
Chrysoeriol y="78188x + n=~6 y =86431x + 80267 n="7
900.28 (0.9999) [0.5 - 20] (0.9927) [0.1 - 40]
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Diosmetin | y =70449x + 15823 n=_§ y = 83526x + 26901 n=6
(0.995) [0.2 - 40] (0.9931) [0.5 - 40]
Alizarin y =135297x - n==6 y=22916x + 3071 n=7
50758 (0.9991) [0.5-20] (0.9974) [0.1 - 40]
Purpurin y =46382x - 71845 n=7 y=5991x - 18676 n=>5
(0.9922) [0.5 - 40] (0.9941) [1-40]

Table 7.3: Calibration curves and linearity range for the standards analysed with Method A, Method B
and Methods C, at 254 nm (all standards), 350 nm (only flavonoids) and 430 nm (only

anthraquinones).

7.1.5.2 Limit of detection (LOD) and quantification (LOQ)
For both the HPLC and UPLC systems, the limit of detection (LOD) and limit of

quantification (LOQ) were calculated based on the slopes of the calibration curves
(Concentration vs. Peak Height) and the noise (s) of the baseline noise of sample
blanks analysed and calculated at 254, 350 and 430 nm. For the HPLC system
(Method A), the noise (s) was calculated using the average modulus of the baseline
noise Hnoise 0f 4 sample blanks using all data points (ASCII files); while for the UPLC
system (Methods B and C) the noise (s) was calculated using the average modulus of
the baseline noise Hnoise of 6 sample blanks, also using all data points (ASCII files).
The Concentration vs. Peak Height relationship was calculated using the ASCII files
of each standard and the intercepts of the equations were set to zero and used to
calculate the LOD and LOQ values as 3.3 and 10 times the s values of the baseline,
respectively. For a few samples the noise drifted slightly below zero (e.g. - (5 £ 1) x

10™) and as a result the [Hnoise| was used for the calculation of the LOD and LOQ.

On HPLC system (Method A), some issues arise during these experiments, possibly
due to a recent replacement of the flow cell, and it was found at 254 nm that the
baseline was drifting below zero while the organic phase was increasing in the
gradient. For this reason, because of the negative value of the noise, the best
estimation at 254 nm of the LOD and LOQ was obtained as (2.3 % s)/S and the LOQ

as (9 x s)/S, using the |Hnoise| of 4 solvent blanks analysed.

Details calculation of LOD and LOQ values for HPLC method A and UPLC methods
B and C can be found in the tables 7.4 to 7.6. Flavonoids standards were studied at

254 and 350 nm, while anthraquinones standards were studied at 254 and 430 m.
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Method A: HPLC, ODS(2), 150 x 4.6 mm, 5 pm at 254 nm (injection volume 20 pL)
Compound [x] (ug mL") vs. Hy? [x] (ug mL") vs. Hunoise (AU) LOD+ s LOQ=+ s
[x] (AU), with b®*=0 (R?) H(AU), (R?) (n=4) (ng mL1) (ng mL)
carminic y=0.0009x (0.9674) | y=0.0010x - 0.0025 (7+3) %107 0.24+0.10 | 0.73+£0.30
acid (0.9836)
luteolin y =0.0051x (0.9069) y =0.0065x - 0.0365 | -(12.3+£1.4)x 7.96+0.89 |24.12+2.68
(0.9948) 107
genistein y =0.0099x (0.9589) y=0.0114x-0.0398 | -(12.3+1.4)x 4.10+£ 046 |12.43+1.38
(0.9928) 1073
apigenin y =0.0050x - 0.0418 | - (19+0.6) x 10 | 12.53£0.40 |37.98 +1.21
(0.9759)
Method B: UPLC, BEH C18 Column, 2.1 X 50 mm, 1.7 pm at 254 nm (injection volume 2.5 pL)
Compound | [x] (ug mL") vs. Hy? [x] (ug mL") vs. Hioise (AU) LOD = s LOQ= s
[x] (AU), with b® =0 (R?) H&(AU), (R?) (n=6) (ng mL1) (ng mL1)
carminic y =0.0009x (0.996) y=0.001x - 0.0022 (7+1) =107 0.25+0.05 | 0.74+0.17
acid (0.9991)
fisetin y =0.0028x (0.9994) y =0.0028x - 0.0006 | -(5+£1)x10* 0.57+0.12 | 1.73+0.37
(0.9996)
sulfuretin y =0.0022x (0.9997) y=0.0022x - 0.0002 | -(5+£1)x10* 0.72+0.16 | 2.20+0.47
(0.9997)
luteolin y = 0.0045x (0.9994) y =0.0046x - 0.0019 | -(5+£1)x10* 0.35+0.08 | 1.07+0.23
(0.9995)
genistein y =0.0076x (0.9998) y=0.0077x-0.0018 | -(5+£1)x10* 0.21+0.05 | 0.64+0.14
(0.9999)
apigenin y =0.0023x (0.9991) y =0.0023x - 0.0011 |- (7.0+0.4) x 10*| 1.00+0.06 | 3.05+0.17
(0.9997)
chrysoeriol | y=0.0019x (0.9961) |y =0.0018x +0.0008 |- (7.0 +0.4) x 10*| 1.22+0.07 | 3.69+0.21
(0.9965)
diosmetin y =0.0025x (0.9955) y =0.0026x - 0.0043 |- (7.0£0.4) x 10*| 0.89+0.05 | 2.69+0.14
(0.9977)
alizarin y =0.0059x (0.9984) y =0.006x - 0.0042 | -(7.0=0.4) x 10| 0.39£0.02 | 1.19+0.07
(0.9996)
purpurin y =0.0019x (0.9955) y =0.0019x - 0.0041 |- (7.0£0.4) x 104 | 1.22+0.07 | 3.69+0.21
(0.9987)
Method C: UPLC, PST BEH C18 Column, 2.1 X 50 mm, 1.7 pm at 254 nm (injection volume S pL)
Compound [x] (ug mL) vs. Hy? [x] (ug mL1) vs. Hhnoise (AU) LOD s LOQ +s
[x] (AU), with b =0 (R?) H&(AU), (R?) (n=16) (ng mL1) (ug mL1)
carminic y=0.0014x (0.9675) | y=0.0016x-0.0067 | (1.6+0.9)x 10* | 0.39+0.21 | 1.17+0.65
acid (0.999)
fisetin y=0.0103x (0.9993) y=0.0104x - 0.0032 9+1)x10* 0.28+0.05 | 0.85+0.14
(0.9996)
sulfuretin y =0.0078x (0.9999) |y =0.0078x + 0.0005 9+1)x10* 0.37+0.06 | 1.12+0.19
(0.9999)
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luteolin y=0.0165x (0.9999) |y=0.0165x+0.0007 | (9+1)x10* 0.17+0.03 | 0.53+0.09
(0.9999)
genistein y =0.0276x (0.9999) y =0.0276x + 9+1)x10* 0.10+0.02 | 0.32+0.05
0.00009 (0.9999)
apigenin y=0.0107x (0.9873) |y =0.0103x +0.0107 | (12.1+£0.6) x 10*| 0.37+0.02 | 1.13£0.05
(0.9903)
chrysoeriol | y=0.0176x (0.9871) |y =0.0169x +0.0181 | (12.1£0.6) x 10| 0.23+£0.01 | 0.69+0.03
(0.9903)
diosmetin y=0.0165x (0.9991) |y =0.0164x +0.0035 | (12.1 £0.6) x 10*| 0.24+0.01 | 0.74 +0.03
(0.9993)
alizarin y =0.0261x (0.9964) |y =0.0259x +0.0039 | (12.1 £0.6) x 10* | 0.15+0.01 | 0.47 +0.02
(0.9964)
purpurin y =0.0087x (0.9786) | y =0.0093x - 0.0184 | (12.1£0.6) x 10*| 1.01 £0.54 | 3.06 + 1.63
(0.9894)
Table 7.4: Details of LOD and LOQ calculations at 254 nm for Methods A, B and C.
Method A: HPLC, ODS(2), 150 % 4.6 mm, 5 pm at 350 nm (injection volume 20 pL)
Compound | [x] (ug mL") vs. Hi® [x] (ug mL) vs. Hioise (AU) LOD +s LOQ=s
[x] (AU), with b®*=0 (R?) H:(AU), (R?) (n=4) (ng mL1) (ng mL1)
luteolin y =0.0072x (0.9819) y=0.0079x - 0.0181 -(3£1)x10* | 0.15+0.06 | 0.47+0.17
(0.9965)
genistein y =0.0008x (0.9904) y =0.0009x - 0.0015 -3+ 1)x10* 1.27+0.47 | 3.84+1.44
(0.9982)
apigenin y =0.0072x (0.9619) y=0.008x - 0.0199 -(3£1)x10* | 0.14+0.05 | 042+0.16
(0.9789)
Method B: UPLC, BEH C18 Column, 2.1 X 50 mm, 1.7 pm at 350 nm (injection volume 2.5 pL)
Compound [x] (ng mL) vs. Hy® [x] (ug mL") vs. Hioise (AU) LOD +s LOQ=s
[x] (AU), with b =0 (R?) H&AU), (R?) (n=16) (ng mL) (ug mL1)
Fisetin y =0.0036x (0.9997) y =0.0036x - 0.0006 -(3+£0.5)10* | 027 £0.04 | 0.83 £0.13
(0.9998)
sulfuretin y =0.0041x (0.9997) y=0.0041x +0.0004 | -(3+0.5)10% | 0.24 £0.04 | 0.73 +£0.11
(0.9997)
luteolin y =0.0041x (0.9995) y =0.0041x +0.0008 | -(3+0.5)10"* 024+0.04 | 0.73£0.11
(0.9996)
genistein y = 0.0006x (0.9996) y = 0.0006x - 0.0002 -(3+0.5) 10 1.64+£0.25 | 498+0.77
(0.9997)
apigenin y =0.0029x (0.9944) y =0.0029x +0.0055 | -(3+0.5)10* 0.34 +£0.05 1.03+0.16
(0.9970)
chrysoeriol y = 0.002x (0.9897) y=0.0019x +0.0047 | -(3+0.5)10"* 0.49 £ 0.08 1.49 +£0.23
(0.9939)
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diosmetin y = 0.003x (0.9953) y=0.0031x - 0.0067 -(3+0.5) 10 0.33 +£0.05 1.00 £0.15
(0.9985)
Method C: UPLC, PST BEH C18 Column, 2.1 X 50 mm, 1.7 pm at 350 nm (injection volume 5 pL)
Compound [x] (ng mL) vs. Hy® [x] (ug mL") vs. Hioise (AU) LOD +5s LOQ=+s
[x] (AU), with b =0 (R?) H&AU), (R?) (n=16) (ng mL) (ug mL1)
fisetin y =0.0133x (0.9988) y=0.0135x - 0.006 (3.3+£0.4)10% | 0.08+0.01 | 0.24+0.03
(0.9993)
sulfuretin y =0.0141x (0.9999) y=0.0141x-0.0004 | (3.3+0.4)10% | 0.08+0.01 | 0.23+0.03
(0.9999)
luteolin y=0.0165x (0.9991) y=0.0167x - 0.0053 (3.3+£0.4)10% | 0.07+0.01 | 0.20+0.02
(0.9994)
genistein y =0.0019x (0.9999) y=0.0019x +0.0002 | (3.3+£0.4)10* | 0.57+0.07 | 1.74+0.22
(0.9999)
apigenin y =0.0164x (0.9872) y=0.0158x+0.016 (3.3+£0.4)10% | 0.07+0.01 | 0.20+0.03
(0.9901)
chrysoeriol | y=0.0224x (0.9868) y=0.0216x +0.0231 | (3.3+£0.4)10* | 0.05+ 0.01 | 0.15+ 0.02
(0.9900)
diosmetin y =0.0202x (0.9997) y =0.0204x - 0.0026 | (3.3+0.4)10* | 0.05+ 0.01 | 0.16 + 0.02
(0.9999)
Table 7.5: Details of LOD and LOQ calculations at 350 nm for Methods A, B and C.
Method A: HPLC, ODS(2), 150 x 4.6 mm, 5 pm at 430 nm (injection volume 20 pL)
Compound [x] (ug mL") vs. Hi® [x] (ug mL") vs. Hhnoise (AU) LOD +£s LOQ=<s
[x] (AU), with b®*=0 (R?) Hx(AU), (R?) n=4) (ngmL) | (ngmL?)
carminic y =0.0003x (0.9820) y =0.0003x - 0.0008 | -(1.6+0.3)10* | 1.78£0.28 | 5.40+0.83
acid (0.9975)
alizarin y =0.0018x (0.9635) y =0.002x - 0.0062 -(5.2+03)10* | 0.96+0.05 | 2.91+0.16
(0.9887)
purpurin y =0.0005x (0.9671) y =0.0005x - 0.0017 | -(5.2+0.3)10* | 4.09+0.31 | 12.40 £ 0.94
(0.9959)
Method B: UPLC, BEH C18 Column, 2.1 x 50 mm, 1.7 pm at 430 nm (injection volume 2.5 pL)
Hioise (AU) LOD s LOQ=+s
Compound | [x] (ug mL") vs. Hi® [x] (ung mL) vs.
[x] (AU), with b®* =0 (R?) H:(AU), (R?) B (hgmL?) | (g mL™
carminic y =0.0002x (0.9915) y =0.0002x - 0.0005 -(9+£5)10°7 1.46+0.74 | 444+224
acid (0.9964)
alizarin y =0.001x (0.9938) y=0.001x + 0.0007 -(9+£5)10° 0.27+0.13 | 0.81 +0.41
(0.9943)
purpurin y =0.0002x (0.9962) y =0.0002x - 0.0005 -(9+£5)10°7 1.46+0.74 | 444+224
(0.9989)
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Method C: UPLC, PST BEH C18 Column, 2.1 X 50 mm, 1.7 pm at 430 nm (injection volume 5 pL)
Compound [x] (ug mL") vs. Hi® [x] (ug mL") vs. Hhnoise (AU) LOD +£s LOQ<s
[x] (AU), with b®*=0 (R?) Hx(AU), (R?) (n=06) (ngmL) | (ngmL?)
carminic y = 0.0004x (0.9949) y =0.0004x - 0.0016 ( | (1.7+0.3) x 10* | 1.40+0.28 | 4.25+0.85
acid 0.9977)
alizarin y =0.005x (0.9976) y =0.005x - 0.0003 (1.7£0.3) x 10% | 0.11 £0.02 | 0.34+0.07
(0.9976)
purpurin y=0.0011x (0.9654) y=0.0012x - 0.003 (1.7£0.3) x 10% | 0.51 £0.10 | 1.55+0.31
(0.9838)

Table 7.6: Details of LOD and LOQ calculations at 430 nm for Methods A, B and C.

7.1.5.3 Comparison of response: Hx (AU) and [x] (ng) for genistein

| Quantity ) |

C (ug mL) Peak Height (AU)
enistein (11): Method A, HPLC 5 x 150
40 800 0.4286877
20 400 0.1642442
10 200 0.0670349
5 100 0.02095031
4 80 0.006455172
40 -0.002868667
genistein (11): Method B, UPLC 2.1 x 50
80 200 0.6118224
40 100 0.302143
20 50 0.1555234
10 25 0.0739036
5 12.5 0.03399162
1 2.5 0.006227607
0.5 1.25 3.07E-03
genistein (11): Method C UPLC 2.1 x 150
40 200 1.106591
20 100 0.5505305
10 50 0.2774273
5 25 0.1378356
1 5 0.0284015
0.5 2.5 0.01408753

Table 7.7: Comparing the relation between Hy (AU) and [x] (ng) for genistein at 254 nm; Method A:y =

0.0006x - 0.0398 [R? = 0.9928]; Method B: y = 0.0031x - 0.0018 [R? = 0.9999]; Method C: y = 0.0055x +

9E-05 [R? =

1].
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7.1.6 Evaluation of sample preparation

Filtration of the extract prior to analysis is an important step in sample preparation,
especially when dealing with historical textile samples that may well be compromised
by solid contaminants, despite the inevitable accompanying loss of analyte. Thus
analyte recovery and the reproducibility associated with the sample preparation
protocol used for UPLC analysis, were compared with that of the sample preparation
protocol routinely used for HPLC analysis using mock extraction protocols as
follows.

A solution containing carminic acid, fisetin, sulfuretin, luteolin, genistein, chrysoeriol
diosmetin, alizarin and purpurin standards in water:methanol [200 pL, 1:1 (v/v)] was
treated with 37% hydrochloric acid (200 uL). The solution was then heated at 100 °C
for precisely 10 min. After cooling down to room temperature, the extract was
transferred into a 1 mL Eppendorf vial and the glass tube was rinsed with water:
methanol [100 puL, 1:1 (v/v)]. The combined extracts were centrifuged for 10 min at
10,000 rpm and then filtered directly into Waters UPLC vials using a Polyethylene
filter (55 pum, 5 mm) from Crawford Scientific™ [HPLC protocol], PTFE
Phenomenex syringe filter (0.2 pm, 4 mm) UPLC protocol]; RC Phenex Phenomenex
syringe filters (0.2 um, 4 mm) UPLC protocol] and Strata SPE C18 Phenomenex (1
mL, 55 um) [UPLC protocol]. The extract was then cooled with liquid nitrogen and
dried under vacuum using a freeze drier. The dry residue was then reconstituted with
water: methanol [200 pL, 1:1 (v/v)] and 5 pL was injected onto the UPLC system for
analysis. Each mock extraction protocol was performed in triplicate in order to

evaluate the reproducibility of the sample preparation and compare recoveries.
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Compound [x]
33 14 15 9 11 10 12 13 26 28
Standard Mixture (ug mL™)
Analysis 1 74 15 16 17 16 13 8 16 13 12
Analysis 2 79 16 16 17 17 13 8 17 13 12
Analysis 3 79 16 16 17 17 12 8 17 13 12
Average 77 16 16 17 17 13 8 17 13 12
stdv 3.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2
HCI extraction and filtration with PTFE filter (0.2 pm, 4 mm)
Analysis 1 34 9 15 13 15 13 11 13 13 10
Analysis 2 42 12 15 14 15 14 12 14 13 10
Analysis 3 44 9 15 13 14 12 10 13 13 12
Average 40 10 15 14 15 13 11 13 13 11
stdv 5.1 1.3 0.3 0.6 04 0.6 0.6 0.6 0.0 1.2
Recovery % 52 66 94 80 89 103 139 81 92 88
HCI extraction and filtration with RC Phenex filters (0.2 pm, 4 mm)
Analysis 1 36 9 13 13 14 12 10 13 11 10
Analysis 2 37 9 12 11 13 11 9 11 11 10
Analysis 3 52 11 14 14 14 13 11 14 12 13
Average 42 10 13 13 14 12 10 13 11 11
stdv 8.6 0.9 0.9 1.1 0.9 1.0 0.8 1.1 0.8 15
Recovery % 54 64 84 74 82 97 128 76 83 90
HCI extraction and Polyethylene filter (55 pm, S mm)
Analysis 1 38 6 14 13 15 13 11 14 12 5
Analysis 2 58 13 14 15 15 14 12 15 13 13
Analysis 3 51 12 15 16 15 14 12 15 13 12
Average 49 10 15 15 15 14 12 15 13 10
stdv 10.3 3.4 0.3 1.4 0.2 0.6 0.7 0.9 0.3 44
Recovery % 64 67 92 86 91 111 147 89 92 84
HCI extraction and filtration Strata SPE C18 (1 mL, 55 pm)

Analysis 1 7 5 13 10 13 10 8 9 10 4
Analysis 2 36 10 15 14 15 13 11 13 12 7
Analysis 3 28 8 15 13 14 12 10 12 12 8
Average 24 7 14 12 14 11 9 12 11 6
stdv 15.1 2.3 1.0 2.3 1.2 1.8 1.5 2.0 0.9 2.0
Recovery % 31 48 91 71 83 92 120 70 82 51

Table 7.8: Comparing relative recovery after hydrochloric acid hydrolysis followed by filtration using

PTFE 0.2 um filters, RC Phenex 0.2 um filters, Polyethylene 55 um filters and Strata SPE C18 55 um.
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7.1.7 Investigation of reference yarns

7.1.7.1 Weld (Reseda luteola L.)

The reference yarns YSla and YW1 prepared during the MODHT project were
extracted using hydrochloric acid protocol and analysed on the UPLC system. Each
yarn was investigated in triplicate and the relative amount of each dye component

extracted at 254 nm cand be found in the table below.

Sample ID UPLC Enty luteolin apigenin chrysoeriol diosmetin
® (10 (12) 13)

YSla - 93.0 4.0 3.0 ND

YSla 107 92.8 4.1 3.1 ND

YSla 167 92.6 4.1 33 ND

YSla 313 91.9 4.5 3.6 ND

Average 92.8 4.0 3.1

Stdv 0.2 0.1 0.1

YWI 119 93.0 4.1 3.0 ND

YW1 311 92.6 4.6 2.8 ND

YWI 312 93.3 4.1 2.6 ND

Average 93.0 4.3 2.8

Stdv 0.4 0.3 0.2

Table 7.9: Characterisation of the relative amount of the flavonoid dyes characterised in the acid

hydrolysed extract of reference yarns dyed with weld, YW1 and YS1a, monitored at 254 nm.
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Figure 7.1: Total lon Count (TIC) collected in negative ionization mode with UPLC Method C’ of the
acid hydrolysed reference MODHT YS1a (weld). Identified in the chromatogram are the [M-H] and

significant cluster ions of the flavones luteolin (9) and apigenin (10).
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7.1.7.2 Dyer’s greenweed (Genista tinctoria L.)

The reference yarns YS3a, YS3b, YS3c, YS3d and YW2 prepared during the
MODHT project were extracted using hydrochloric acid protocol and analysed on the
UPLC system. Each yarn was investigated in triplicate and the relative amount of

each dye component extracted at 254 nm cand be found in the table below.

Sample ID UPLC  Gtl G2 Gt3  luteolin  genistein ~ Gr4  apignin chrysoeriol diosmetin
Entry 9 (11) (10) (12) (13)
YW2 120 0.0 5.1 22.8 22.6 33.7 6.4 6.9 0.7 1.7
YW2 314 0.0 4.6 19.8 27.5 354 2.5 6.4 1.4 24
YW2 315 0.0 4.0 19.7 26.5 354 2.8 6.8 1.8 3.1
average 0.0 4.6 20.8 25.5 34.8 3.9 6.7 1.3 24
stdv 0.0 0.5 1.8 2.6 1.0 2.2 0.3 0.6 0.7
YS3a - 1.8 3.7 15.9 339 33.6 2.0 5.5 1.2 2.4
YS3a 108 32 4.1 23.5 26.4 33.7 2.0 4.6 0.9 1.7
YS3a 316 0.8 1.4 19.9 30.1 36.8 1.9 54 1.3 2.3
YS3a 317 2.0 44 19.0 29.4 34.8 2.1 5.0 1.1 2.3
YS3a 318 23 4.6 17.7 31.0 32.5 24 5.5 1.4 2.6
average 2.0 3.6 19.2 30.2 34.3 2.1 5.2 1.2 2.3
stdv 0.9 1.3 2.8 2.7 1.6 0.2 0.4 0.2 0.3
YS3b 109 2.1 3.0 15.7 38.3 30.1 2.6 4.1 1.2 2.8
YS3b 319 0.0 0.3 13.6 39.9 35.0 1.5 4.7 1.5 3.5
YS3b 320 0.0 0.0 12.8 41.1 34.5 2.0 4.8 1.4 34
average 0.7 1.1 14.0 39.8 33.2 2.0 4.6 1.4 3.2
stdv 1.2 1.6 1.5 14 2.7 0.6 0.4 0.1 0.3
YS3c 110 0.0 2.5 12.6 42.8 27.6 34 52 1.7 4.3
YS3c 321 0.0 3.7 9.3 452 26.8 3.1 5.6 1.9 4.5
YS3c 322 0.0 4.5 12.3 40.7 31.2 2.9 4.3 1.2 3.1
average 0.0 3.5 11.4 42.9 28.5 3.1 5.0 1.6 4.0
stdv 0.0 1.0 1.8 2.3 2.3 0.2 0.7 0.4 0.8
YS3d - 0.0 4.0 53 62.8 18.3 1.7 33 1.4 3.2
YS3d 111 2.8 5.2 10.2 53.7 20.4 1.6 2.7 1.1 2.5
YS3d 323 1.2 4.0 6.4 58.2 20.7 2.2 3.0 1.4 3.0
YS3d 324 2.0 6.3 6.2 58.2 18.8 2.0 2.6 1.2 2.6
average L5 4.9 7.0 58.2 19.5 1.9 2.9 1.3 2.8
stdv 1.2 1.1 2.1 3.7 1.2 0.3 0.3 0.1 0.4

Table 7.10: Characterisation of the relative amount of the flavonoid and isoflavonoid dyes
characterised in the acid hydrolysed extract of reference yarns dyed with dyer’s greenweed, YW2 and

YS3a and others subjected to over dyeing (YS3b to d), monitored at 254 nm.
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Time (min)
Figure 7.2: Total lon Count (TIC) collected in negative ionization mode with UPLC Method C’ of the
acid hydrolysed reference MODHT YS3a (dyer’s greenweed). Identified in the chromatogram are the
[M-H]" and significant cluster ions of unknown components Gt2, Gt3, the flavones luteolin (9) and
apigenin (10), the isoflavone genistein (11), and a luteolin methyl-ether [identified by retention time

in the UPLC chromatogram as diosmetin (13)].
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7.2 INVESTIGATION OF MID 16™ CENTURY ENGLISH TAPESTRIES
7.2.1 Extraction protocols

7.2.1.1 Hydrochloric acid extraction

For HPLC analysis, the dyed yarn (typically 1 - 5 mg) was placed in a 2 mL glass test
tube, to which was added a mixture of 37% hydrochloric acid: methanol: water [400 pL,
2:1:1 (v/v/v)]. The tube was then placed in a water bath at 100 °C and heated for
precisely 10 min. After rapid cooling under cold water, the extract was filtered using a
Polyethylene filter (55 pm, 5 mm) from Crawford Scientific™. The frit was rinsed with
methanol (200 pL) and the combined filtrates dried by rotary vacuum evaporation over
a water bath at 40 °C. The dry residue was then reconstituted with methanol: water [50

uL, 1:1 (v/v)] and 20 pL was injected for analysis.

For UPLC analysis, the dyed yarn (typically 0.1 - 1 mg) was extracted in a 1 mL glass
test tube, to which was added a mixture of 37% hydrochloric acid: methanol: water [200
uL, 2:1:1 (v/v/v)]. The tube was then placed on a heated block at 100 °C and heated for
precisely 10 min. After cooling down at room temperature, the extract was transferred
into a 1 mL Eppendorf vial and the glass tube was rinsed with water: methanol [100 pL,
1:1 (v/v)]. The combined extracts were centrifuged for 10 min at 10,000 rpm and then
filtered directly into Waters UPLC vials using a PTFE Phenomenex syringe filter (0.2
um, 4 mm). The extract was then cooled with liquid Nitrogen and dried under vacuum
using a freeze drier system. The dry residue was then reconstituted with water:

methanol [40 pL, 1:1 (v/v)] and 10 pL was injected for analysis.

7.2.1.2 Dimethyl Sulfoxide extraction

The dyed yarn (typically 0.1 - 1 mg) was placed in a 1 mL glass test tube, to which was
added dimethyl sulfoxide [50 pL]. The tube was then placed on a heated block at 100
°C and heated for precisely 60 min. After cooling down at room temperature, the
extract was filtered directly into Waters UPLC vials using a PTFE Phenomenex syringe

filter (0.2 um, 4 mm) and 10 pL was injected for analysis.
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7.2.2 Chromatographic methods

7.2.2.1 HPLC system

Method A: used a Phenomenex Sphereclone ODS(2) reverse phase column, 5 pm
particle size, 150 x 4.6 mm (length x i.d.), with a guard column containing the same
stationary phase. The column temperature was set to 25 °C which allowed a back
pressure of 1600-1800 psi to be employed. The total run time was 35 min at a flow rate
of 1200 uL min!. A tertiary solvent system was used; A = 20% (v/v) MeOH (aq.), B =
MeOH, C = 5 % (v/v) ortho-phosphoric acid (aq.). The elution programme was
isocratic for 3 min (67A: 23B: 10C) then a linear gradient from 3 min to 29 min (0A:
90B: 10C) before recovery of the initial conditions over 1 min and equilibration over 5

min.

7.2.2.2 UPLC system
Method C: used a PST BEH C18 reverse phase column, 1.7 pm particle size, 150 x 2.1

mm (length x i.d.), with in-line filter. The total run time was 37.33 min at a flow rate of
250 uL min!. A binary solvent system was used; A = 0.02 % aqueous formic acid, B =
MeOH. The elution programme was isocratic for 3.33 min (75A: 25B) then a linear
gradient from 3.33 min to 29 min (10A: 90B) before recovery of the initial conditions

over 1 min and equilibration over 5 min.

7.2.3 Dye analysis

7.2.3.1 Weld (Reseda luteola L.)

The great majority of the yellow historical yarns investigated were found to be dyed
with weld (Reseda luteola L.). Weld was mixed with woad (Isatis tinctoria L.) in the
green yarns, and madder species in the orange yarns. The majority of the samples
were investigated on the HPLC system (method A), but a few samples were also

analysed on the UPLC system (method C).

The characteristic components of weld were extracted at 254 nm and the relative
amounts integrated by Empower software, expressed as peak area in pV X sec. The
acid hydrolysed extracts contained the flavonoid luteolin (9), the flavones apigenin

(10) and the luteolin methyl ether chrysoriol (12). The presence of the minor
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component chrysoeriol (12) was systematically integrated at both 254 and 350 nm.
The silk yarns were found to contain a higher level of flavonoid dyes and were
therefore extracted at 254 nm, with only a few exceptions that presented a very low
level of flavonoid dyes and were extracted at 350 nm (table 7.7). The wool yarns
were found to present a much noisier baseline than the silk yarns and also contained
less flavonoid dyes. It was therefore decided to integrate these samples at both 254
and 350 nm, where the signal to noise was better. The relative amounts were found to
be very similar at both wavelengths and the results presented in table 7.8 correspond
to the relative amounts obtained at 350 nm. When possible, a few samples were also
investigated on the UPLC system which gave a much better signal to noise ratio at
254 nm. Finally for some samples, the quantity of chrysoeriol (12) was found to be
close to the limit of detection and did not allowed a clear integration of the peak area.

These samples are indicated in the table below by a star symbol (*).

Tables 7.11 and 7.12 present the relative composition of the historical samples dyed
with weld. The samples are identified by their entry on HPLC or UPLC systems and
described with a sample code: tapestry number followed by the type of yarn: silk (S)
or wool (W) and colours: yellow (Y), green (G) and orange (O), while the last number

corresponds to the number of the sample, as several samples were collected from each

tapestry.

Relative amount (Area %)

Entry  Sample Name A nm Luteolin Apigenin Chrysoeriol

&) 10) 12)
HPLC System Retention time (min)
Yellow silk yarns 15.1 17.3 17.8
1 47.6 YS8-1(2) 254 87.7 6.8 5.5
2 47.6 YS15-1(2) 254 92.0 5.1 2.9
3 47.6 YS15-1(3) 254 88.1 7.2 4.7
4 47.6 YS18-1(2) 254 89.4 5.8 4.8
5 47.6 YS25-1(2) 254 87.4 7.2 5.4
6 47.6 YS3 -1I1(1) 350 81.7 11 7.3
7 47.7YS4 254 78.7 13.4 7.9
8 47.7YS9 254 79.8 13.1 7.1
9 47.8 YS1 254 86.2 8.6 52
10 47.8 YS8 254 80.1 143 5.6
11 479YS2-1(2) 254 87.7 6.2 6.1*
12 479YS2-1(3) 254 85.6 7.7 6.6
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13 479YS4-1(2) 254 91.9 44 3.7
14 479 YS5-11(1) 254 89.0 59 5.1
15 479YS5-11(2) 254 87.4 7.0 5.6
16 479YS7-1(2) 254 88.9 7.2 3.9
17 479YS10-1(2) 254 85.2 9.4 5.4
18 479YS10-1(3) 254 84.6 9.4

19 479YS18-1(2) 254 84.3 9.7 6
20 479YS26-1(2) 254 85.1 9.1 5.8
21 479YS26-1(3) 254 85.1 9.1 5.8%
22 47.10 YS4 254 83.1 9.7 7.1
23 47.10 YS6 254 86.3 7.6 6.1
24 47.11YS4 254 88.0 7.1 4.9
25 47.11YS8 254 86.2 83 5.6
26 47.12YS2 254 88.0 6.6 5.4
27 47.12YS6 254 86.1 8.7 52
28 47.12YS6 (2) 254 87.9 7.1 5
29 47.12 YS10 254 86.8 7.5 5.7
30 47.13 YS5 254 88.5 7.2 4.3
31 47.13 YS9 254 84.8 9.6 5.6
32 47.13 YS11 254 87.9 7.1 5
33 47.14YS2 254 84.7 8.7 6.6
34 47.14YS7 254 89.0 6.5 4.5
35 47.17YS1 254 88.5 7.8 3.7
36 47.17 YS9 254 86.2 8.8 4.9
37 47.19YS1(2) 254 75.1 20.3 4.6
38 47.19 YS1b 254 76.2 19.4 4.4
39 47.19YS2 254 86.2 9 4.8
40 47.19 YS11 254 83.7 11 53
41 4723 YS1 (1) 254 88.5 10.3 1.2
42 47.23 YS1 (2) 350 88.3 9.6 2.1
43 4723 YS2 254 91.0 5.3 3.7
44 47.23 YS3 254 89.0 6.1 4.9
45 47.23 YS18 (2) 254 87.8 7.9 43
46 MAP 1 YS3 (2) 254 87.2 7.6 52
47 MAP 1 YS11 (2) 254 87.8 7.5 4.7
48 MAP 3 YS7 (2) 350 88.6 8.9 4.5
Green silk yarns

49 47.8 GS10 254 84.8 9.4 5.8%
50 47.9 GS6 - 11 (1) 254 90.0 6.2 3.8
51 47.9 GS6 - 11 (2) 254 87.3 7.8 4.8
52 47.9 GS28-1(2) 254 88.0 7.4 4.6
53 47.10 GSSa 254 86.2 8.2 5.6
54 47.10 GS5b 254 87.8 7.5 4.7
55 47.11 GS7 254 82.6 10.3 7.1
56 47.13 GS12 254 87.7 7.7 4.6
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57 47.17 GS8 254 88.0 6.9 5.1
58 47.19 GS10a 254 86.4 8.3 53
59 47.19 GS10b 254 86.5 8.4 5.1
60 47.23 GS4 254 88.9 6.4 4.7
UPLC system Retention time (min)
Entry  Sample ID A nm 13.66 15.49 15.91
22 MAP 1 YS11 254 84.9 9.6 5.6
92 47.12'YS6 254 86.1 8.6 53
93 MAP 1YS3 254 84.2 9.6 6.2
97 47.11 GS7 254 84.9 9.1 6.0
100 47.17YS1 254 81.6 11.6 6.8

Chapter 7

Table 7.11: Relative amounts of the flavonoid components characterised in the acid hydrolysed

samples of silk yarns dyed with weld (Reseda luteola L.). Integrations were carried out at 254 or 350

nm. * corresponds to Limit of detection (LOD) level.

Relative amount, Area (%)

Luteolin  Apigenin Chrysoeriol

Entry Sample ID A nm 9) 10) (12)
HPLC system Retention time (min)
Yellow wool yarns 15.1 17.3 17.8
61 MAP 1 YW1 (2) -1 350 90.8 5.8 34
62 MAP 1YWI1 (2) -2 254 93.5 4.3% 2.2%
63 MAP 1 YS3 (2) 254 87.2 7.6 52
64 MAP 1 YW7 (2) 350 88.7 9.9 1.4
65 MAP 1 YW12 (2) 350 84.6 11.2 42
66 MAP 1 YWIS (2) 350 88.2 8.4 34
67 MAP 1 YW19 (2) 350 85.7 10.2 4.1
68 MAP 2 YW4 (2) 350 89.9 6.5 3.6
69 MAP 2 YW6 (2) 350 87.5 8.5 4.0
70 MAP2YWI1 (2) 350 89.5 6.9 3.6
71 MAP 3 YW2 (2) 350 86.4 9.6 4.0
72 MAP 3 YWI10 (2) 254 96.5 2.9% 0.6*
73 MAP 3 YW11 (2) 254 89.4 6.8 3.8
Green wool yarns

74 47.6 GW16 -1(2) 350 86.4 9.2 44
75 47.7 GW10 350 85.8 8.6 5.6%
76 47.8 GW6 350 82.6 11.2 6.2%
77 479 GW14-1(2) 350 89.5 5.9 4.6
78 479 GW17-1(2) 350 90.5 5.6 3.9%
79 479 GW30-1(2) 350 90.9 5.4 3.7
80 47.10 GW7 350 88.9 6.6 4.5
81 47.10 GWS 350 90.0 6.1 3.9
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82 47.11 GW3 350 87.5 7.4 5.0
83 47.12 GW7 350 89.0 6.5 4.4
84 47.14 GW8 350 92.1 4.7 32
85 47.14 GW9 350 89.7 6.1 4.2
86 47.17 GW10 350 95.5 22 2.3
87 47.19 GWS 254 92.9 4.2 2.9
88 47.19 GW9a 254 92.7 3.7 3.6
89 47.19 GW9b 254 93.5 3.5 3.0
90 4721 GW3 (3) 350 90.6 5.8 3.6
91 47.21 GWS 254 91.8 5.7 2.5
92 47.21 BW34 (3) 350 91.2 44 3.4%
93 47.21 GW35 (3) 350 90.6 6.3 3.1%*
94 MAP 1 GW13 (2) 350 86.3 9.7 4.0
95 MAP 1 GW15 (2) 350 92.7 4.1 3.0
96 MAP 2 GW10 (2) 254 95.1 2.9% 2.0*
97 MAP 3 GW9 (2) 350 94.1 33 2.6
Red wool yarns

98 47.6 RW22 -1(2) 350 75.2 17.8 7.0
99 47.6 RW22 -1(3) 254 86.5 8.5 5.0
100 47.8 OW4 350 82.4 13.8 3.8
101 479 OW20-1(2) 350 96.8 2.0 1.2
102 47.21 OW7(3) 350 94.2 3.6 22
103 47.21 GWS8 (3) 350 88.2 7.6 4.2
104 47.21 OW14 (2) 350 93.3 4.5 22
105 47.21 GW23 (3) 254 94.7 32 2.1
106 47.21 OW26 (3) 254 93.9 42 1.9%
107 47.21 OW37 (3) 350 94.8 3.0% 2.2%
108 47.21 OW38 (3) 350 92.7 4.6* 2.7*
109 MAP 1 OW10 (2) -1 350 88.8 7.8% 3.4%
110 MAP 1 OW10 (2) -2 350 92.1 6.2% 1.7*
111 MAP 1 PW17 (2) -1 350 86.8 7.0 6.2
112 MAP | PW17 (2) -2 350 87.0 6.9 6.1
UPLC system Retention time (min)
Entry Sample ID A nm 13.66 15.49 15.9
91 MAP 2 YW4 254 76.7 153 8.0
95 MAP 1 YW1 254 87.6 7.6 4.8
98 MAP [ YW2 254 90.0 8.0 2.0

Chapter 7

Table 7.12: Relative amounts of the flavonoid components characterised in the acid hydrolysed

samples of wool yarns dyed with weld (Reseda luteola L.). Integrations were carried out at 254 or 350

nm. * corresponds to Limit of detection (LOD) level.
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7.2.3.2 Dyer’s greenweed (Genista tinctoria L.)

A small numbers of historical samples were dyed with dyer’s greenweed (Genista
tinctoria L.) for the yellow yarns or a mixture of dyer’s greenweed and woad (Isatis
tinctoria L.) for the green yarns. The majority of the samples were investigated on the
HPLC system (method A). The characteristic components of dyer’s greenweed were
extracted at 254 nm and the relative amounts integrated by Empower software,
expressed as peak area in uV x sec. Due to the maxima absorbance of isoflavonoid
compounds, the samples had to be integrated at 254 nm, but it was found difficult to
clearly identify the minor components present in the acid hydrolysed extract. As a

result, several samples were also analysed on the UPLC system (method C).

The acid hydrolysed extracts were found to contain the isoflavone genistein (11), the
methylated isoflavonoid compound Gt3, the flavonoid luteolin (9), the flavones
apigenin (10) and a luteolin methyl ether component. Table 7.13 presents the relative
composition of the historical samples dyed with dyer’s greenweed. The samples are
identified by their entry on HPLC or UPLC systems and described with a sample
code: tapestry number followed by the type of yarn: silk (S) or wool (W) and colours:
yellow (Y) and green (G), while the last number corresponds to the number of the

sample, as several samples were collected from each tapestry.

Four historical samples were re-analysed by reconstituting an acid hydrolysed extract
of the sample with a solution of diosmetin (2 pg mL™') in methanol:water (1/1 v/v).
Comparison of the diosmetin peak area for these spiked extracts with that of the
starting solution of diosmetin showed a very close correlation; this combined with the
obvious appearance of a new peak in the chromatogram strongly suggests that for all
the samples that chrysoeriol (12) was the only luteolin methyl-ether present in the acid

hydrolysed extract (table 7.14).
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Relative amount, Area (%)

Gt3 luteolin  genistein  apigenin luteolin
9 (11) (10) methyl ether

HPLC System Retention time (min)
Entry Sample ID A (nm) 12.4 15.1 15.4 17.6 17.8
1 47.6 GW1 -1(2) 254 12.7 49.7 29.2 8.2 0.1*
2 47.6 GW17-1(2) 254 17.9 43.7 30.1 8.2 0.1*
3 47.7 GW2 254 21.3 29.9 33.9 10.0 4.9%
4 47.8 GW7 254 26.7 31.1 30 9.5 3.7*
5 479 GW16-1(2) 254 7.2 51.9 28 10.7 2.2
6 47.10 GW9 254 11.4 92 17.8 6.2 2.6
7 47.11 GW2 254 10.6* 65.5 14.9 6.2% 2.8%
8 47.11 YW11 254 47.1 25.5 21.1 6.2 ND
9 47.12 GW3 254 7.9% 64.5 16.5 6.7* 2.9%
10 47.12YW9 (2) 254 25.4 33.1 36.4 5.1 ND
11 47.13 GW2 254 4.9 71 14.8 6.7 2.7
12 47.13 GW4 254 15 64 12.75 5.7 2.5
13 47.14 GW3 254 16.1 52.4 19.8 6.1 3.9
14 47.21 GW27 254 14 35.5 42.8 7.7 ND
15 47.21 GW36 (3) 254 ND 63 29.1 7.1% ND
16 4721 YS4(2) 254 20.7 31.6 41.6 6.1 ND
17 47.21 YS11 (3) 254 5.7 37.7 45.6 10.9 ND
18 4721 YS19 (3) 254 4.1 24.1 54.1 16.7 0.9*
19 4721 YS21-1 254 6.5 24.1 56.4 13 ND
20 4721 YS28 (3) 254 11.2 332 453 9.5 0.8

Gt3 luteolin  genistein  apigenin chrysoeriol diosmetin

® an 10) (12) 13)

UPLC System Retention time (min)
Entry Sample ID A (nm) 12.30 13.66 14.20 15.49 15.91 16.03
87 47.21 YS21 254 ND 30.0 47.8 14.9 7.3 ND
89 47.21YS 28 254 16.5 22.0 53.9 7.6 ND ND
99 MAP 2 YS12 254 ND 14.5 80.2 3.0 1.5 1.0
100 47.17YS1 254 ND 79.2 11.3 6.6 29 ND
101 47.7 GW2 254 18.7 354 28.8 12.5 4.6 ND
102 47.12 GW3 254 15.9 47.0 19.0 11.1 7.0 ND
103 47.10 GW9 254 23.6 42.4 19.4 9.0 55 ND
105 47.13 GW2 254 ND 62.4 22.6 9.8 53 ND
106 47.12 GW3 254 16.5 52.2 154 10.7 52 ND

Table 7.13: Relative amounts of the flavonoid and isoflavonoid components characterised in the acid

hydrolysed samples of historical yarns dyed with dyer’s greenweed (Genista tinctoria L.). Integrations

were carried out at 254 nm. ND stands for not detected.
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Identified compound [x]

UPLC system Area (uV x sec) and % recovery (n=1) at 350 nm

Entry | Sample ID luteolin genistein Apigenin chrysoeriol diosmetin Recovery

&) an 10) (12) 13) %
136 47.14 GW3 1672111 32243 238364 67571 263523 89
137 47.21'YS21 736521 143314 542363 22984 293018 99
160 47.21 YSIII-1 2787069 107970 605737 29573 303657 103
165 47.11 GW-II-1 960518 178938 103816 34828 269887 91

Spiking solution, diosmetin [2 pg mL-!|
Area (uV x sec) (n=3) at 350 nm

diosmetin
(13)

| Spiking solution 296127 + 4648

Table 7.14: Peak areas of identified flavonoid and isoflavonoid dyes extracted at 350 nm in the acid

hydrolysed extract of four historical samples reconstituted in a solution of diosmetin at 2 pug mL?.

7.2.3.3 Young fustic (Cotinus coggygria S.)

A group of pale orange wool were found to contain a mixture of young fustic (Cotinus
coggygria S.) mixed in some cases with weld (Reseda luteola L.) or dyer’s greenweed
(Genista tinctoria L.). The characteristic components were extracted at 254 nm and
350 nm and the relative amounts integrated by Empower software, expressed as peak
area in uV x sec. Due to the high level of degradation of the yarns, the samples were
investigated on the UPLC system (method C). The integration of the acid hydrolysed
extracts was done at 254 nm and 350 nm in order to allow the identification of both
flavonoid and flavonol dyes but also several isoflavonoid dyes (table 7.15). For two
samples the level of degradation was so high that it was only possible to integrate the
dye components at 350 nm. Two unidentified components, related to fisetin were
characterised in all the extracts; these compounds eluted shortly after fisetin and were
named yfl and yf2. In the sample containing dyer’s greenweed, the isoflavone

genistein was characterised associated to the methylated isoflavonoid compound Gt3.

The samples are identified by their entry on HPLC or UPLC systems and described
with a sample code: tapestry number followed by the type of yarn: wool (W) and
colours: yellow (Y) while the last number corresponds to the number of the sample, as

several samples were collected from each tapestry.
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Relative amount, Area (%)

fis yfl yf2 Gt3 sul Iu gen ap chrys diosm

(14 s ¢ an ao 12 (@13
UPLC system, 254 nm Retention time (min)
Sample ID Entry 10.79 11.02 11.73 1235 12.72 13.72 14.26 15.55 15.85 15.97
47.6 YW-1 21 37 ND 256 155 18.4 14.0 194 ND 7.1 ND ND
47.7YW3 36 10.8 293 193 ND 27.2 134 ND ND ND ND
47.8 YW2 38 9.0 257 199 ND 26.9 185 ND ND ND ND
479YW21I 83 ND 284 156 11.7 15.7 174 72 28 ND 1.2
479YW13 32 6.5 172 148 14.8 13.7 105 157 69 ND ND
47.10 YW3 35 7.6 10.9 109 18.5 17.5 119 176 33 05 1.4
47.11 YW9 34 8.6 9.5 10.8 18.0 19.4 121 165 39 ND 1.3
47.12 YW9 27 7.6 11.3 145 13.6 15.7 94 200 79 ND ND
47.13 YW10 40 128 204 168 ND 15.3 2807 ND 38 24 ND
47.14YW10 39 103 113 17.0 ND 18.9 253 ND 7.8 ND 9.4
4717YWII-3 44 ND 2.8 6.2 ND 10.2 679 ND 7.6 ND 52
47.19 YW3 33 114 112 9.6 ND 47.1 207 ND ND ND ND
UPLC system, 350 nm
47.6 YW7 82 ND 236 226 ND 25.9 185 ND 63 3.1 ND
47.6 YW25-A 84 ND 129 148 ND 243 292 ND 98 33 5.7
47.6 YW-I1 21 37 24 170 178 ND 344 231 ND 35 ND 1.9
47.7YW3 36 4.5 141 188 ND 47.4 101 ND 19 20 1.2
47.8 YW2 38 49 140 208 ND 381 1562 ND 28 24 1.4
479YW21I 83 ND 9.4 14.6 ND 323 315 1.0 72 1.0 32
479YW13 32 7.0 11.9 16.1 ND 39.0 13.1 27 6.7 1.7 1.8
47.10 YW3 35 7.3 8.9 128 432 1.8 158 28 56 08 1.1
47.11 YW9 34 5.6 8.9 12.1 465 0.4 156 25 62 09 1.3
47.12 YW9 27 7.1 10.1 134  37.6 55 13.7 43 6.1 1.0 1.2
47.13 YW10 40 1.7 53 13.2 ND 22.2 449 ND 8.1 0.3 42
47.14YW10 39 4.1 6.0 12.5 ND 21.6 442 ND 76 ND 4.0
4717YWII-3 44 0.9 1.7 4.0 ND 11.2 676 ND 86 0.1 5.8
47.19 YW3 33 109 73 10.9 ND 53.6 134 ND 26 ND 1.4

out at 254 nm or 350 nm. ND stands for not detected.

Table 7.15: Relative amounts of the flavonoid, flavonol and isoflavonoid components characterised in
the acid hydrolysed samples of historical yarns dyed with a mixture of young fustic (Cotinus coggygra

S.) with weld (Reseda Iluteola L.) or dyer’s greenweed (Genista tinctoria L.). Integrations were carried
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7.2.3.4 Madder species

Madder species were identified in several wool yarns that exhibited a large range of
colour. Madder was found to realise red hues, it was mixed with weld (Reseda luteola
L.) in the orange hues, while it was mixed with woad (Isatis tinctoria L.) in purple
hues. The interpretation of the madder source was limited due to the use of a strong
hydrochloric acid extraction, as several anthraquinones dyes particularly sensitive to
esterification or decarboxylation of carboxyphenols. Only alizarin and purpurin could
be identified, but several unknown components were found associated in various level
named rubia 1 - 5. The components named rubia 1, rubia 2, eluted before and after
alizarin, while rubia 3, rubia 4 and rubia 5 eluted after purpurin. The characteristic
components present in the madder-containing samples were extracted at 254 nm and
the relative amounts integrated by Empower software, expressed as peak area in pV x
sec. The relative amount of purpurin and alizarin were found to be highly variable
and table 7.16. Most of the samples were investigated on the HPLC system (method
A), but a few samples were analysed on the UPLC system (method C).

The samples are identified by their entry on HPLC or UPLC systems and described
with a sample code: tapestry number followed by the type of yarn: wool (W) and
colours: red (R), orange (O) or purple (P), while the last number corresponds to the

number of the sample, as several samples were collected from each tapestry.

Relative amount, Area (%)
rubia 1  alizarin  rubia2  purpurin  rubia3 rubia 4 rubia 5
(26) (28)

HPLC System, 254 nm Retention time (min)
Entry Sample ID 18.78 20.35 21.31 24.67 25.23 2715 30.92
124 47.6 RW4 - 11 (2) 44 26.1 ND 67.8 ND ND 1.8
125 47.6 RW22 -1(2) ND 39.6 ND 60.4 ND ND ND
126 47.7 RW6 15.7 249 ND 56.7 1.1 1.7 ND
127 47.7RW7 37 14.3 0.9 74.8 1.5 1.3 3.5
128 47.7 PW8 14.5 13.9 ND 69.8 1.7 ND ND
129 47.7 PW8 14.1 14.5 ND 69.2 ND ND 22
130 47.8 PW11 ND 19.2 ND 79.7 ND ND 1.0
131 47.8 OW4 ND 19.3 ND 78.9 ND ND 1.8
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132 47.8 RW3 53 13.1 0.8 73.7 1.6 0.9 4.6
133 47.9 OW20-1(2) 2.8 19.7 ND 77.4 ND ND ND
134 47.10 RW10 4.0 29.1 ND 59.5 1.1 0.9 5.5
135 47.10 RW10 3.8 29.8 ND 60.5 0.5 ND 5.4
136 47.10 PW11 53 13 ND 77.9 1.4 ND 24
137 47.11 RW6 4.9 24.7 ND 61.0 1.2 0.9 7.3
138 47.12 RW5 6.0 25.8 ND 59.8 0.8 0.3 6.7
139 47.14 RW4 ND 56.9 ND 43.1 ND ND ND
140 47.19 PW6 7.5 20.6 ND 67.5 1.5 0.9 2.0
141 47.21 OW37 -1 ND 143 28.0 57.7 ND ND ND
142 47.21 OW26 -1 ND 48.9 29.9 21.3 ND ND ND
143 47.21 OW38 -1 ND 424 349 22.7 ND ND ND
144 4721 OW7 -1 ND 34.8 455 20.0 ND ND ND
145 47.23 RW6 7.3 15.8 ND 74.6 1.1 3.7 ND
146 MAP 1 OW10 (2) -1 7.9 25.2 10.8 54.1 ND ND 2.0
147 MAP 2 RWI (2) 11.9 36.9 0.9 443 0.7 0.3 3.1
148 MAP 3 RW3 (2) 12.6 36.1 0.8 42.7 1.1 1.7 32
149 MAP 3 OWS (2) 59 39.5 1.0 47.8 1.4 2.2 0.7
150 MAP 1 PW17 (2) -1 ND 20.4 ND 75.8 ND ND ND
151 MAP 1 OW10 (2) -2 6.2 22.4 9.6 43.7 17.0 ND 1.0
UPLC System (254 nm) Retention time (min)

Entry  Sample ID 17.53 18.00 21.08 22.87 23.95 24.49
23 MAP2 RW1 13.7 48.7 31.8 0.5 0.8 0.2
28 47.12 RW5 43 36.0 52.7 ND 0.3 3.4
31 47.8 RW4 16.2 24.8 57.5 0.0 0.0 0.5
52 47.12 PW-113 14.4 329 50.1 1.2 0.3 0.3
61 47.9 PW-III1 3 5.3 329 58.3 1.2 0.8 0.7
77 47.13 RW3 ND 48.7 48.8 0.0 0.3 0.9
78 47.7RW6 ND 45.6 51.9 0.3 0.4 0.7

Table 7.16: Relative amounts of the anthraquinones components characterised in the acid hydrolysed

samples of historical yarns dyed with madder species. Integrations were carried out at 254 nm. ND

stands for not detected.
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Cochineal dyes were detected in several samples and the relative amount of carminic

acid (33) and the characteristic minor components Dc II (32), Dc IV, Dc VII,

flavokermesic acid (35) and kermesic acid (37) were extracted at 275 nm and the

relative amounts integrated by Empower software, expressed as peak area in uV x

sec. This allowed comparison of the samples with published results. In a few faded

samples only traces carminic acid and indigotin (52) were detected in the acid

hydrolysed extracts, and did not allow a species identification.

Relative amount, Area (%)

Dc I carminic acid Dc IV Dc VII Fk K
32) 33) 35 34

HPLC system, 275 nm Retention time (min)

Entry Sample ID 5.16 5.73 12.15 13.80 17.51 18.34
154 MAP 1 - PW5-2 1.0 94.8 1.5 0.4 1.5 0.9
155 MAP 1 PW5-1 39 90.9 1.7 0.6 1.8 0.9
156 MAP 1 PW5-2 4.0 90.9 1.9 0.6 1.9 0.6
157 MAP 2 PW2-1 43 90.9 1.9 0.9 2.0 0.2
158 MAP 2 PW2-2 4.6 90.6 2.1 0.6 1.9 0.2
159 MAP 2 PW2-2 4.6 90.6 2.1 0.6 1.9 0.2
160 MAP 3 PW4-1 1.2 94.1 22 0.6 1.8 0.1
161 MAP 3 PS6-1 0.8 94.7 1.8 0.7 1.8 0.1
162 MAP 3 PS6-2 0.4 95.4 1.8 0.1 0.6 1.8
163 47.6 PWI1-II 3.7 89.7 1.8 1.5 2.5 0.8
164 47.8 PWS5 12.6 79.9 22 0.8 1.7 2.8
165 47.17 PW2 6.1 88.1 1.8 2.1 0.7 0.4
166 47.17 PS4 3.8 92.1 1.8 1.8 0.2 0.3
167 47.12 PWS 2.6 91.9 33 1.8 0.3 ND
168  47.19 PW7 4.1 87.6 4.1 2.7 0.9 0.6
169 47.23 PW7 9.6 81.6 34 2.0 1.4 1.0
170  MODHT RW5 4.5 87.7 32 29 0.6 0.2
171 MODHT RS3 2.0 91.9 1.9 2.5 0.4 0.3

Table 7.17: Relative amounts of the anthraquinones components characterised in the acid hydrolysed

samples of historical yarns dyed with cochineal species. Integrations were carried out at 275 nm.
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7.2.3.6 Safflower (Carthamus tinctorius L.)

Several pink to light orange silk yarns were investigated on the UPLC system (method
C) and showed the presence of several flavonoid dyes present in trace quantities: the
flavonoid luteolin (9), the flavones apigenin (10) and the luteolin methyl ether
chrysoeriol (12) systematically associated to several colourless components named
Ctl, Ct2, Ct3 and Ct4 recently characterised as the minor flavonoid components
present in safflower (Carthamus tinctorius L.). The characteristic components present
in these samples were extracted at 300 nm and the relative amounts integrated by

Empower software, expressed as peak area in uV X sec.

The main component of safflower is carthamin (4), a dye which is very sensitive to
hydrochloric extraction, although it may be eluted from the thread using DMSO
(UPLC entry 19b and 30b), and was integrated by Empower software at 500 nm.

Relative amount, Area (%)
Ctl Luteolin Ct2’ Ct2 Ct3 Ct4 Apigenin  Chrysoeriol

() (10) (12)
UPLC system, 300 nm Retention time (min)
Entry Sample ID 13.34 13.72  14.03 14.10 14.69 15.33 15.55 15.96
4 47.8 Pink Silk 9a 2.5 19.7 9.0 8.3 29.1 15.9 12.9 2.8
9 47.19 Pink S4 16.4 17.0 9.3 10.2 25.1 11.4 7.5 3.1
11 47.8 Pink S5 10.9 22.0 5.6 5.0 22.6 19.6 10.1 4.2
12 47.7 Pink Silk 5 13.1 7.5 17.2 17.7 28.1 53 11.2 ND
17 47.23 Pink S5 8.7 22.0 11.7 13.3 23.8 6.6 11.7 2.2
19 47.19 Pink S5 25.5 4.6 6.6 23.6 26.2 6.6 6.9 ND
30 47.12 Pink S4 11.7 13.1 13.6 16.6 27.9 6.9 8.5 1.8
UPLC system, DMSO extraction, 500 nm Carthamin (4)
Entry Sample ID 17.57
19b 47.19 Pink S5 detected
30b 47.23 Pink S5 detected

Table 7.18: Relative amounts of the unknown Ct components and flavonoid dyes characterised in the
acid hydrolysed samples of historical yarns dyed with safflower (Carthamus tinctorius L.) mixed with

weld (Reseda luteola L.). Integrations were carried out at 300 nm.
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Entry

Identified Chromophores

Dye Source

47.6

47.6 GW1-1(2)

Gt3, luteolin, diosmetin, apigenin,
chrysoeriol, traces indigotin

Dyer’s greenweed (Genista tinctoria L) with
indigo-type dyestuff (Isatis tinctoria L. or
Indigofera tinctoria L.)

47.6 YS2 (2)

luteolin, apigenin, chrysoeriol and
unknowns peaks

Weld (Reseda luteola L.)

476 YWT-1(2)

yfl, yf2, fisetin, sulfuretin,
luteolin, apigenin, chrysoeriol

Weld (Reseda luteola L.) with young fustic
(Cotinus coggygria Scop.)

476 YS8-1(2)

luteolin, apigenin, chrysoeriol and
unknowns peaks

Weld (Reseda luteola L.)

476 GW14-1(2)

luteolin, apigenin, chrysoeriol,
traces indigotin and unknown
peaks

Weld (Reseda luteola L.) with indigo-type
dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)

476 YS15-1(2)

luteolin, apigenin, chrysoeriol and
unknowns peaks

Weld (Reseda luteola L.)

476 YSI5-1(3)

luteolin, apigenin, chrysoeriol and
unknowns peaks

Weld (Reseda luteola L.)

47.6 GW16 -1(2)

uteolin, apigenin, chrysoeriol,
traces indigotin

Weld (Reseda luteola L.) with indigo-type
dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)

476 GW17-1(2)

Gt3, luteolin, genistein, apigenin,
chrysoeriol, traces indigotin

Dyer’s greenweed (Genista tinctoria L.) with
indigo-type dyestuff (Isatis tinctoria L. or
Indigofera tinctoria L.)

476 YSI8-1(2)

luteolin, apigenin, chrysoeriol and
unknowns peaks

Weld (Reseda luteola L.)

47.6 RW22 -1(2)

luteolin, apigenin, chrysoeriol,
Nowick C and small amount of
alizarin and purpurin

Weld (Reseda luteola L.) with small amount of
Madder-type dyestuff and brazilwood

476 YS25-1(2)

luteolin, apigenin, chrysoeriol and
unknowns peaks

Weld (Reseda luteola L.)
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47.6 PW1 - 11 (1)

carminic acid with traces indigotin

Coccid dyestuff (unknown origin) and indigo-
type dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)

47.6 PW1 - 11 (2)

carminic acid with traces indigotin
and purpurin and unknown dye
(Amax = 522 nm, orcein?)

Coccid dyestuff (unknown origin) and indigo-
type dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.), traces madder-type dyestuff and
lichens (orcein?)

47.6 YS3 - 11 (1)

luteolin, apigenin, chrysoeriol and
unknowns peaks

Weld (Reseda luteola L.)

47.6 RW4 - 11 (1)

carminic acid, dc II, traces
flavokermesic acid, kermesic acid,
alizarin, purpurin, luteolin,
apigenin and chrysoeriol

American cochineal (Dactylopius coccus C.)
with madder-type dyestuff and weld (Reseda
luteola L.)

47.6 RW4 - 11 (2)

alizarin, purpurin, traces indigotin

Madder-type dyestuft with indigo-type dyestuff
(Isatis tinctoria L. or Indigofera tinctoria L.)

yfl, yf2, fisetin, sulfuretin,

Weld (Reseda luteola L.) with young fustic

476 YW7-1I luteolin, apigenin (Cotinus coggygria Scop.)
A7 6YWI-21 Zfi’ ggﬁ Slelzlnf?srtztilr?’gllqne(s)g:r’iol Dyer’s greenweed (Genista tinctoria L.) with
’ pigenin, g - enry young fustic (Cotinus coggygria Scop.)
47.7
Dyer’s greenweed (Genista tinctoria L.) with

47.7 GW2 Gt3, luteolin, genistein, apigenin, | indigo-type dyestuff (Isatis tinctoria L. or

chrysoeriol, traces indigotin Indigofera tinctoria L.)

yfl, yf2, sulfuretin, luteolin, Dyer’s greenweed (Genista tinctoria L.) with
47.7YW3 o Lo . . . ;

genistein, apigenin, chrysoeriol young fustic (Cotinus coggygria Scop.)
477 Pink Silk 5 Ct.l, C‘F2, Ct2’, Ct4., luteolin, Safflower (Carthamus tinctorius L.) and weld

apigenin, chrysoeriol (Reseda luteola L.)
47.7YS4 luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)
47.7RW6 alizarin, purpurin Madder-type dyestuff
47.7 RW7 alizarin, purpurin Madder-type dyestuft

L . T Madder-type dyestuff with indigo-type dyestuff

41.7PW8 alizarin, purpurin, traces indigotin (Isatis tinctoria L. or Indigofera tinctoria L.)
47.7YS9 luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)

luteolin. apicenin. chrysoeriol Weld (Reseda luteola L.) with indigo-type
47.7GW10 ! > apigenin, Chry ’ dyestuff (Isatis tinctoria L. or Indigofera

traces indigotin and unknown
peaks

tinctoria L.)
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47.8

luteolin. apieenin. chrysocriol Weld (Reseda luteola L.) with indigo-type
47.8 YS1 1, apigeninl, chry ’ dyestuff (Isatis tinctoria L. or Indigofera

traces indigotin ? (impure PDA) ; .

tinctoria L.)

yfl, yf2, fisetin, sulfuretin, Weld (Reseda luteola L.) with young fustic
47.8 YW2 . . . . ;

luteolin, apigenin, chrysoeriol (Cotinus coggygria Scop.)
47.8 RW3 alizarin, purpurin Madder-type dyestuff

alizarin, purpurin, Nowik C and Madder-type dyestuff with small amount of
47.8 OW4 traces Luteolin, apigenin, brazilwood and probably weld (Reseda luteola

chrysoeriol L)

carminic acid, dc II, traces . . .
47.8 PW5 flavokermesic acid and kermesic American cochineal (Dactylopius coccus C.),

acid and traces purpurin

traces madder-type dyestuff

47.8 Pink Silk 5

Ctl, Ct2, Ct2’, Ct4, luteolin,
apigenin, chrysoeriol

Safflower (Carthamus tinctorius L.) and weld
(Reseda luteola L.)

luteolin, apigenin, chrysoeriol,

Weld (Reseda luteola L.) with indigo-type

47.8 GW6 traces indigotin dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)
. - L Dyer’s greenweed (Genista tinctoria L.) with
47.8 GW7 G13, luteolin, genistein, apigenin, indigo-type dyestuff (Isatis tinctoria L. or

chrysoeriol, traces indigotin

Indigofera tinctoria L.)

47.8 Pink Silk 9a

Ctl, Ct2, Ct2’, Ct4, luteolin,
apigenin, chrysoeriol

Safflower (Carthamus tinctorius L.) and weld
(Reseda luteola L.)

47.8 YS8 luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)
luteolin. apieenin. chrysoeriol Weld (Reseda luteola L.) with indigo-type
47.8 GS10 fl, apigenin, chry ’ dyestuff (Isatis tinctoria L. or Indigofera
traces indigotin : .
tinctoria L.)
Madder-type dyestuff with traces indigo-type
47.8 PW11 alizarin, purpurin, traces indigotin | dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)
47.9

479 GW1-1(2)

three unidentified dyes :
unknown 1 Amax 394 nm;
unknown 2 Amax 622 nm
unknown 3 Amax 636 nm

Unidentified, possibly early synthetic dyes

479YS2-1(2)

luteolin, apigenin, chrysoeriol

Weld (Reseda luteola L.)

479YS2-1(3)

luteolin, apigenin, chrysoeriol

Weld (Reseda luteola L.)

300



Chapter 7

479YS4-1(2)

luteolin, apigenin, chrysoeriol

Weld (Reseda luteola L.)

479YS7-1(2)

luteolin, apigenin, chrysoeriol

Weld (Reseda luteola L.)

47.9YS10-1(2)

luteolin, apigenin, chrysoeriol

Weld (Reseda luteola L.)

479YS10-1(3)

luteolin, apigenin, chrysoeriol

Weld (Reseda luteola L.)

479 YW13

yfl, yf2, Gt3, luteolin, genistein,
apigenin, chrysoeriol

Dyer’s greenweed (Genista tinctoria L.) with
young fustic (Cotinus coggygria Scop.)

479 GW14-1(2)

luteolin, apigenin, chrysoeriol,
traces indigotin

Weld (Reseda luteola L.) with indigo-type
dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)

479 GW16-1(2)

Gt3, luteolin, genistein, apigenin,
chrysoeriol, traces indigotin

Dyer’s greenweed (Genista tinctoria L.) with
indigo-type dyestuff (Isatis tinctoria L. or
Indigofera tinctoria L.)

479 GW17-1(2)

luteolin, apigenin, chrysoeriol,
traces indigotin

Weld (Reseda luteola L.) with indigo-type
dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)

479 YSI8-1(2)

luteolin, apigenin, chrysoeriol

Weld (Reseda luteola L.)

47.90W20 -1(2)

luteolin, apigenin, chrysoeriol with
purpurin, traces of alizarin and
ellagic acid

Weld (Reseda luteola L.) with madder-type
dyestuff and traces tannins

47.9YS26-1(2)

luteolin, apigenin, chrysoeriol with
small amount of purpurin, alizarin
and ellagic acid

Weld (Reseda luteola L.) with small amount of
madder-type dyestuff and tannins

47.9YS26-1(3)

luteolin, apigenin, chrysoeriol with
purpurin, traces of alizarin and
ellagic acid

Weld (Reseda luteola L.) with small amount of
madder-type dyestuff and tannins

47.9YS26-1(4)

luteolin, apigenin, chrysoeriol with
purpurin, traces of alizarin and
ellagic acid

Weld (Reseda luteola L.) with small amount of
madder-type dyestuff and tannins

479 GW26 -1(2)

three unidentified dyes :
unknown 1 Amax 394 nm;
unknown 2 Amax 622 nm
unknown 3 Amax 636 nm

Unidentified, possibly early synthetic dyes
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47.9 GS28-1(2)

luteolin, apigenin, chrysoeriol,
traces indigotin

Weld (Reseda luteola L.) with indigo-type
dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)

47.9 GW29 -1(2)

three unidentified dyes:

unknown 1 Amax 406 nm,
unknown 2 Amax 649 nm
unkwnon 3 Amax 636 nm

Unidentified, possibly early synthetic dyes

479 GW30-1(2)

luteolin, apigenin, chrysoeriol,
traces indigotin

Weld (Reseda luteola L.) with indigo-type
dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)

479 YW2 -T1 (1)

yfl, yf2, fisetin, sulfuretin,
luteolin, genistein, apigenin,
chrysoeriol

Dyer’s greenweed (Genista tinctoria L.) with
young fustic (Cotinus coggygria Scop.)

47.9 PW3 - 11 (1)

carminic acid with traces indigotin

Coccid dyestuff (unknown origin) and indigo-
type dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)

479 PW3 - 11 (2)

Orcein, small peak Amax 514 nm

Lichen (orcein dye ?)

47.9YS5 - 11 (1)

luteolin, apigenin, chrysoeriol

Weld (Reseda luteola L.)

479 YS5 -11(2)

luteolin, apigenin, chrysoeriol

Weld (Reseda luteola L.)

47.9 GS6 - 11 (1)

luteolin, apigenin, chrysoeriol,

traces indigotin + unknown peaks

Weld (Reseda luteola L.) with indigo-type
dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)

47.9 GS6 - 11 (2)

luteolin, apigenin, chrysoeriol,
traces indigotin

Weld (Reseda luteola L.) with indigo-type
dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)

47.10

yfl, yf2, Gt3, luteolin, genistein, Weld (Reseda luteola L.) with young fustic
47.10 YW3 apigenin, chrysoeriol (Cotinus coggygria Scop)
4710 YS4 luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)

luteolin, apigenin, chrysoeriol, Weld (Reseda luteola L.) with indigo-type
47.10 GS5a traces indigotin dyestuff (Isatis tinctoria L. or Indigofera

tinctoria L.)
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luteolin, apigenin, chrysoeriol,

Weld (Reseda luteola L.) with indigo-type
dyestuff (Isatis tinctoria L. or Indigofera

47.10 GS5b traces indigotin tinctoria L.)
4710 YS6 luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)
ol aigrin ol | ¥eld sl s L) it i o
47.10 GW7 traces indigotin yestih : &
tinctoria L.)
luteolin, apigenin, chrysoeriol, Weld (Reseda luteola L.) with indigo-type
47.10 GW8 traces indigotin dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)
Dyer’s greenweed (Genista tinctoria L.) with
47.10 GW9 Gt3, luteolin, genistein, apigenin, | indigo-type dyestuff (Isatis tinctoria L. or
chrysoeriol, traces indigotin Indigofera tinctoria L.)
alizarin, purpurin, Nowik C, traces | Madder-type dyestuff with small amount of
47.10 RW10 luteolin brazilwood and possibly weld (Reseda luteola L.)
alizarin, purpurin, Nowik C, traces Mad_der-type dyf:stqff with small amount Qf
4710 PW11 indigotin brazilwood and indigo-type dyestuff (Isatis
’ tinctoria L. or Indigofera tinctoria L.)
47.11
Gt3, luteolin, genistein, apigenin, Dygr s greenweed (Gemst.a tfnctorfa L.) with
4711 GW2 chrysoeriol, traces indigotin indigo-type dyestuff (Isatis tinctoria L. or
’ ’ Indigofera tinctoria L.)
. N . Weld (Reseda luteola L.) with indigo-type
luteolin, apigenin, chrysoeriol, dyestuff (Isatis tinctoria L. or Indigofera
47.11 GW3 traces indigotin yestih : &
tinctoria L.)
4711 YS4 luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)
alizarin, purpurin, Nowik C, traces | Madder-type dyestuff with small amount of
47.11 RW6 luteolin and apigenin brazilwood and possibly weld (Reseda luteola L.)
luteolin, apigenin, chrysoeriol, sy
4711 GS7 traces indigotin Weld (Reseda luteola L.) with indigo-type

dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)
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luteolin, apigenin, chrysoeriol

Weld (Reseda luteola L.)

47.11 YS8
ﬁseth, yil, }.’ﬂ’.GB’ N ulfgretm, Dyer’s greenweed (Genista tinctoria L.) with
47.11 YW9 luteolin, genistein, apigenin, oung fustic (Cotinus C ja Scop)
chrysoeriol young fu otinus Coggygria Scop
47.11 PW10 unidentified (no peaks) Lichens (orcein ?)
4711 YWI11 G, luteplln, genistein, aigenin, Dyer’s greenweed (Genista tinctoria L.)
chrysoeriol
47.12
47.12YS2 luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)
. s L Dyer’s greenweed (Genista tinctoria L.) with
47.12 GW3 G13, luteolin, genistein, apigenin, indigo-type dyestuff (Isatis tinctoria L. or

chrysoeriol, traces indigotin

Indigofera tinctoria L.)

47.12 Pink Silk 4

Ctl, Ct2, Ct2’, Ct4, luteolin,
apigenin, chrysoeriol

Safflower (Carthamus tinctorius L.) and weld
(Reseda luteola L.)

alizarin, purpurin, Nowik C, traces

Madder-type dyestuff with small amount of

4T12RWS luteolin brazilwood and possibly weld (Reseda luteola L.)
4712 YS6 luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)
luteolin. apieenin. chrysoeriol Weld (Reseda luteola L.) with indigo-type
47.12 GW7 i, apigenin, chry ’ dyestuff (Isatis tinctoria L. or Indigofera
traces indigotin : .
tinctoria L.)
47.12 PW8 carminic acid, traces indigotin Coceid dyestuff (unknown origin) and indigo-

type dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)

47.12 YW9 (2)

fisetin, yfl, yf2, Gt3, sulfuretin,
luteolin, genistein, apigenin

Dyer’s greenweed (Genista tinctoria L.) with
young fustic (Cotinus coggygria Scop.)

47.12 YS10 luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)
47.13
4713 PW1 indigotin and orcein? Indigo-type dyestuff (Isatis tinctoria L. or

’ small peak Amax 522 nm Indigofera tinctoria L.) with lichens (orcein?)

. s L Dyer’s greenweed (Genista tinctoria L.) with
47.13 GW2 ((:1:3’313;??()11111&5:2;8;23?’ gﬁlngemn, indigo-type dyestuff (Isatis tinctoria L. or
Y ’ & Indigofera tinctoria L.)

4713 RW3 alizarin, purpurin, Nowik C, Madder-type dyestuft with small amount of

luteolin, apigenin, chrysoeriol

brazilwood and weld (Reseda luteola L.)
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Gt3, luteolin, genistein, apigenin,

Dyer’s greenweed (Genista tinctoria L.) with

47.13 GW4 . S indigo-type dyestuff (Isatis tinctoria L. or
chrysoeriol, traces indigotin Indigofera tinctoria L.)
47.13 YSS luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)
three unidentified dyes :
47.13 GW7 unknown 1 A 394 nm; Un-identified, early synthetic dyes?
’ unknown 2 Amax 622 nm » CATY Y yes:
unknown 3 Amax 636 nm
47.13 YS9 luteolin, apigenin, chrysoeriol, Weld (Reseda luteola L.) with tannins
traces ellagic acid
fisetin, yfl, yf2, luteolin, apigenin, | Weld (Reseda luteola L.) and young fustic
47.13 YWO . . .
chrysoeriol (Cotinus Coggygria Scop)
47.13 YS11 luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)
luteolin. apieenin. chrysoeriol Weld (Reseda luteola L.) with indigo-type
47.13 GS12 f, apigenin, chry ’ dyestuff (Isatis tinctoria L. or Indigofera
traces indigotin : .
tinctoria L.)
47.14
47.14YS2 luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)
. . L Dyer’s greenweed (Genista tinctoria L.) with
47.14 GW3 Slltlslcl)l::fr:ioc)llmt,riiggsif:iril’ 2{)ilngemn, indigo-type dyestuff (Isatis tinctoria L. or
y ’ & Indigofera tinctoria L.)
47 14 RW4 alizarin, purpurin, Nowick C, Madder-type dyestuff with small amount of
’ traces luteolin and apigenin brazilwood and possibly weld (Reseda luteola L.)
47.14 PW6 traces indigotin and orcein? Indl.go—type d yestl_lff (Isat{s finctoria L. or
Indigofera tinctoria L.) with lichens (orcein?)
Amax 522 nm
luteolin. apicenin. chrysoeriol Weld (Reseda luteola L.) with indigo-type
47.14 GS7 ! fl, apigenin, chry ’ dyestuff (Isatis tinctoria L. or Indigofera
traces indigotin : ;
tinctoria L.)
luteolin. apieenin. chrvsoeriol Weld (Reseda luteola L.) with indigo-type
47.14 GW8 f, apigenin, chry ’ dyestuff (Isatis tinctoria L. or Indigofera
traces indigotin ; .
tinctoria L.)
luteolin. apieenin. chrysoeriol Weld (Reseda luteola L.) with indigo-type
47.14 GW9 1, apigenin, chry ’ dyestuff (Isatis tinctoria L. or Indigofera
traces indigotin : .
tinctoria L.)
47.17
47.17 YS1 luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)
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carminic acid, dc II, traces

4717 PW2 ;lcai\(/iokermesw acid and kermesic American cochineal (Dactylopius coccus C.)
L . . Madder-type dyestuft with small amount of

47.17 RW3 ahzarl.n, purpurin, Nowik C, traces brazilwood and probably weld (Reseda luteola
luteolin L)
carminic acid, dc II, traces

47.17 PS4 flavokermesic acid and kermesic American cochineal (Dactylopius coccus C.)
acid, ellagic acid with traces of with tannins and traces weld (Reseda luteola L.)
luteolin, apigenin and chrysoeriol
Un-identified dyes:

47.17 RW5 unknown 1 Amax 225, 310, 487 nm;

unknown 2 Amax 249, 339, 405, and
545 nm

Un- identified, synthetic dyes ?

47.17 Metal thread MT6

traces Nowick 3 and sulfuretin

Brazilwood and probably young fustic (Cotinus
coggygria Scop.)

Ag, traces Au, Cu

luteolin, apigenin, chrysoeriol,

Weld (Reseda luteola L.) with indigo-type

47.17 GS8 traces indigotin destuff (Isatis tinctoria L. or Indigofera
tinctoria L.)
47.17YS9 luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)
luteolin. apieenin. chrysocriol Weld (Reseda luteola L.) with indigo-type
47.17 GW10 1, apigenin, chty ’ dyestuff (Isatis tinctoria L. or Indigofera
traces indigotin ; .
tinctoria L.)
carminic acid, dc II, traces
47.17 PWI11 S;Zl"kemem acidand kermesic | » 1 can cochineal (Dactylopius coccus C.)
47.19
47.19 YS1b luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)
47.19 YS2 luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)
4719 YW3 fisetin, yfl, yf2, sulfuretin, Weld (Reseda luteola L.) with young fustic

luteolin, apigenin, chrysoeriol

(Cotinus coggygria Scop.)

47.19 Pink Silk 4

Ctl, Ct2, Ct2’, Ct4, luteolin,
apigenin, chrysoeriol

Safflower (Carthamus tinctorius L.) and weld
(Reseda luteola L.)

47.19 Pink Silk 5

Ctl, Ct2, Ct2’, Ct4, luteolin,
apigenin, chrysoeriol

Safflower (Carthamus tinctorius L.) and weld
(Reseda luteola L.)

47.19 PW6

alizarin, purpurin

Madder-type dyestuff
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carminic acid, dc II, traces

American cochineal (Dactylopius coccus C.)

47.19 PW7 ﬂa.voker.mes‘lc acid agd kermesic with madder-type dyestuff
acid, Alizarin, purpurin
luteolin. apicenin. chrysoeriol Weld (Reseda luteola L.) with indigo-type
47.19 GW8 fl, apigenin, chry ’ dyestuff (Isatis tinctoria L. or Indigofera
traces indigotin : ;
tinctoria L.)
luteolin. apieenin. chrvsoeriol Weld (Reseda luteola L.) with indigo-type
47.19 GW9a f, apigenin, chry ’ dyestuff (Isatis tinctoria L. or Indigofera
traces indigotin ; .
tinctoria L.)
luteolin. apieenin. chrysoeriol Weld (Reseda luteola L.) with indigo-type
47.19 GW9Db 1, apigenin, chry ’ dyestuff (Isatis tinctoria L. or Indigofera
traces indigotin : .
tinctoria L.)
luteolin. apicenin. chrysoeriol Weld (Reseda luteola L.) with indigo-type
47.19 GS10a fl, apigenin, chry ’ dyestuff (Isatis tinctoria L. or Indigofera
traces indigotin : .
tinctoria L.)
luteolin. apicenin. chrysoeriol Weld (Reseda luteola L.) with indigo-type
47.19 GS10b f, apigenin, chry ’ dyestuff (Isatis tinctoria L. or Indigofera
traces indigotin ; .
tinctoria L.)
47.19 YS11 luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)
47.21

4721 YS4 (2)

Gt3, luteolin, genistein, apigenin,
diosmetin

Dyer’s greenweed (Genista tinctoria L.)

47.21 GW3 (3)

luteolin, apigenin, chrysoeriol,
traces indigotin

Weld (Reseda luteola L.) with indigo-type
dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)

Weld (Reseda luteola L.) with indigo-type

47.21 GW5 luteolin, apigenin, chrysoeriol, dyestuff (Isatis tinctoria L. or Indigofera
traces indigotin tinctoria L.)
4721 OW7 -1 luteolin, apigenin, chrysoeriol, Weld (Reseda luteola L.) with madder-type

traces alizarin, purpurin

dyestuff

4721 GWS (3)

luteolin, apigenin, chrysoeriol,
traces indigotin

Weld (Reseda luteola L.) with indigo-type
dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)

4721 YS11 (2)

Gt3, luteolin, genistein, apigenin,
chrysoeriol

Dyer’s greenweed (Genista tinctoria L.)
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47.21 YS11 (3)

Gt3, luteolin, genistein, apigenin,
chrysoeriol

Dyer’s greenweed (Genista tinctoria L.)

4721 OW14 (2)

luteolin, apigenin, chrysoeriol,
traces alizarin, purpurin

Weld (Reseda luteola L.) with Madder-type
dyestuff

4723 YS18 (2)

luteolin, apigenin, chrysoeriol

Weld (Reseda luteola L.)

47.21 YS19 (3)

Gt3, luteolin, genistein, apigenin,
chrysoeriol

Dyer’s greenweed (Genista tinctoria L.)

4721 YS21 (2)

Gt3, luteolin, genistein, apigenin,
chrysoeriol

Dyer’s greenweed (Genista tinctoria L.)

4721 YS21 (3)

Gt3, luteolin, genistein, apigenin,
chrysoeriol

Dyer’s greenweed (Genista tinctoria L.)

4721 GW23 (3)

luteolin, apigenin, chrysoeriol,
traces indigotin

Weld (Reseda luteola L.) with indigo-type
dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)

47.21 OW26 (3)

luteolin, apigenin, chrysoeriol,
traces alizarin, purpurin

Weld (Reseda luteola L.) with madder-type
dyestuff

47,21 GW27 (2)

luteolin, genistein, apigenin,
diosmetin, traces indigotin

Dyer’s greenweed (Genista tinctoria L.) with
indigo-type dyestuff (Isatis tinctoria L. or
Indigofera tinctoria L.)

47.21 GW27 (3)

luteolin, genistein, apigenin,
diosmetin, traces indigotin

Dyer’s greenweed (Genista tinctoria L.) with
indigo-type dyestuff (Isatis tinctoria L. or
Indigofera tinctoria L.)

4721 YS28 (3)

luteolin, genistein, apigenin,
diosmetin

Dyer’s greenweed (Genista tinctoria L.)

4721 BW34 (3)

luteolin, apigenin, chrysoeriol,
traces indigotin

Weld (Reseda luteola L.) with indigo-type
dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)
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47.21 GW35 (3)

luteolin, apigenin, chrysoeriol,
traces indigotin

Weld (Reseda luteola L.) with indigo-type
dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)

47.21 GW36 (3)

luteolin, genistein, apigenin,
diosmetin, traces indigotin

Dyer’s greenweed (Genista tinctoria L.) with
indigo-type dyestuff (Isatis tinctoria L. or
Indigofera tinctoria L.)

47.21 OW37 (3)

luteolin, apigenin, chrysoeriol,
traces alizarin, purpurin

Weld (Reseda luteola L.) with Madder-type
dyestuff

47.21 OW38 (3)

luteolin, apigenin, chrysoeriol,
traces alizarin, purpurin

Weld (Reseda luteola L.) with madder-type
dyestuff

47.21 Metal Thread
MT 41

ellagic acid with traces Nowick C
and sulfuretin

Young fustic (Cotinus coggygria Scop.) with
traces brazilwood and tannins
Ag, traces Au, Cu

47.23
L . Tannins with possibly small amount of weld
47.23 YS1 ellagic acid with traces luteolin (Reseda luteola L.)
4723 YS2 luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)
4723 YS3 luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)
luteolin. apicenin. chrysoeriol Weld (Reseda luteola L.) with indigo-type
47.23 GS4 > apigenin, Ciry ’ dyestuff (Isatis tinctoria L. or Indigofera

traces indigotin

tinctoria L.)

47.23 Pink Silk 5

Ctl, Ct2, Ct2’, Ct4, luteolin,
apigenin, chrysoeriol

Safflower (Carthamus tinctorius L.) and weld
(Reseda luteola L.)

47.23 RW6 alizarin, purpurin Madder-type dyestuff
carminic acid, dc II, traces . . .
47.23 PW7 flavokermesic acid and kermesic Amerlcan cochineal (Dactylopius coccus )
. o . with madder-type dyestuff and brazilwood
acid, alizarin, purpurin
MAP 1

MAP 1 YW1 (2)

luteolin, apigenin, chrysoeriol

Weld (Reseda luteola L.)
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MAP 1 DW2 (2)

traces of Nowick C, luteolin,
genistein, apigenin and indigotin

Dyer’s greenweed (Genista tinctoria L.) with
traces of brazilwood and indigo-type dyestuff

(Isatis tinctoria L. or Indigofera tinctoria L.)

MAP 1 YS3 (2)

luteolin, apigenin, chrysoeriol

Weld (Reseda luteola L.)

MAP 1 PWS5 (1) -1

carminic acid, dc II, traces
flavokermesic acid and kermesic
acid

American Cochineal (Dactylopius coccus C.)

MAP 1 PW5 (1) -2

carminic acid, dc II, traces
flavokermesic acid and kermesic
acid

American Cochineal (Dactylopius coccus C.)

MAP 1 PWS5 (2) -1

carminic acid, dc II, traces
flavokermesic acid and kermesic
acid

American Cochineal (Dactylopius coccus C.)

MAP 1 PW5 (2) -2

carminic acid, small amount of dc
11, traces flavokermesic acid and
kermesic acid

American Cochineal (Dactylopius coccus C.)

MAP 1 YW7 (2)

luteolin, apigenin, chrysoeriol

Weld (Reseda luteola L.)

MAP 1 OW10 (2) -1

Nowick C, alizarin, purpurin, small
amount of luteolin, apigenin and
chrysoeriol

Brazilwood with madder-type dyestuff with
traces of weld (Reseda luteola L.)

MAP 1 OW10 (2) -2

Nowick C, alizarin, purpurin, small
amount of luteolin, apigenin and
chrysoeriol

Brazilwood with madder-type dyestuff with
traces of weld (Reseda luteola L.)

MAP 1 YS11 (2)

luteolin, apigenin, chrysoeriol

Weld (Reseda luteola L.)

MAP 1 YWI12 (2)

luteolin, apigenin, chrysoeriol

Weld (Reseda luteola L.)

MAP 1 GW13 (2)

luteolin, apigenin, chrysoeriol,
traces indigotin

Weld (Reseda luteola L.) with indigo-type
dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)
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MAP 1 GWI5 (2)

luteolin, apigenin, chrysoeriol,
traces indigotin

Weld (Reseda luteola L.) with indigo-type
dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)

MAP 1 PW17 (2) -1

carminic acid, dc II, traces
flavokermesic acid and kermesic

acid with small amount of luteolin,

apigenin, chrysoeriol, alizarin and
purpurin

American cochineal (Dactylopius coccus C.)
with traces weld (Reseda luteola L.) and madder-
type dyestuff

MAP 1 PW17 (2) -2

carminic acid, dc II, traces
flavokermesic acid and kermesic

acid with small amount of luteolin,

apigenin, chrysoeriol, alizarin and
purpurin

American cochineal (Dactylopius coccus C.)
with traces weld (Reseda luteola L.) and madder-
type dyestuff

MAP 1 YWI18 (2)

luteolin, apigenin, chrysoeriol

Weld (Reseda luteola L.)

MAP 1 YWI19 (2)

luteolin, apigenin, chrysoeriol

Weld (Reseda luteola L.)

MAP 1 Dark Wool 21 (2)

luteolin, traces indigotin and
purpurin

Possibly Weld (Reseda luteola L.) with traces of
madder-type dyestuff and indigo-type dyestuff
(Isatis tinctoria L. or Indigofera tinctoria L.)

MAP 2

MAP 2 RW1 (2)

alizarin, purpurin and traces
Nowick C

Madder-type dyestuff with small amount of
brazilwood

MAP 2 PW2 (1) -1

carminic acid, dc II, traces
flavokermesic acid and kermesic
acid

American cochineal (Dactylopius coccus C.)

MAP 2 PW2 (1) -2

carminic acid, dc II, traces
flavokermesic acid and kermesic
acid

American cochineal (Dactylopius coccus C.)

MAP 2 PW2 (2) -1

carminic acid, dc II, traces
flavokermesic acid and kermesic
acid

American cochineal (Dactylopius coccus C.)
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MAP 2 OW3 (2)

alizarin, purpurin and traces
Nowick C and luteolin

Madder-type dyestuff with small amount of
brazilwood and possibly traces of weld (Reseda
luteola L.)

MAP 2 YW4 (2) luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)
MAP 2 YW6 (2) luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)
MAP 2 Brown Wool 7 traces carminic acid Coccid dyestuff (unknown origin)

MAP 2 GW10 (2)

luteolin, apigenin, chrysoeriol,
traces indigotin

Weld (Reseda luteola L.) with indigo-type
dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)

MAP 2 YW1 (2)

luteolin, apigenin, chrysoeriol

Weld (Reseda luteola L.)

MAP 2 YS12 (2)

luteolin, genistein, apigenin,
chrysoeriol

Dyer’s greenweed (Genista tinctoria L.)

MAP 3

MAP 3 YW1 (2)

luteolin, apigenin, chrysoeriol

Weld (Reseda luteola L.)

MAP 3 YW2 (2)

luteolin, apigenin, chrysoeriol,
traces alizarin and purpurin

Weld (Reseda luteola L.) with traces madder-
type dyestuff

MAP 3 RW3 (2)

alizarin, purpurin

Madder-type dyestuff

MAP 3 PW4 (1) -1

carminic acid, dc II, traces
flavokermesic acid and kermesic
acid

Cochineal with low dcll, it could be Armenian
cochineal (Porphyrophora hamelii B.) or
Mexican cochineal (Dactylopius coccus C.)

MAP 3 PW4 (2) -1

carminic acid, dc II, traces
flavokermesic acid and kermesic
acid

Cochineal with low dcll, it could be Armenian
cochineal (Porphyrophora hamelii B.) or
Mexican cochineal (Dactylopius coccus C.)

MAP 3 PW4 (2) -2

carminic acid, dc II, traces
flavokermesic acid and kermesic
acid

Cochineal with low dcll, it could be Armenian
cochineal (Porphyrophora hamelii B.) or
Mexican cochineal (Dactylopius coccus C.)
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Cochineal with low dcll, it could be Armenian
cochineal (Porphyrophora hamelii B.) or
Mexican cochineal (Dactylopius coccus C.) with
tannins

Carminic acid and ellagic acid with
MAP 3 PS6 (1) -1 traces of dc II, flavokermesic acid
and kermesic acid

Cochineal with low dcll, it could be Armenian
cochineal (Porphyrophora hamelii B.) or
Mexican cochineal (Dactylopius coccus C.) with

Carminic acid and ellagic acid with
MAP 3 PS6 (1) -2 traces of dc II, flavokermesic acid
and kermesic acid

tannins
MAP 3 YS7 (2) luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)
MAP 3 OWS (2) alizarin, purpurin Madder-type dyestuff

Weld (Reseda luteola L.) with indigo-type
dyestuff (Isatis tinctoria L. or Indigofera
tinctoria L.)

luteolin, apigenin, chrysoeriol,

MAP 3 GW9 (2) traces indigotin

MAP 3 YW10 (2) luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)

MAP 3 YWI1 (2) luteolin, apigenin, chrysoeriol Weld (Reseda luteola L.)

Table 7.19: Dye components and species identification, of the acid hydrolysed samples from early mid
sixteenth to late sixteenth century English tapestries. Tapestries 47 are from the Burrell Collection,
Glasgow; while tapestries maps are from the Bodleian Library, Oxford (MAP 1 corresponds to the map
of Worcestershire and MAP 2 to the map of Oxfordshire; MAP 3 corresponds to the map of

Warwickshire).
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7.3 CHARACTERISATION OF METALLIC MORDANT ON PORCUPINE
QUILL WORK

7.3.1 Scanning Electron Microscopy (SEM)

Cuticle measurements and porcupine quills imaging were undertaken using a
CamScan MX2500 Scanning Electron Microscope operated in controlled pressure
mode (Envac, 30 Pa, aperture 50 um) coupled to Energy Dispersive X-ray analysis
(EDX) with Noran Vantage system and Vista software. Images were recorded at a
working distance of 20 mm using Backscattered Electron detector (BSC) or Absorbed
Current detector (AEI) at voltages of 15 or 20 kV and with spot size 5-6. X-Ray
analyses were recorded at a working distance of 35 mm with EDX detector at 35 °,

the deadtime was below 20 % and each analysis was 200 sec.

Quill 1 Quill2  Quill3 Quill4 Quill5 Quill6 Quill 7
Cuticle (um) 61.0 44.7 62.0 46.9 104.3 47.0 34.6
60.2 47.7 66.5 47.0 102.7 40.4 31.6
62.1 43.4 62.8 56.1 103.5 50.4 35.1
62.0 45.9 69.0 50.0 105.9 50.9 37.6
67.1 46.5 67.4 553 100.7 52.6 32.8
60.6 40.0 60.5 51.8 103.2 58.9 34.8
69.3 39.5 60.0 48.7 93.6 49.9 39.0
70.5 413 61.6 48.1 95.1 49.6 37.5
73.4 38.1 67.3 47.5 99.1 52.9 37.0
Mean 65.1 43.0 64.1 50.2 100.9 50.3 356
Standard deviation 5.0 34 34 3.5 4.2 4.9 2.4
sr (%) 7.7 8.0 53 7.0 4.2 9.8 6.8

Table 7.20: Cuticles measurements undertaken on several section of porcupine quills using Scanning

Electron Microscopy.

7.3.2 References of Cu?* and Sn?* preparation

The solutions aqueous solutions of copper and tin were prepared from anhydrous
copper(Il) sulphate (> 99 %) and tin(Il) chloride (98 %), both from Sigma Aldrich.
The mass of mordant (mg) was calculated in order to obtain concentrations ranging
between 100 pg.mL! and 15,000 pg.mL!, based on the mass (mg) of copper(Il) and
tin(IT) present in 50 mL deionised water (table 7.21).
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My CuSOs (g.mol') My Cu (g.mol’))  [Cu?*'] (mg.L") Cu?**(mg) CuSO4 (mg) pH
159.6 63.6 15000 750 1884 3.80
159.6 63.6 10000 500 1256 3.91
159.6 63.6 5000 250 628 4.07
159.6 63.6 2500 125 314 422
159.6 63.6 1000 50 126 4.41
159.6 63.6 500 25 63 4.65
159.6 63.6 100 5 13 4.66
My SnClL: (g.mol')) My Sn (g.mol’))  [Sn*'] (mg.L) Sn**(mg) SnClz (mg) pH
189.6 118.7 15000 750 1198 1.95
189.6 118.7 10000 500 799 2.05
189.6 118.7 5000 250 399 223
189.6 118.7 2500 125 200 240
189.6 118.7 1000 50 80 2.60
189.6 118.7 500 25 40 2.80
189.6 118.7 100 5 8 3.30

Table 7.21: mass of copper(ll) sulphate and tin(Il) chloride used to prepare the different dyebath

concentrations, considering a volume of 50 mL of deionised water.

7.3.3 ICP-OES

The samples were analysed by ICP-OES using a Perkin Elmer Optima 5300 DV,
employing an RF forward power of 1400 W, with argon gas flows of 15, 0.2 and 0.75
L min'! for plasma, auxiliary, and nebuliser flows, respectively. Using a peristaltic
pump, sample solutions were taken up into a Gem Tip cross-Flow nebuliser and

Scotts spray chamber at a rate of 1.50 mL min™'.

The selected wavelengths for each element and were analysed in fully quant mode

(three points per unit wavelength). Three replicate runs per sample were employed.

7.3.3.1 Calibration of the system

The calibration of the system was done by diluting a stock solution of tin and copper
(1000 parts per million), both from Fisher Scientific, with a solution of 2:98 (v/v)
37% hydrochloric acid: deionised water to produce solutions at concentration of 0.02
pg mL', 0.2 pg mL!, 2 pg mL!, 20 pg mL™!, 40 pg mL™!, 100 ug mL™! and 200 pg

mL! that were used to produce calibration curves (tables 7.22 and 7.23).
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Copper standards (monitored at 327.4 nm)

0.02 to 200 pg mL!
Standard Found
Blank -819.51 Slope = 69468
0.02 pg mL-'  973.251028 Y-intercept = - 85943
R2=10.9999
0.2 pg mL! 10612.0309
2 pg mL-! 106453.652
20 pg mL-! 1057843.45
40 pg mL"! 13831675.2

200 pg mLt 973.251028

Table 7.22: The instrument calibration details for copper standard

Tin standards (monitored at 284 nm)

Range 0.02 to 200 pg mL!

Standard Found

Blank 632 Slope = 56813

0.02 ugmL!  97.8721604 Y-intercept = - 6109.9
R2 = 0.9996

0.2 ug mL-! 924.721097

2 pg mL! 9073.30548

20 pg mL! 89995.6465

40 pg mL! 1131857.52

200 ugmL  97.8721604

Table 7.23: The instrument calibration details for tin standard high concentration

7.3.3.2 ICP-OES sample preparation
The samples were prepared following the hydrochloric acid extraction protocol

developed for the routine analysis of the dye components from reference and

historical samples (section 7.1.2).

The sample of porcupine quill (1.0 + 0.1 mg) was placed in a 2 mL glass test tube, to
which was added a mixture of 37% hydrochloric acid: methanol: water [200 pL, 2:1:1
(v/v/v)]. The tube was then placed in a heated block set to 100 °C and heated for

precisely 10 min. After rapid cooling under cold water, the extract was centrifuged
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for 10 minutes at 10,000 rounds per minutes and filtered using a Polyethylene filter
(55 wm, 5 mm) from Crawford Scientific™. The frit was rinsed with methanol (200
uL). The combined filtrates were then gravimetrically prepared (ca. 5 ml) using a
solution of 37% hydrochloric acid: water [2:98, (v/v)]. The diluted extracts of the
selected samples were analysed in triplicate and the mean concentration of tin and

copper in each solution (per mg of yarn) was calculated.

200 uL of the dyebaths were collected at different times and analysed in triplicate. 50
uL of the solution were filtered using a Polyethylene filter (55 um, 5 mm) from
Crawford Scientific™. The frit was rinsed with methanol (200 or 400 pL) and the
combined filtrates were then gravimetrically prepared (ca. 5 ml) using a solution of
37% hydrochloric acid: water [2:98, (v/v)]. The diluted solutions were analysed in
triplicate and the mean concentration of tin and copper in each solution (ng.mL-") was

calculated.

7.3.3.3 Evaluation of dyebath conditions

A small amount of porcupine quills (200 mg) were prepared in a 50 mL deionised
water containing cochineal (2 g) and copper(Il) or tin(II) prepared at 1000 pg mL™'.
After stirring the solution, a fraction of the dyebath (200 pL) was removed

corresponding to the measurement at t = 0.

The dyebath was then set-up with a condenser and gently heated up to 85 °C for half
an hour. The temperature was controlled with a thermostat, when temperature was
reached, the quills were added. A fraction of the dyebath (200 puL) and two porcupine
quills were collected after 1 hour, 2 hours and 5 hours for ICP-OES analysis. The
quills were rinsed with deionised water and left to dry at room temperature for several
days and the fractions of dyebath kept in the fridge at 4 °C. The dyebath fractions and
porcupine quill samples were then analysed by ICP-OES (protocol described in
section 7.3.3.2).
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Time (h) Sample ID ICP OES Mass of filtered  Mass of sample Bath Fraction
[Sn?*] pg mL! extract (g) after dilution (g) [Sn**] ng mL!
Oh Fraction 1 9.612 0.4174 5.0082 963
Fraction 2 10.084 0.4190 5.0008 1009
Fraction 3 10.033 0.4195 5.0009 1003
Mean 992
Standard Deviation 25
Standard Error o\n 43
(100 X 6)/ Mean 2.5%
1h Fraction 1 2.192 0.4237 5.0220 220
Fraction 2 2.982 0.4267 5.0020 298
Fraction 3 2.094 0.4190 5.0256 210
Mean 243
Standard Deviation 48
Standard Error o\n 83
(100 X 6)/ Mean 19.8 %
2h Fraction 1 2.169 0.4198 5.0091 217
Fraction 2 2.208 0.4232 5.0074 221
Fraction 3 2.228 0.4207 5.0112 223
Mean 221
Standard Deviation 3
Standard Error o\n 5
(100 X 6)/ Mean 1.4 %
5h Fraction 1 2.394 0.4258 5.0093 240
Fraction 2 2.357 0.4252 5.0033 236
Fraction 3 2.226 0.4228 5.0052 223
Mean 233
Standard Deviation 9
Standard Error ¢\n 15
(100 X 6)/ Mean 3.8%

Table 7.24: ICP-OES analysis of dyebath fractions containing tin(ll) at 1000 pg mL* and removed at t =

Oh, 1h, 2h and 5h
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Time (h) Sample ID ICP OES Mass of filtered  Mass of sample Bath Fraction
[Cu?'] pg mL! extract (g) after dilution (g) [Cu?*'] pg mL!
0Oh Fraction 1 8.383 0.0510 5.0055 839
Fraction 2 8.344 0.0500 5.0088 836
Fraction 3 8.237 0.0496 5.0062 825
Mean 833
Standard Deviation 7
Standard Error o\n 13
(100 X 6)/ Mean 0.9 %
1h Fraction 1 2.405 0.2188 5.0290 242
Fraction 2 2.457 0.2133 5.0086 246
Fraction 3 2.389 0.2199 5.0095 239
Mean 242
Standard Deviation 3
Standard Error c\n 6
(100 X 6)/ Mean 14 %
2h Fraction 1 2.623 0.2051 5.0031 262
Fraction 2 2.362 0.2198 5.0290 237
Fraction 3 2.364 0.2298 5.0095 237
Mean 246
Standard Deviation 14
Standard Error c\n 25
(100 X 6)/ Mean 5.9%
5h Fraction 1 3.294 0.212 5.0096 330
Fraction 2 2.455 0.2242 5.0051 246
Fraction 3 3.222 0.2223 5.0016 322
Mean 299
Standard Deviation 46
Standard Error o\n 81
(100 X 6)/ Mean 15.6 %

Table 7.25: ICP-OES analysis of dyebath fractions containing copper(ll) at 1000 pg mL! and removed
at t =0h, 1h, 2h and 5h
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Time (h) Sample ID ICP OES Mass of filtered ~ Mass of sample  m quill [Sn?*]
[Sn**] pg mL! extract (g) after dilution (g)  (mg) (ug mg™)

1h Quill 1 0.125 0.2953 5.0120 0.90 0.69
Quill 2 0.142 0.2769 5.0095 0.90 0.79

Quill 3 0.138 0.2821 5.0038 0.90 0.77

Mean 0.74

Standard Deviation 0.05

Standard Error c\n 1.8

(100 X 6)/ Mean 7%

2h Quill 1 0.127 0.2991 5.0055 1.00 0.64
Quill 2 0.195 0.2847 5.0048 1.10 0.89

Quill 3 0.121 0.2979 5.0055 1.10 0.55

Mean 0.69

Standard Deviation 0.17

Standard Error c\n 1.9

(100 X )/ Mean 25%

5h Quill 1 0.124 0.2956 5.0018 1.10 0.57
Quill 2 0.127 0.2855 5.0057 0.90 0.71

Quill 3 0.194 0.3006 5.0090 1.20 0.81

Mean 0.69

Standard Deviation 0.12

Standard Error o\n 1.8

(100 X 6)/ Mean 18 %

Table 7.26: ICP-OES analysis of porcupine quill samples dyed in a tin(ll) dyebath at 1000 ug mL! and

removed at t = 1h, 2h and 5h.
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Time (h) Sample ID ICP OES Mass of filtered  Mass of sample quill [Cu?']
[Cu?'] pg mL! extract (g) after dilution (g)  (mg) (ug mg™)
1h Quill 1 0.125 0.2683 5.0077 0.90 0.85
Quill 2 0.142 0.2521 5.0034 0.90 0.72
Quill 3 0.138 0.2740 5.0048 0.90 0.81
Mean 0.81
Standard Deviation 0.07
Standard Error o\n 1.80
(100 X 6)/ Mean 10 %
2h Quill 1 0.127 0.2686 5.0050 1.00 0.92
Quill 2 0.195 0.2664 5.0010 1.10 1.10
Quill 3 0.121 0.2807 5.0035 1.10 0.89
Mean 0.89
Standard Deviation 0.12
Standard Error c\n 1.85
(100 X 6)/ Mean 14 %
5h Quill 1 0.124 0.2720 5.0032 1.10 0.84
Quill 2 0.127 0.2791 5.0013 0.90 1.68
Quill 3 0.194 0.2784 5.0042 1.20 0.96
Mean 1.16
Standard Deviation 0.45
Standard Error o\n 2.18
(100 X 6)/ Mean 39 %

Table 7.27: ICP-OES analysis of porcupine quill samples dyed in a copper(ll) dyebath at 1000 pug mL?!
and removed at t = 1h, 2h and 5h.

7.3.3.4 ICP-OES investigation of references quills

A small amount of porcupine quills (200 mg) were prepared in 50 mL deionised water
containing cochineal (2 g) and copper(Il) or tin(Il) in order to obtain concentrations
ranging from 100 pg.mL~ to 15,000 pg.mL (see table 7.21). The dyebath was set-up
with a condenser and gently heated up to 85 °C for half an hour. The temperature was
controlled with a thermostat, when temperature was reached, the quills were added.
After one hour, the solution was left to cool down at room temperature and the quills
were rinsed with deionised water and left to dry at room temperature for several days.
The porcupine quill samples were then extracted following the procedure described in

section 7.3.3.2 and analysed by ICP-OES.
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Dyebath [Sn2+] Sample ID ICP OES Mass of filtered Mass of sample quill [Sn?*]
pg mL! [Sn?*] pg mL™! extract (g) after dilution (g) (mg) (ng mg™)
100 Quill 1 0.2480 0.4839 5.0030 1.0 1.24

Quill 2 0.2009 0.4941 5.0026 1.0 1.00

Quill 3 0.2112 0.4829 5.0154 1.0 1.06

Mean 1.10

Standard Deviation 0.12

Standard Error o\n 0.2

(100 X 6)/ Mean 11%

500 Quill 1 0.1963 0.4746 5.0009 1.0 0.98
Quill 2 0.8287 0.5026 5.0008 1.1 3.77

Quill 3 0.2214 0.5078 5.0009 1.0 1.11

Mean 1.95

Standard Deviation 1.57

Standard Error o\n 2.7

(100 X 6)/ Mean 81%

1000 Quill 1 0.2549 0.4915 5.0009 1.0 1.27
Quill 2 0.2415 0.4623 5.0090 1.0 1.21

Quill 3 0.2477 0.5031 5.0057 1.0 1.24

Mean 1.24

Standard Deviation 0.03

Standard Error o\n 0.06

(100 X 6)/ Mean 39
2500 Quill 1 5.2621 0.4832 5.0005 1.1 23.92
Quill 2 3.0152 0.5146 5.0096 1.1 13.73
Quill 3 4.3942 0.5124 5.0036 1.0 21.99
Mean 19.88

Standard Deviation 5.41

Standard Error o\n 9.4

(100 X 6)/ Mean 27 %
5000 Quill 1 4.2997 0.5162 5.0043 1.0 21.52
Quill 2 5.3879 0.504 5.0048 1.1 24.51
Quill 3 3.7379 0.4913 5.0000 1.0 18.69

Mean 21.6

Standard Deviation 2.91

Standard Error o\n 5.0

(100 X 6)/ Mean 14 %
10000 Quill 1 15.0090 0.5151 5.0030 1.0 75.09
Quill 2 12.5474 0.5340 5.0073 1.0 62.83
Quill 3 13.4697 0.5038 5.0090 1.0 67.47
Mean 68.46

Standard Deviation 6.19

Standard Error o\n 10.7

(100 X 6)/ Mean 9%
15000 Quill 1 22.9671 0.5714 5.0070 1.2 95.83
Quill 2 19.0399 0.4893 5.0050 1.0 95.29
Quill 3 17.3309 0.6642 5.0054 1.0 86.75
Mean 92.62

Standard Deviation 5.10

Standard Error o\n 8.8

(100 X 6)/ Mean 59

Table 7.28: ICP-OES analysis of porcupine quill references samples - tin(ll) dyebaths
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Dyebath Sample ID ICP OES Mass of filtered Mass of quill [Cu?]
[Cu2+] pg mL! [Cu?*] pg mL-! extract (g) sample after (mg) (ug mg™)
dilution (g)
100 Quill 1 0.016 0.4465 5.0080 1.0 0.08
Quill 2 0.017 0.4827 5.0010 1.1 0.08
Quill 3 0.023 0.4495 5.0040 1.0 0.11
Mean 0.09
Standard Deviation 0.02
Standard Error o\n 0.03
(100 X 6)/ Mean 23 %
500 Quill 1 0.038 0.4781 5.0060 1.0 0.19
Quill 2 0.044 0.4533 5.0054 1.0 0.22
Quill 3 0.071 0.4669 5.0160 1.0 0.35
Mean 0.26
Standard Deviation 0.09
Standard Error o\n 0.2
(100 X 6)/ Mean 34 %
1000 Quill 1 0.096 0.4293 5.0035 1.0 0.48
Quill 2 0.076 0.4244 5.0043 1.0 0.38
Quill 3 0.077 0.4704 5.0020 1.0 0.38
Mean 0.41
Standard Deviation 0.06
Standard Error o\n 0.1
(100 X 6)/ Mean 14 %
2500 Quill 1 0.470 0.4527 5.0030 0.9 2.61
Quill 2 0.402 0.4717 5.0029 1.1 1.83
Quill 3 0.473 0.4533 5.0006 1.0 2.37
Mean 2.27
Standard Deviation 0.40
Standard Error o\n 0.7
(100 X 6)/ Mean 18 %
10000 Quill 1 1.877 0.4786 5.0008 1.2 7.82
Quill 2 1.518 0.4990 5.0035 1.1 6.91
Quill 3 1.542 0.5330 5.0046 1.1 7.02
Mean 7.25
Standard Deviation 0.50
Standard Error a\n 0.9
(100 X 6)/ Mean 7 %
15000 Quill 1 2.928 0.4400 5.0000 1.0 14.64
Quill 2 2.392 0.4405 5.0050 1.2 9.98
Quill 3 2.413 0.4563 5.0027 1.1 10.97
Mean 11.86
Standard Deviation 2.46
Standard Error o\n 4.3
(100 X 6)/ Mean 21%

Table 7.29: ICP-OES analysis of porcupine quill references samples - copper(ll) dyebaths

7.3.3.5 Linear regression

The linear correlation between the mass of mordant sorbed by the quill (pg per mg

quill) and the mordant dyebath concentration (ug.mL') were calculated using the
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averaged values determined by ICP-OES. The regression statistics were obtained

with Origin software (table 7.30 and 7.31).

Regression Statistics

Residual Sum of Squares 0.52504

Pearson's R 0.99775
Adjusted R Square 0.99438
Observations 6

Table 7.30: Regression statistics obtained with Origin software for a linear correlation between the
averaged mass of copper sorbed per mg porcupine quill (ug mg™) obtained by ICP-OES vs the dyebath

concentration (ug mL?).

Regression Statistics
Residual Sum of Squares ~ 155.95341

Pearson's R 0.99069
Adjusted R Square 0.97776
Observations 7

Table 7.31: Regression statistics obtained with Origin software for a linear correlation between the
averaged mass of tin sorbed per mg porcupine quill (ug mg?) obtained by ICP-OES vs the dyebath

concentration (pug mL?).

7.3.4 PIXE Experiment

7.3.4.1 Keratin target

The closest representation of a porcupine quill target is expressed by converting the

keratin average elemental weight composition into its atomic composition.

Keratin wt.%org My (g/mol) mol atom% or mol

Co0.51 0.51 12.011 0.0425 0.330

H 0.06 0.06 1.00794 0.0595 0.462

00.21 0.21 15.9994 0.0131 0.102

NO0.17 0.17 14.00674 0.0121 0.094

S 0.05 0.05 32.066 0.0016 0.012

Sum 1 g or 100% 1 mol or 100%

Table 7.32: Conversion of the keratin composition from relative weight (Wt%) into atomic

composition (%).
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In order to evaluate the homogeneity of the cuticle layer, a porcupine quill prepared in
a dyebath of [Sn**] at 10000 pg mL™!, was prepared as a polished cross-section in a
polyester resin and submitted to Scanning Electron microscopy analysis (SEM-BSC).
The repartition of the elements sulphur, and tin was mapped and showed that most of
the higher concentration of sulphur is found in the cuticle, where the tin is also mainly
present. Several analysis of the cuticle were undertaken at X 500 magnification and

show minor variation in the level of tin and chlorine (table 7.33).

Pl el courta: B30 Percupine Quill STD Sn 10,000 ppem 351
Pereupine Chuill STD Sn 10,000 ppm w5

Figure 7.3: Energy Dispersive X-Ray analysis (EDX) showing the difference in composition of the cuticle

(in red) and the inside of the porcupine quill (in black), at 20 kV, x 500 magnification.

EDX analysis normalised to 100%
Wt %

S -K Cl-K Sn-L
Spl 14.5 14.8 70.7
Sp 2 14.5 18.3 67.2
Sp3 15.0 10.8 74.2
average 14.7 14.6 70.7
standard deviation 0.3 3.8 3.5

Table 7.33: EDX analysis of the cuticle of a porcupine quill dyed at 10000 pg.mL? of tin(ll), at x 500

magnification.

7.3.4.2 Mass absorption coefficient p

The mass absorption coefficient 1 expressed in cm? g!, is calculated considering the
total atomic absorption cross-section ca of the atoms constituting the material using
the equation 6.1, where N4 corresponds to Avogadro number and A4 is the atomic

weight.
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lu :&XGA :&Z‘xiaa[
A M, < Equation 6.1

Keratin wt.% or g g/mol mol atom% or mol
Co0.51 0.51 12.011 0.0425 0.330

H 0.06 0.06 1.00794 0.0595 0.462

00.21 0.21 15.9994 0.0131 0.102

NO0.17 0.17 14.0067 0.0121 0.094

S 0.05 0.05 32.066 0.0016 0.012

Sum 1 gor100% 1 mol or 100%

Table 7.34: conversion of the average weight composition of keratin (Wt %) in an atomic average

composition (%).

3.444 keV 25.271 keV 8.047 keV Source

X-RAY DATA BOOKLET

Center for X-ray Optics and Advanced

Light Source

Sn, La Sn, K Cu, K Lawrence Berkeley National Laboratory
C 59.56 (em?g)  0.092394  (cm?gl) 4.181 (cm? g'')  mass absorption coefficient u (cm? g-1)
H 0.1041 (em? gl)  0.00011079 (cm?g?') 0.0057656 (cm?g!) mass absorption coefficient u (cm? g-)
O 1474 (cm? gl 0.2762 (cm? g 11.02  (cm?g!) mass absorption coefficient u (cm? g-')
N 9491 (cm? gh) 0.1646 (cm? g 6.856 (cm?g!  mass absorption coefficient x4 (cm? g-1)
S 9417 (cm? gh) 3.048 (cm? g'! 89.79  (cm?g') mass absorption coefficient u (cm? g-!)
u 124.6 (cm? gh) 0.3 (cm? g 10.1 (cm? g')  mass absorption coefficient x4 (cm? g-!)
p 13 g cm’3
u 162 1 cm’! 13 1 cm! linear absorption coefficient of keratin

Table 7.35: calcul of the mass absorption coefficient u (cm? g-!) Values obtained from

http://henke.lbl.gov/optical constants/pert form.html

7.3.4.3 PIXE measurements

In this study, all the measurements were undertaken at the AGLAE external micro-

beam (Accelerator Grand Louvre d’Analyse Elementaire, LC2RMF-Paris). PIXE
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measurements were carried out using a 3 MeV proton external set-up with two Si(Li)
X-ray detectors: a Low Energy detector (LE), for the 1 - 15 keV range and a High
Energy detector (HE), for the 1 - 40 keV range. These detectors recorded
simultaneously the composition low-Z matrix elements and the high-Z trace elements
present in the matrix and quantification was performed using the GUPIXWIN
software package. The experiment was undertaken with an average current of 2 to 4
nA for an analysis time between 240 and 300 sec, corresponding to an integrated dose
Q of 1 uC. The high energy detector (HE) used a Berylium filter (Be, 125 pm) and

28.5 mm air.

These measurements allowed to be calculated the exact beam charge (Q) and the
quantity (H) values over the set of experiment, and provided an accurate
quantification of the DR-N standard when summed up by GUPIXWIN to 100 percent.
The values obtained for the different elements present in the DR-N standard were

quantified for both low and high energy detectors and compared to their theoretical

values.
Al20O3 CaO FeO Na20 MgO SiO2
0.19 0.07 0.12 0.03 0.05 0.54

Table 7.36: Oxide composition of the DR-N standard used for the calculation of the dose Q.

Entry 1 to 57 Entry 60 to 89 Entry 90 to 107 Entry 108 to 118
Low Energy Q1 :0.0065 nC Q2: 0.0075 pC Q3:0.0105 pC Q2: 0.0075 pC
H: 1 H: 1 H: 1 H: 1
High Energy . . . .
(Be, 125 um and Q1:0.0065 uC Q2: 0.0075 uC Q3:0.0120 uC Q2: 0.0075 puC
’ . H: 1 H: 1 H: 1 H: 1
28.5 mm air)

Table 7.37: Values of the beam dose (Q) and the quantity (H) for the different segments of the

experiments.
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Lo Boary Do ALOs-  SiO2 - P20s K20 CaO - TiO: MnO Fe20s -

K K -K -K K -K -K K

15sep003 Qi 19.76 58.82 0.18 1.57 6.39 1.28 0.19 9.09
15sep004 Qi 20.50 61.52 0.23 1.62 6.62 1.09 0.21 9.43

15sep005 Qi 22.67 68.85 0.13 1.79 7.41 1.15 0.23 10.23
15sep023 Q1 19.84 54.98 0.18 1.68 6.39 0.99 0.21 9.20
15sep054 Qs 17.99 50.35 0.21 1.45 5.85 1.00 0.19 8.45

15sepl19 Q3 22.07 64.40 0.28 1.96 7.67 1.32 0.26 10.85
DR-N values | 17.52 52.85 0.25 1.7 7.05 1.09 0.22 9.7

Table 7.38: Quantification of the DR-N standards using low energy detector during the experiment,

obtained values obtained are compared to theoretical values.

accurately quantify the elements Aluminium (Al, Z = 13) and Silicon (Si, Z = 14).

High Energy  Dose Q Kzg ) Cal(<) ) "l:igz Mnl(<) ) F?Zlgh
15sep003 Qi 1.36 5.55 1.12 0.20 8.73
15sep004 Qi 1.41 5.80 0.94 0.21 9.24
15sep005 Qi 1.51 6.13 0.99 0.22 9.63
15sep023 Qi 1.45 5.60 0.94 0.20 8.87
15sep032 Qi 1.27 5.41 1.13 0.21 8.41
15sep054 Qs 1.18 4.86 0.86 0.18 7.91
15sep119 Q3 1.82 7.14 1.24 0.25 11.12
DR-N values 1.7 7.05 1.09 0.22 9.7

Note that it was not possible to

Figure 7.39: Quantification of the DR-N standards using high energy detector during the experiment,

obtained values obtained are compared to theoretical values.

Entry Sample ID Dose t (sec) Average. Current Dose nC
/Sec. (nA)
15sep001  Au/ SiO2 654 327 3.058 1.00
15sep002  SiO2 554 344 2.907 1.00
15sep003  DR-N 548 365 2.740 1.00
15sep004  DR-N 506 388 2.577 1.00
15sep005  DR-N 762 304 3.289 1.00
15sep006 ~ PQ Sn100 pg mL! - 1 296 684 1.466 1.00
15sep007  PQ Sn10000 pg mL"'- 1 236 684 1.466 1.00
15sep008  PQ Sn10000 pg mL! -2 282 677 1.481 1.00
15sep009  PQ Sn10000 pg mL'-3 294 667 1.504 1.00
15sep010  PQ Sn10000 pg mL! - 4 284 663 1.513 1.00
15sep011  PQ Sn10000 pg mL'-5 322 666 1.508 1.00
15sep012  PQ Sn 10000 pg mL™! - 6 264 689 1.458 1.00
15sep013  PQ Sn 15000 pg mL! - 1 230 819 1.224 1.00
15sep014  PQ Sn 15000 pg mL™! -2 202 884 1.135 1.00
15sep015  PQ Sn 15000 pg mL™! - 3 150 1159 0.865 1.00
15sep016  PQ Sn 15000 pg mL™! - 4 160 1105 0.907 1.00
15sep017  PQ Sn 15000 pg mL!- 5 326 837 1.198 1.00
15sep018  PQ Sn 5000 pg mL!' - 1 242 715 1.404 1.00
15sep019  PQ Sn 5000 pg mL™! -2 244 710 1.412 1.00
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15sep020
15sep021
15sep022
15sep023
15sep024
15sep025
15sep026
15sep027
15sep028
15sep029
15sep030
15sep031
15sep032
15sep033
15sep036
15sep037
15sep038
15sep039
15sep040
15sep041
15sep042
15sep043
15sep044
15sep045
15sep046
15sep047
15sep048
15sep049
15sep050
15sep051
15sep052
15sep053
15sep054
15sep055
15sep057
15sep058
15sep059
15sep060
15sep061
15sep062
15sep063
15sep064
15sep065
15sep066
15sep067
15sep068
15sep069
15sep070
15sep071
15sep078
15sep079
15sep080
15sep081
15sep082
15sep083
15sep084
15sep085

PQ Sn 5000 pg mL!'- 3
PQ Sn 5000 pg mL' - 4
PQ Sn 5000 pg mL' - 4
DR-N

PQ Sn 5000 pg mL!-5
PQ Sn 5000 pg mL' - 6
PQ Sn 2500 pg mL! - 1
PQ Sn 2500 pg mL! - 2
PQ Sn 2500 pg mL!'- 3
PQ Sn 2500 pg mL' - 4
PQ Sn 2500 pg mL!-5
PQ Sn 2500 pg mL' - 6
DR-N

Au/ SiO2

PQ Sn 1000 pg mL' - 1
PQ Sn 1000 pg mL! - 2
PQ Sn 1000 ug mL!'- 3
PQ Sn 1000 pg mL"' - 4
PQ Sn 1000 pg mL!'- 5
PQ Sn 1000 pg mL!'- 6
PQ Sn 500 ug mL!' - 1
PQ Sn 500 pg mL'-2
PQ Sn 500 pg mL!'-3
PQ Sn 500 ug mL'- 4
PQ Sn 500 pg mL!'-5
PQ Sn 500 pg mL!'-6
PQ Sn 100 pg mL'-2
PQ Sn 100 ug mL'-3
PQ Sn 100 ug mL!'- 4
PQ Sn 100 ug mL'-5
PQ Sn 100 ug mL'- 6
PQ Sn 100 pg mL'-7
DR-N

Au/ SiO2

Au/ SiO2

DR-N

DR-N

PQ Cu 15000 pg mL-! - 1

PQ Cu 15000 pg mL"' - 2

PQ Cu 15000 pg mL"' - 3

PQ Cu 15000 pg mL"' - 4
PQ Cu 15000 pg mL"' - 5

PQ Cu 10000 pg mL"' - 1

PQ Cu 10000 pg mL"' - 2

PQ Cu 10000 pg mL™' - 3

PQ Cu 10000 pg mL"' - 4
PQ Cu 10000 pg mL"' - 5
PQ Cu 10000 pg mL™' - 6
PQ Cu 15000 pg mL"' - 6

PQ Cu 2500 pg mL" - 1
PQ Cu 2500 pg mL - 2
PQ Cu 2500 pg mL' - 3
PQ Cu 2500 pg mL-" - 4
PQ Cu 2500 pg mL-!- 5
PQ Cu 2500 pg mL-'- 6
PQ Cu 1000 pg mL" - 1
PQ Cu 1000 pg mL - 2

7438
5468
664
720
836
804
932
782
854
982
934
960
842
962
962
1016
1010
984
1072
1044
966
1076
1088
996
982
1012
1122
1124
1056
820
918
1020
952
638
758
428
430
330
476
412
466
808
814
696
710
722
716
776
454
250
484
468
468
472
498
392
490

605
54
318
286
260
248
239
233
231
226
219
216
211
210
213
210
205
203
210
209
204
197
199
201
197
193
193
197
192
197
208
213
200
360
327
511
514
569
382
485
452
561
261
274
298
265
262
276
380
967
822
403
427
442
405
462
450

1.658
18.868
3.175
3.876
4.082
4219
4329
4.386
4.484
4.608
4.651
4.630
4.739
4.762
4.695
4.762
4.878
4.926
4.762
4.785
4.902
5.076
5.025
4.975
5.076
5.181
5.181
5.076
5.208
5.076
4.808
4.695
5.000
2.778
3.058
1.957
1.946
1.767
2.646
2.066
2222
1.792
3.876
3.663
3.39
3.802
3.846
3.663
2.646
1.036
1.22
2.488
2.353
2.273
2.488
2.174
2.237

1.00
1.02
1.01
1.11
1.06
1.05
1.03
1.02
1.04
1.04
1.02
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.01
1.01
1.00
1.00
1.01
1.01
1.00
1.01
1.01
1.01
1.01
1.01
1.00
1.00
1.00
1.00
1.00
1.01
1.00
1.01
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15sep086  PQ Cu 1000 pg mL!'-3

15sep087  PQ Cu 1000 pg mL' - 4

15sep088  PQ Cu 1000 ug mL!'-5

15sep089  PQ Cu 1000 pg mL' - 6

15sep090  PQ Cu 500 pg mL!- 1

15sep091  PQ Cu 500 pg mL'-2

15sep092  PQ Cu 500 pg mL'-3

15sep093  PQ Cu 500 pg mL!- 4

15sep094  PQ Cu 500 pg mL'-5

15sep095  PQ Cu 500 pg mL'-6

15sep096  PQ Cu 100 pg mL!- 1

15sep097  PQ Cu 100 pg mL'-2

15sep098  PQ Cu 100 pg mL'-3

15sep099  PQ Cu 100 pg mL!-4

15sepl00  PQ Cu 100 pg mL'-5

15sep101 PQ Cu 100 pg mL'-6

15sepl02  DR-N

15sepl03  DR-N

15sepl04  Au/SiO2

15sep108  PQ Sn 1000 pg mL! - 7

15sep109 A 848.15 Box 6 red orange quill - 1
15sepl10 A 848.15 Box 6 red orange quill - 2
15seplll A 848.15 Box 6 red orange quill - 3
15sepl12 A 848.15 Box 6 dark red quill 2 - 1
15sepl13 A 848.15 Box 6 dark red quill 2 - 2
15sepl14 A 848.15 Box 6 dark red quill 2 - 3
15sepl15 A 848.15 Box 17b green quill - 1
15sepl16 A 848.15 Box 17b green blue - 1
15sepl17 A 848.15 Box 8 orange quill - 1
15sep118 A 848.15 Box 8 orange quill - 2
15sepl19  DR-N

436
492
584
344
1472
1560
1582
1738
1710
1498
1754
1676
1378
1670
1592
1718
1778
1626
1702
940
378
428
448
438
550
476
368
252
346
408
336

413
391
401
514
206
143
127
124
123
127
127
124
137
129
126
124
122
118
117
580
491
464
474
484
433
429
530
512
552
521
494

2.433
2.577
2.506
1.949
4.926
7.092

8.264
8.264
8.065
7.937
8.197
7.463
7.874
8.065
8.197
8.197
8.475
8.547
1.727
2.049
2.165
2.123
2.079
2.32
2.336
1.898
1.965
1.825
1.931
2.024

1.00
1.01
1.00
1.00
1.01
1.01
1.02
1.02
1.02
1.02
1.01
1.02
1.02
1.02
1.02
1.02
1.00
1.00
1.00
1.00
1.01
1.00
1.01
1.01
1.00
1.00
1.01
1.01
1.01
1.01
1.00

Figure 7.40: Average current (nA) and irradiation time for each analalysis point, integrated to an

average value of 1 uC.
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Entry Parameter File 50 Sn 29Cu 16S 17Cl1 19 K 20 Ca 26 Fe 30 Zn
La K K K K K K K
PQ Sn 100 pg/mL
15sep 006  Pic He 1 Mat.PAR 138 6 32130 244 4064 660 8 59
15sep 048 Pic_ He 1 Mat.PAR 67 7 21139 193 3250 507 32 47
15sep 049 Pic_He 1 Mat.PAR 176 7 22837 324 3706 523 32 44
15sep 050 Pic He 1 Mat.PAR 72 6 18974 134 3231 617 5 50
15sep 051 Pic_He 1 Mat.PAR 148 4 24492 147 3066 605 5 51
15sep 052  Pic He 1 Mat.PAR 74 4 19125 134 3462 629 2 50
15sep 053  Pic_He 1 Mat.PAR 91 6 22083 165 3732 785 3 42
Average 109 6 22969 192 3502 618 12 49
Standard deviation 44 1 4493 70 351 92 14 6
PQ Sn 500 pg/mL
15sep 042 Pic_He 1 Mat.PAR 289 6 18224 1267 859 6322 4 40
15sep 043  Pic_He 1 Mat.PAR 426 5 18640 1417 1311 4476 3 43
15sep 044 Pic He 1 Mat.PAR 265 7 17567 1240 1165 4944 3 53
15sep 045 Pic_He 1 Mat.PAR 484 7 21328 1410 382 5610 6 41
15sep 046  Pic He 1 Mat.PAR 363 5 20599 1512 330 6826 5 48
15sep 047 Pic_He 1 Mat.PAR 412 7 21813 1461 1021 5038 5 44
Average 373 6 19695 1385 845 5536 4 45
Standard deviation 84 1 1776 108 408 895 1 5
PQ Sn 1000 pg/mL
15sep 036  Pic_He 1 Mat.PAR 799 8 22094 4323 3291 1062 6 38
15sep 037 Pic_He 1 Mat.PAR 690 8 20654 3991 2370 561 2 36
15sep 038 Pic_He 1 Mat.PAR 712 8 21516 4277 2414 760 3 36
15sep 039  Pic He 1 Mat.PAR 723 8 27222 3848 1118 757 3 34
15sep 040 Pic_He 1 Mat.PAR 580 10 22868 3654 1399 938 2 32
15sep 041 Pic_He 1 Mat.PAR 778 6 22862 3957 2405 927 3 33
15sep 108 Pic_He Z3 MatPAR 811 13 34227 4789 1972 1820 6 54
Average 728 24492 4120 2138 975 4 38
Standard deviation 80 2 4776 376 724 406 2 8
PQ Sn 2500 pg/mL
15sep 026  Pic He 1 Mat.PAR 26507 80 10851 6447 409 355 1 14
15sep 027 Pic_He 1 Mat.PAR 30464 64 16218 10503 293 74 5 7
15sep 028 Pic He 1 Mat.PAR 28974 104 13522 9925 1095 267 16 31
15sep 029 Pic_ He 1 Mat.PAR 6694 66 16789 10696 450 315 3 15
15sep 030 Pic He 1 Mat.PAR 9230 87 14903 15115 771 1776 4 29
15sep 031 Pic_ He 1 Mat.PAR 7674 124 7910 8072 642 1233 1 25
Average 18257 88 13366 10126 610 670 5 20
Standard deviation 11481 23 3416 2938 293 676 6 10
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15sep 018
15sep 019
15sep 022
15sep 024
15sep 025

15sep 007
15sep 008
15sep 009
15sep 010
15sep 011
15sep 012

15sep 013
15sep 014
15sep 015
15sep 016
15sep 017

PQ Sn 5000 pg/mL

Pic He 1_Mat.PAR
Pic He 1 Mat.PAR
Pic He 1_Mat.PAR
Pic He 1 Mat.PAR
Pic He 1_Mat.PAR
Average

Standard deviation

PQ Sn 10000 pg/mL

Pic He 1 Mat.PAR
Pic He 1_Mat.PAR
Pic He 1 Mat.PAR
Pic He 1_Mat.PAR
Pic He 1 Mat.PAR
Pic He 1_Mat.PAR
Average

Standard deviation

PQ Sn 15000 pg/mL

Pic He 1 Mat.PAR
Pic He 1_Mat.PAR
Pic He 1 Mat.PAR
Pic He 1_Mat.PAR
Pic He 1 Mat.PAR
Average

Standard deviation

52695
63171
43755
46417
39601
49128
9178

127278
122088
13097
91328
132638
125800
102038
45968

174579
198743
102387
123328
92096
138227
46417

142
156
140
112
108
126
21

144
148
63
90
203
217
144
61

206
217
148
133
103
161
49

11541
14682
15332
19919
13294
13158
3133

19551
18744
1943
17896
21703
20681
16753
7381

23015
27354
13765
16510
12044
18538
6458

9292
13121
17997
19470
15151
14054

4034

35180
32986
3144
26197
29894
25903
25551
11571

54951
65992
29545
34924
24747
42032
17651

54
56
265
140
247
212
101

176
221
20
68
115
47
108
78

266
234
175
151
128
191
58

356
405
439
110
227
453
137

169
30
119

148

86
69

660
491
472
387
237

w W ke~ O NN

0

W w»n oo &

wW w2

19
43
7
5
3
15
17

Table 7.41: High Energy detector PIXE elemental composition in ppm (ug g?) of the porcupine quills

references — tin(Il) dyebath. The values appearing in red are close to the Limit of Detection (LOD).
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Entry Parameter File 50 Sn 29Cu 16S 17C1 19K 20 Ca 26 Fe 30 Zn
La K K K K K K K
PQ Cu 100 pg/mL
15sep 96  Pic He Cu Mat.PAR 0 48 23281 90 1304 669 3 49
15sep 97  Pic He Cu Mat.PAR 27 48 26709 69 1180 644 7 52
15sep 98  Pic_He Cu Mat.PAR 103 82 21915 86 2462 954 9 42
15sep 99  Pic_ He Cu Mat.PAR 28 64 21146 86 2721 976 6 43
15sep 100 Pic He Cu Mat.PAR 56 86 17935 109 2156 772 10 51
15sep 101  Pic He Cu Mat.PAR 32 90 22547 94 2078 761 6 52
Average 41 70 22256 89 1984 796 7 48
Standard deviation 35 19 2863 13 619 140 2 5
PQ Cu 500 pg/mL
15sep90  Pic He Cu Mat.PAR 19 319 26200 215 1162 830 5 43
15sep91  Pic He Cu Mat.PAR 27 329 24461 248 1544 947 4 36
15sep 92  Pic He Cu Mat.PAR 0 396 22831 149 1056 950 5 46
15sep 93  Pic He Cu Mat.PAR 60 383 21940 185 1167 900 4 46
15sep 94  Pic He Cu Mat.PAR 66 381 20833 177 2406 967 6 47
15sep 95  Pic He Cu Mat.PAR 54 395 22598 267 2712 1038 5 40
Average 38 367 23144 207 1675 939 5 43
Standard deviation 26 34 1911 45 712 70 1 4
PQ Cu 1000 pg/mL
15sep 84  Pic_He_Cu_Mat.PAR 3 1168 43990 421 195 983 12 46
15sep 85  Pic_He_Cu_Mat.PAR 31 1290 47385 431 210 901 10 42
15sep 86  Pic_He_Cu_Mat.PAR 17 1367 62411 667 370 895 18 27
15sep 87  Pic_He_Cu_Mat.PAR 25 1170 51336 512 279 987 12 36
15sep 88  Pic_He_Cu_Mat.PAR 99 860 36630 112 1107 1477 8 34
15sep 89  Pic_He_ Cu_Mat.PAR 59 814 41917 109 383 1103 8 37
Average 39 1112 47278 375 424 1058 11 37
Standard deviation 35 226 8927 223 344 219 4 7
PQ Cu 2500 pg/mL
15sep 78  Pic_He Z3 Mat.PAR 2 2964 49121 562 1121 1835 13 84
15sep 79  Pic_He Z3 Mat.PAR 51 2590 58129 554 712 1464 8 64
15sep 80  Pic_He Z3 Mat.PAR 77 4355 41000 465 830 1951 6 61
15sep 81  Pic_He Z3 Mat.PAR 92 4372 39723 497 710 1636 9 45
15sep 82  Pic_He Z3 Mat.PAR 10 4131 39038 536 863 1383 4 45
15sep 83  Pic_He Z3 Mat.PAR 77 5004 38772 564 1206 1821 5 67
Average 52 3903 44297 530 907 1682 8 61
Standard deviation 38 927 7805 40 210 225 3 15
PQ Cu 10000 pg/mL
15sep 65  Pic_He Z3 Mat.PAR 75 19355 47175 688 1019 1461 14 57
15sep 66  Pic_He Z3 Mat.PAR 42 15353 51375 690 994 1430 10 45
15sep 67  Pic_He Z3 Mat.PAR 81 11982 50511 566 371 1069 13 43
15sep 68  Pic_He Z3 Mat.PAR 5 10080 52576 624 319 1016 10 38
15sep 69  Pic_He Z3 Mat.PAR 12 10046 47697 497 113 809 8 24
15sep 70 Pic_He Z3 Mat.PAR 17 10501 48438 495 132 814 9 24
Average 39 12886 49629 593 491 1100 11 39
Standard deviation 33 3752 2176 88 412 288 2 13
PQ Cu 15000 pg/mL
15sep 71 Pic_He Z3 Mat.PAR 44 22680 44177 1101 405 748 16 17
15sep 60  Pic_He Z3 Mat.PAR 5 23060 51943 1274 472 886 13 52
15sep 61  Pic He Z3 Mat.PAR 45 22467 57188 1300 414 809 12 53
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15sep 62  Pic He Z3 Mat.PAR 36 19923 51450 1338 200 769 9 15
15sep 63  Pic He Z3 Mat.PAR 38 20162 47420 1223 147 779 11 31
15sep 64  Pic He Z3 Mat.PAR 47 27654 48370 1168 300 847 16 33
Average 36 22658 50091 1234 323 806 13 34

Standard deviation 16 2788 4488 88 129 52 3 16

Table 7.42: High Energy detector PIXE elemental composition in ppm (ug g?) of the porcupine quills

references — copper(ll) dyebath. The values appearing in red are close to the Limit of Detection (LOD).

The linear correlation between the mass of mordant sorbed by the quill (ug per mg
quill) and the mordant dyebath concentration (ug.mL™') were calculated using the
averaged values determined by ICP-EOS. The regression statistics were obtained

with Origin software (table 7.43 and 7.44).

Regression Statistics

Residual Sum of Squares 0.0342
Pearson's R 0.9959
Adjusted R Square 0.98977
Observations 6

Table 7.43: Regression statistics obtained with Origin software for a linear correlation between the

average Wt % of copper obtained for 6 PIXE analysis vs the dyebath concentration (ug.mL?).

Regression Statistics

Residual Sum of Squares 10.41208

Pearson's R 0.97789
Adjusted R Square 0.94753
Observations 7

Table 7.44: Regression statistics obtained with Origin software for a linear correlation between the

average Wt % of tin obtained by 6 PIXE analysis vs the dyebath concentration (ug.mL?).

7.3.5 Rutherford Backscattering Spectrometry (RBS)

7.3.5.1 Calibration of detector

The RBS measurements were recorded simultaneously to the PIXE experiments and
the calibration of the spectra was obtained through the analysis of a standard of SiO2
coated with a thin layer of known thickness of gold (figure 7.4). And RBS spectra
were simulated using the SIMNRA software by virtually overlapping the contribution

of the different atoms present in the cuticle layer. As well as Rutherford cross-
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sections, non-Rutherford cross-sections specific to the set-up used in AGLAE

accelerator at 150 ° were used for the quantification of carbon, oxygen and nitrogen.

— 15 sept 001- Au/SiO, standard
—— RBS simulated spectra

5000 ~
4000 +
3000
[2] E
€
3
O 2000 -
1000 <
2900 KeV, Au
0 L/_
X 1 . I L 1 I ¥ I X I 1 I L] I & I 8! 1
0 50 100 150 200 250 300 350 400 450 500
Channel

Figure 7.4: calibration of the RBS detector using a standard of SiO, coated with gold.

Layers
Layer 1 Layer 2 Layer 3 Layer 4
Entry Particles *sr
(1000.000) (8900) (80) (10000000.000)
SiO2/ Au standard | 1.743E+10 He: 1 Au: 1 Cr: 1 Si: 0.333000
0: 0.667000

Table 7.45: Composition of the layers found in the SiO,/Au standard used for he calibration of the RBS

spectra
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Figure 7.5: Rutherford cross-sections, non-Rutherford cross-sections specific to the set-up used in

AGLAE accelerator at 150 °used in the SIMNRA simulation software.
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7.3.5.2 SIMNRA simulation of RBS spectra

RBS Wt%

PIXE Wt%

Entry

Particles *sr

Layer 1
(1000)

Layer 2
(10000000)

S Cu

S Cu

15sep062

15sep067

15sep080

15sep087

15sep092

3.01E+10

3.37E+10

3.06E+10

3.41E+10

2.81E+10

He: 1

He: 1

He: 1

He: 1

He: 1

C:0.33
H:0.4695
0 :0.1000
S:0.008
N :0.090
Cu: 0.0025

C:033
H:0.4697
0:0.1000
S :0.009

N :0.090
Cu:0.0013

C:0.33
H:0.4725
0 :0.1000
S :0.007
N :0.090
Cu : 0.0005

C:033
H:0.4712
0:0.1000
S :0.0085
N :0.090
Cu : 0.0003

C:0.33
H:0.4722
0:0.1000
S :0.0075
N :0.090
Cu : 0.0003

3.32 2.06

3.76 1.08

2.97 0.42

3.59 0.25

3.18 0.25

3.67 1.42

3.61 0.86

2.93 0.31

3.67 0.08

2.28 0.04
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Table 7.46: Composition of the virtual layers silulated by SIMNRA software by virtually overlapping
the contribution of the different atoms present in the cuticle layer, obtained for the porcupine quill

reference contatining tin.
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RBS (Wt %)

PIXE corrected (Wt %)

Entry

Particles Layer 1
*sr (1000)

Layer 2
(100000000)

S Sn Cl

S, K Sn,La, CLK

15 sept 015

15 sept 010

15 sept 025

15 sept 030

2.22E+10 He:1

2.44E+10 He:1

1.76E+10 He: 1

1.62E+10 He: 1

C:033
H:0.452
0:0.1000
S :0.0800
N :0.090
Sn:0.012
Cl:0.0800

C:033
H:0.462
0:0.1000
S : 0.005
N :0.090
Sn : 0.009
Cl: 0.004

C:033
H: 0.4655
0:0.1000
S :0.008
N :0.090
Sn : 0.0055
Cl: 0.001

C:033
H:0.4722
0:0.1000
S :0.006
N :0.090
Sn : 0.0015
Cl: 0.0003

2.77

1.85

12.35

3.11

7.93

250 232

1542 3.06

1.64

0.43

0.14 2.00

2.00 14.96 4.45

2.00 10.21 2.93

2.00 5.96 2.28

1.94 2.04

Chapter 7

Table 7.47: Composition of the virtual layers silulated by SIMNRA software by virtually overlapping

the contribution of the different atoms present in the cuticle layer, obtained for the porcupine quill

reference contatining copper.
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7.4 INVESTIGATION OF NORTH AMERICAN  ATHAPASCAN
PORCUPINE QUILL WORK FROM NATIONAL MUSEUMS
SCOTLAND

7.4.1 Porcupine quills

Raw porcupine quills from Erethizon species were purchased from Sarah Tronti, a
Native American artist still working today with porcupine quills.

http://sevenwindsleather.com, accessed 07/02/2013

7.4.2 Scouring process

Several methods were tested in order to evaluate cleaning processes prior dyeing the
porcupine quills. These treatments involved cleaning the quills in deionised water
with several cleaning agents including soap (linseed oil, KOH), calcium oxide (CaO)
and potassium bicarbonate (KHCOs3). Each cleaning bath was undertaken at 85 °C for
1 hour. The surface of the quills was then observed under Scanning Electron
Microscopy (SEM-BSC) to evaluate the different treatments by means of cleaning of
the surface, lifting of the scales, as well as recording any damage of the surface
resulting from the cleaning treatment. The most effective surface preparation was
achieved by a combination of cleaning baths using calcium oxide and potassium

bicarbonate (table 7.48).

Cleaning | Fibre | Cleaning agent | Volume | pH SEM Observation Efficiency Colour
Process | (g) (mL)
1 0.24 H.0 800 | 7.0 | Scales closed, surface -- Yellowish
un-cleaned
2 mL Soap Some missing scales, .
2 0.26 (KOH) 800 7.5 but surface cleaned - Yellowish
3 024 | 0.15gKHCOs | 800 |7.5| Scalesslightylifted, + Yellowish
surface cleaned
Scales lifted, surface
4 026 | 0.05gCa0 800 |90 | Ccleaned butsome 44/ forthe |y, 00
missing scales and colour
quills turned yellow
5 028 | 0.01gCaO g00 | g.5| Scales slightlylified, + Yellowish
surface cleaned
6 025 0.01 g CaO 800 | 8.5 | gcales lifted, surface - White
0.15gKHCOs | 800 |75 cleaned
2 mL soap
(KOH) 800 |7.5
7a 3 0.05 g CaO 800 |9.0| Scales lifted, surface +++ White
0.75 gKHCOs | 800 |[7.5 cleaned
H20 800 | 7.0
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0.1 g CaO Scales lifted, surface .
7b* 25 | 0.2 ¢ KHCOs 800 | 8.0 cleaned +++ White
0.5 mL soap
(KOH) 1000 | 7.5
0.125 g CaO 1000 |9.0
8 11 | 1gkHCOs | 1000 |7.5| Scaleslifted, surface . White
135 2Ca0 cleaned
. g CaO +
1g KHCO; 1000 |9.0
H20 1000 | 7.0

Table 7.48: description of the cleaning treatments tested for scouring porcupine quills (*: 7b were

prepared using some cleaned quills from process 7a).

Un-scoured quill (scale bar is 100 um)

\

Cleaning process 1
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Cleaning process 3 Cleaning process 4

p 3 TN,
Cleaning process 7b Cleaning process 8

Figures 7.6: Scanning Electron Micrograph of the surface of the porcupine quills, recorded in
controlled pressure Envac mode, using AEl detector at 15 kV voltage; Images were recorded at x 500

magnification with a working distance of 20 mm. For all images, scale is 20 um.

7.4.3 Dyeing experiments with natural dyestuffs

Cochineal dye (Dactylopius coccus C.) was purchased from DBH Ltd Poole England,
while turmeric (Curcuma longa L.) and madder (Rubia tinctorum L.) and a range of
mordants, including copper(Il) sulphate, tin(II) chloride, potassium dichromate(VI),
alum, cream of tartar were purchased through George Veil Fibercrafts website.
Several dyeing processes were tested by adjusting the concentration of dyestuffs and
the temperature of the dyebath. Examples of the dyeing experiments are presented

below.

The dyeing of porcupine quills was found to be a particularly complex process with
several failed attempts to achieve proper dyeing of the quills. The best results were
provided with quills that had been previously properly cleaned and with an excess of

dyestuff in the dyebath typically 3:1 w/w of dry fibre and at a temperature of 85 to 90
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°C. Below 85 °C little dyeing would occur even after several hours, while above 90
°C the quills would start to shrink and their cuticle to collapse. It was found difficult
to obtain a good coloration when working with low dyestuff concentrations, and only
pale hues were obtained. Finally, it was found to be crucial to soften the surface of

the quills at 85 °C in deionised water prior transferring them in the dyebath.

PQI (yellow): the porcupine quills (0.34 g) were dyed in 100 mL deionised water
containing turmeric (2:1 w/w, 0.72 g) and alum (1:1 w/w, 0.34 g). The dyebath was
heated for two hour at 60 °C and the quills were then left in a ultra sound bath for two

hours. The dyebath produced porcupine quills exhibiting a pale yellow colour.

PQ2 (orange): the porcupine quills (0.2 g) were dyed in 100 mL of madder solution
(1g of madder extracted over night in 150 mL deionised water) and alum mordant (1:1
w/w, 0.2 g). The dyebath was heated for one hour at 85 °C. The The dyebath

produced porcupine quills exhibiting a pale orange colour.

PQ4a (orange): the porcupine quills (0.3 g) were dyed in 100 mL of madder solution
(2g of madder extracted over night in 100 mL deionised water) and alum mordant
(0.25:1 w/w, 0.07 g). The dyebath was heated for one hour at 85 °C. The dyebath

produced porcupine quills exhibiting a strong orange colour.

PQ4b (orange): the porcupine quills (0.3 g) were dyed in 100 mL of madder solution
(2g of madder extracted over night in 100 mL deionised water) and alum mordant
(0.25:1 w/w, 0.07 g). The dyebath was heated for one hour at 85 °C. After 1 hour,
potassium dichromate (0.05:1 w/w, 0.015g) and cream of tartar (0.05:1 w/w dry fibre
or 0.015g) were added and the solution was been left at 85 °C for another hour. The

dyebath produced porcupine quills exhibiting a deep brown colour.

PQ5a (orange): the porcupine quills (0.38 g) were dyed in 100 mL of tumeric (1:1
w/w dry fibre or 0.38 g) with alum mordant (0.25:1 w/w of dry fibre, or 0.09 g) at 60
°C for one hour. After this, 50 mL of a solution containing American cochineal (0.5:1
w/w dry fibre, or 0.19 g in 50 mL, heated for one hour at 50 °C, then filtered) and
tin(II) chloride (0.06:1 w/w, 0.02 g) was added. The dyebayh was heated at 60 °C for
another hour. The dyebath produced porcupine quills exhibiting a not very intense

but bright orange colour.
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PQ5b (orange): a few porcupine quills prepared with the recipes 5a (0.2 g) were over-
dyed in 50 mL solution containing American cochineal (3:1 w/w, 0.6 g) at 60 °C for
one hour. The dyebath produced porcupine quills exhibiting a more intense orange

colour.

PQ6 (yellow): the porcupine quills (0.44 g) were dyed in 100 mL of tumeric (2:1 w/w,
1 g) with alum mordant (0.5:1 w/w, 0.22 g) at 65 - 70 °C for three hours. The dyebath

produced some yellow quills, exhibiting a bright yellow colour.

PQ7 (pink): the porcupine quills (0.38 g) were dyed in 100 mL of American cochineal
(2:1 w/w, 0.72 g) with alum mordant (0.25:1 w/w, 0.09 g) and cream of tartar (0.06:1
w/w, 0.02 g). The dyebath was heated to 70 °C and tin(II) chloride was added (0.06:1
w/w, 0.02 g), the quills were dyed for two hours at 60 °C. The dyebath produced

porcupine quills exhibiting a pink colour.

PQ8a (pink): the porcupine quills (0.30 g) were dyed in 100 mL of American
cochineal (3:1 w/w, 1 g) with alum mordant (0.25:1 w/w, 0.075 g). The dyebath was
heated to 85 °C for one hour. The dyebath produced porcupine quills exhibiting a

strong pink colour.

PQ8b (red): the porcupine quills (0.30 g) were dyed in 100 mL of American cochineal
(3:1 w/w, 1 g) with alum mordant (0.25:1 w/w, 0.075 g) and cream of tartar (0.06:1
w/w, 0.018 g). The dyebath was heated to 85 °C for one hour. The dyebath produced

porcupine quills exhibiting a strong red colour.

PQ8c (scarlet): the porcupine quills (0.30 g) were dyed in 100 mL of American
cochineal (3:1 w/w, 1 g) with alum mordant (0.25:1 w/w, 0.075 g), cream of tartar
(0.06:1 w/w, 0.018 g) and tin(IT) chloride (0.05:1 w/w, 0.015 g). The dyebath was
heated to 85 °C for one hour. The dyebath produced porcupine quills exhibiting a

strong scarlet colour.

7.4.4 UPLC analysis

7.4.4.1 Chemicals
Carminic acid (7-0-D-Glucopyranosyl-9,10-dihydro-3,5,6,8-tetrahydroxy-1-methyl-

9,10-dioxoanthracenecarboxylic acid, HPLC assay > 96 %) were purchased from
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Sigma-Aldrich UK, standards of curcumin (Diferuloylmethane, HPLC assay > 97.5

%) and juglone (5-Hydroxy-1,4-naphthoquinone, HPLC assay > 90 %) were

purchased from ExtraSynthese, France.

7.4.4.2 Solutions of standards

UPLC system was calibrated using three stock solutions of standards: 1. a solution
containing carminic acid (1.00 £ 0.01 mg) in water:methanol [25 mL, 1:1 (v/v);
equivalent to 40 ug mL™']; 2. a solution containing juglone, curcumin (0.50 + 0.01 mg of
each standard) in water:methanol [25 mL, 1:1 (v/v); equivalent to 20 ug mL']; and 3. a
solution of carminic acid (3.00 + 0.01 mg) in water:methanol [10 mL, 1:1 (v/v);
equivalent to 300 pg.mL']. Diluted solutions were then prepared with components at
concentrations of 20, 10, 5, 1, 0.5, 0.1, 0.05, 0.02 and 0.01 pg mL"', by dilution with
water:methanol [1:1 (v/v)] using calibrated micro-pipettes. Additional calibration
points for carminic acid used dilutions of stock solution 3 at the concentrations of 150

and 100 pg mL™".

7.4.4.3 Chromatographic method
Method C: used a PST BEH C18 reverse phase column, 1.7 pm particle size, 150 x 2.1

mm (length x i.d.), with in-line filter. The total run time was 37.33 min at a flow rate of
250 pL min™'. A binary solvent system was used; A = 0.02 % aqueous formic acid, B =
MeOH. The elution programme was isocratic for 3.33 min (75A: 25B) then a linear
gradient from 3.33 min to 29 min (10A: 90B) before recovery of the initial conditions

over 1 min and equilibration over 5 min.

7.4.4.4 Sample preparation

For turmeric extraction (TFA): the sample (typically 0.1 - 1 mg) was extracted in a 1
mL glass test tube, to which was added a 2 M trifluoroacetic acid: methanol: water [200
uL, 2:1:1 (v/v/v)]. The tube was then placed on a heated block at 100 °C and heated for
precisely 60 min. After cooling down at room temperature, the extract was transferred
into a 1 mL Eppendorf vial and the glass tube was rinsed with water: methanol [100 pL,
1:1 (v/v)]. The combined extracts were centrifuged for 10 min at 10,000 rpm and then
filtered directly into Waters UPLC vials using a PTFE Phenomenex syringe filter (0.2
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um, 4 mm). The extract was then cooled with liquid Nitrogen and dried under vacuum
using a freeze drier system. The dry residue was then reconstituted with water:

methanol [40 uL, 1:1 (v/v)] and 10 pL were injected for analysis.

For turmeric extraction (DMSO): the sample (typically 0.1 - 1 mg) was extracted in a 1
mL glass test tube, to which was added dimethyl sulfoxide [50 uL]. The tube was then
placed on a heated block at 100 °C and heated for precisely 60 min. After cooling down
at room temperature, the extract was filtered directly into Waters UPLC vials using a

PTFE Phenomenex syringe filter (0.2 um, 4 mm) and 10 uL was injected for analysis.

For cochineal and madder extraction, the hydrochloric acid extraction protocol above
was adapted as follows: the sample (typically 0.1 - 1 mg) was extracted in a 1 mL glass
test tube, to which was added a mixture of 37% hydrochloric acid: methanol: water [200
uL, 2:1:1 (v/v/v)]. The tube was then placed on a heated block at 100 °C and heated for
precisely 10 min. After cooling down at room temperature, the extract was transferred
into a 1 mL Eppendorf vial and the glass tube was rinsed with water: methanol [100 pL,
1:1 (v/v)]. The combined extracts were centrifuged for 10 min at 10,000 rpm and then
filtered directly into Waters UPLC vials using a PTFE Phenomenex syringe filter (0.2
um, 4 mm). The extract was then cooled with liquid Nitrogen and dried under vacuum
using a freeze drier system. The dry residue was then reconstituted with water:

methanol [40 uL, 1:1 (v/v)] and 10 pL was injected for analysis.

7.4.4.5 Calibration curves, limit of detection (LOD), limit of quantification
(LOQ)

The calibration curves and linearity of each standard were calculated at 254, 430 and
450 nm, each concentration standard were investigated in triplicate using an auto-
sampler and the calibration was made for carminic acid using 8 solutions ranging
between 5 and 300 pg mL™', while the calibration of juglone was made using 7
solutions ranging between 0.1 and 40 ug mL'. Finally curcumin could onlye be
calibrated using 4 solutions ranging between 0.5 and 20 pg mL', above this
concentration it was found that the linearity of Beer Lambert Law was not respected

any more. Calibration curves and linearity ranges are presented in table 7.49.
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Method C : UPLC, 150 x 2.1 mm, 1.7 pm : each standard analysed in triplicate
Compound 254 nm 430 nm 450 nm
[x]
[x] (ng/mL) vs. Ax n [x] (ng/mL) vs. Ax n [x] (ng/mL) vs. Ax n
R?) [ng/mL] R?) [ng/mL] R?) [ng/mL]
carminic y=21531x - 38694 [Sn-:3§0] y =6250.1x - 39771 n=7
acid (0.9985) (0.9979) [5-300]
elone y =70632x - 4482.7 n=28
Jug (0.999) [0.1 - 40]
curcumin y=22737x - 23237 n=4
(0.9792) [0.5 - 20]

Table 7.49: Calibration curves and linearity range obtained for carminic acid, juglone and curcumin, at

254 nm (carminic acid and juglone), 430 nm (carminic acid) and 450 nm (curcumin).

The limit of detection (LOD) and limit of quantification (LOQ) were calculated based

on the slopes of the calibration curves (Concentration vs. Peak Height) and the noise

(s) of the baseline noise of sample blanks analysed and calculated at 254, 430 and 450

nm. The Concentration vs. Peak Height relationship was calculated using the ASCII

files of each standard and the intercepts of the equations were set to zero and used to

calculate the LOD and LOQ values as 3.3 and 10 times the s values of the baseline,

respectively. Detailed calculations of LOD and LOQ values can be found in the table

7.50.
Method C: UPLC, PST BEH C18 Column, 2.1 x 50 mm, 1.7 pm
Compound | [x] (ng mL7)vs. Hye? [x] (ug mL) vs. [Huoise] (AU) LOD+ s | LOQ=* s;
[x] (AU), with b®*=0 (R?) H(AU), (R?) (n=06) pg mL! pg mL-!
At 254 nm (injection volume 5 pL)
carminic acid | y=0.0014x (0.9675) | y=0.0016x - 0.0067 | 0.000164 + 0.000091 | 0.39 +0.21 | 1.17 £ 0.65
(0.999)

juglone y=0.0104x (0.9975) |y=0.0103x +0.0023 | 0.00138 +0.00006 | 0.44 +0.02 | 1.33 +0.05
(0.9977)

At 430 nm (injection volume S pL)

carminic acid | y=0.0004x (0.9949) | y =0.0004x - 0.0016 | 0.000170 + 0.000034 | 1.40 £ 0.28 | 4.25 + 0.85
(0.9977)

At 450 nm (injection volume 5 pL)

curcumin y=0.0027x (0.9979 ) | y=0.0027x - SE-06 | 0.000652 + 0.000030 | 0.80 = 0.04 | 2.41 £ 0.11
(0.9979)

Table 7.50: Calcul of limit of detection (LOD) and quantification (LOQ) for carminic acid, juglone and

curcumin, at 254 nm (carminic acid and juglone), 430 nm (carminic acid) and 450 nm (curcumin).
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7.4.5 Turmeric analysis

7.4.5.1 Turmeric extraction

Two extraction methods were tested using a solution of 2 M trifluoroacetic acid
(TFA): methanol: water [200 pL, 2:1:1 (v/v/v)] and dimethyl sulfoxide (DMSO). It
was found that the extraction method using the 2 M TFA solution was less effective
(table 4.44) and also less reproducible. From 5 samples extracted with TFA solution,
only one sample (entry 144) provided the characterisation of diarylheptanoids above
limit of detection, while DMSO systematically allowed the characterisation of the

turmeric dyes.

The extraction with DMSO was however found to be less reproducible than the
concentrated hydrochloric acid method, and the extracts exhibited a higher standard

deviation (table 7.51).

bisdemethoxycurcumin demethoxycurcumin curcumin
(&) 2) @

DMSO (uplc entry 335 b) Retention Time 19.91 20.15 20.36
Area 297370 130212 141765

% Area 52.2 22.9 24.9

TFA (uplc entry 144) Retention Time 20.53 20.71 20.87
Area 167831 48258 48641

% Area 63.4 18.2 18.4

Table 7.51: Comparing the extraction efficiency of turmeric from reference PQ6 using trifluoroacetic

acid and dymethyl sulfoxide solutions, monitored at 450 nm.

Relative Amount (%) at 450 nm
UPLC entry bisdemethoxycurcumin (3) demethoxycurcumin (2)  curcumin (1)
PQ6 (219) 53.5 224 24.1
PQG6 (218) 68.9 17.3 13.8
PQ6 (218 b) 69.1 17.3 13.7
PQ6 (335 b) 522 22.9 24.9
PQ6 (336 b) 514 24.0 24.6
Average (n =35) 59.0 20.7 20.2
standard deviation 9.1 3.2 5.9

Table 7.52: Relative amount of the diarylheptanoids extracted from 1 mg of porcupine quill (PQ6),

using DMSO method, monitored at 450 nm.
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7.4.5.2 Historical samples

Thirteen porcupine quills were selected for analysis and extracted using dimethyl
sulfoxide. Curcumin (1), demethoxycurcumin (2) and bisdemethoxycurcumin (3)
were characterised in all the extracts, with the exception of a dark blue quill which
exhibited a high level of tannins (elagic acid). Turmeric was found to be associated to
cochineal (carminic acid) in the orange samples, while it was mixed with an
unidentified blue dye for the shades of green. Four samples exhibited an unknown

component, eluting at 7.4 min and named unknown 1.

Relative amount (%) at 450nm Detected
A.848.15 UPLC | bisdemethoxy demethoxy curcumin | unknonw 1 carminic acid elagic acid
Entry curcumin curcumin
Box 4, yellow 145 523 22.6 25.1
Box 3, light green 147 34.1 271 38.9
Box 3, green 172 253 29.0 45.7
Box 9a, spotted blue 177 - - - X
Box 18, light green 269 30.6 27.3 42.1 X
Box 18, dark green 271 46.1 23.1 30.8
Box 3, dark blue 272 349 26.6 38.5
Box 3, yellow green 273 43.2 243 32,5 X
Box 3, light green 274 51.8 213 26.9 X
Box 4, orange 275 44.6 25.5 29.9 X
Box 4, yellow 276 53.9 22.3 23.8 X
Box 4, yellow 277 58.5 20.7 20.8
Box 8, orange 280 59.6 18.8 21.6 X

Table 7.53: Relative amount of the diarylheptanoids extracted historical porcupine quills, using DMSO

method, monitored at 450 nm.

7.4.6 Cochineal analysis

7.4.6.1 Porcupine quill reference

Prior investigating historical porcupine quills, a reference quill dyed with American
cochineal (Dactylopius Coccus Costa) was extracted using a strong hydrochloric acid
solution in order to characterise its dye profile. In order to compare this with
published data, the realtie amount of the red components was extracted at 275 nm

(table 7.54).
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Relative Amount (%) at 275 nm

UPLC Entry DcII carminic acid DcIV Dc VII  Flavokermesic acid Kermesic acid
PQ Sn 100 ppm (220) 8.9 86.0 32 nd 1.9 nd
PQ Sn100 ppm (220d) 5.1 89.8 32 nd 1.9 nd
PQ Sn 100 ppm (221d) 6.9 89.9 1.4 nd 1.8 nd
average 7.0 88.5 26  nd 1.9 nd
standard deviation 19 2.2 10 - 0.1 B

Table 7.54: Relative amount of the acid hydrolysed extract from 1 mg of porcupine quill (PQ Sn 100 pg

mL?), monitored at 275 nm.

7.4.6.2 Historical quills

Twenty three porcupine quills were selected from the sample box A.848.15, as well as

five micro-samples removed during conservation (A.848.12; A.848.13; A.848.45 and

A.848.49) and extracted using a strong hydrochloric acid solution.

The relative

amount of the dye components characterised in the acid hydrolysed extracts and

monitored at 430 nm can be found in table 7.55.

Relative amount (%) at 430 nm

A.848.15 UPLC Dc 1l carminic Unkown 2 DcIV Dc VII? flavokermesic

Entry acid acid
Box 8, orange* 169 27.2 544 15.2 - 2.1 1.1
Box 8, orange 170 41.1 31.8 27.1 - - -
Box 6, red 175 52 91.9 - 1.9 - 1.1
Box 6, red 176 48.4 354 16.3 - - -
Box 14B, red 178 65.2 13.8 21.0 - - -
Box 14B, red 179 421 373 20.6 - - -
Box 4, red 173 2.7 97.3 - - - -
Box 2 quill 1, red* 189 50.6 38.1 - 3.5 3.1 4.7
Box 2 quill 2, red* 190 28.7 55.2 7.8 3.2 - 5.0
Box 4, orange* 191 51.7 48.3 - - - -
Box 5A, red* 192 49.1 26.8 16.6 1.3 2.9 33
Box 5B, red* 193 8.0 88.0 0.5 2.0 0.3 1.3
Box 5B, red* 194 9.5 85.9 1.1 2.0 0.3 0.4
Box 6 quill 1, red* 195 43.0 37.6 14.4 1.8 1.2 2.1
Box 6, quill 2, red* 196 16.4 79.0 1.6 2.2 - 0.9
Box 6, quill 3, red 197 9.4 86.9 - 2.0 0.3 1.4
Box 7, red* 198 29.2 54.7 7.9 1.9 - 6.3
Box 14A, red* 199 54.1 18.9 27.0 - - -
Box 14B, red* 200 58.7 9.8 31.5 - - -
Box 16B, red* 201 59.4 11.8 28.9 - - -
Box 16B, orange* 202 64.5 12.8 22.8 - - -

Relative amount (%) at 430 nm

Objects UPLC Dc I carminic Unkown 2 DcIV  Dc VII? flavokermesic

Entry acid acid
A.848.13 Red 203 413 43.0 15.7 - - -
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A.848.12 Red 204 18.9 68.6 - - - 12.5
A.848.45 Purple 205 422 57.8 - - -
Relative amount (%) at 254 nm
alizarin Purpurin
A.848.45, orange 206 78.1 22.0
A.848.49, orange 207 96.0 4.0

Table 7.55: Relative amount of the red dyes characterised in the acid hydrolysed extract of historical

porcupine quills, monitored at 430 nm.

7.4.7 Mordant analysis by PIXE, PIGE and RBS

7.4.7.1 Beam dose Q and parameter files

The measurements were undertaken at the AGLAE external micro-beam (Accelerator
Grand Louvre d’Analyse Elementaire, LC2ZRMF-Paris). PIXE measurements were
carried out using a 3 MeV proton external set-up with two Si(Li) X-ray detectors: a
Low Energy detector (LE), for the 1 - 15 keV range and a High Energy detector (HE),
for the 1 - 40 keV range. These detectors recorded simultaneously the composition
low-Z matrix elements and the high-Z trace elements present in the matrix and
quantification was performed using the GUPIXWIN software package. The
experiment was undertaken with an average current of 2 to 4 nA for an analysis time
between 240 and 300 sec, corresponding to an integrated dose Q of 1 uC. The high
energy detector (HE) used a Berylium filter (Be, 125 um) and 28.5 mm air.

These measurements allowed to be calculated the exact beam charge (Q) and the
quantity (H) values over the set of experiment, and provided an accurate
quantification of the DR-N standard when summed up by GUPIXWIN to 100 percent.
The values obtained for the different elements present in the DR-N standard were

quantified for both low and high energy detectors and compared to their theoretical

values.

Entry 61 to 93 Entry 94 to 113 Entry 114 to 157
Low Energy Q1: 0.00238 uC Q2: 0.00270 puC Q3:0.00230 puC
H: 0.063 H: 0.063 H: 0.063
High Energy Q1 0.00238 uC Q2: 0.00200 pC Qs: 0.00215 pC
28.5 mm air) ) ) )

Table 7.56: values of the beam dose Q and the quantity H for the different segments of the

experiments.
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NaO MgO ALOs; SiO2 P05 KO CaO TiO2 MnO Fex0s
Low Energy Dose Q -K -K -K -K -K -K -K -K -K -K
01mar083 Qi 1.94 383 18.74 5692 0.28 1.67 6.74 103 0.19 9.75
01mar097 Q2 247 4.02 19.13 5596 0.15 164 6.77 1.19 022 9.52
Olmar102 Q2 233 349 17.77 57.68 0.12 153 6.08 095 021 9.19
Olmarl35 Q3 2.15 3.72 18.64 56.12 032 154 6.55 1.06 024 942
0lmarl36 Q3 338 480 23.78 74.17 023 2.17 836 139 026 12.03
O0lmarl58 Q3 1.84 338 1858 5583 020 173 6.67 105 023 9.22
DR-Nvalues |2.99 440 17.52 52.85 0.25 1.70 7.05 1.09 022 9.7

Table 7.57: Quantification of the DR-N standards using low energy detector during the experiment,

obtained values obtained are compared to theoretical values.

accurately quantify the elements Aluminium (Al, Z = 13) and Silicon (Si, Z = 14).

K20 CaO TiO2 MnO Fex0s
High Energy Dose Q -K -K -K -K -K
01mar083 Qi 1.60 6.51 1.03 022 9.79
01mar097 Q2 1.75 684 122 023 993
O0lmarl02 Q2 1.62 626 1.00 0.21 9.58
Olmarl35 Q3 1.65 679 1.12 022 993
Olmarl36 Qs 1.81 693 1.16 0.23 10.14
Olmarl58 Q3 1.72 676 1.06 022 9.62
DR-Nvalues |1.70 7.05 109 0.22 9.7

Note that it was not possible to

Table 7.58: Quantification of the DR-N standards using high energy detector during the experiment,

obtained values obtained are compared to theoretical values.

Entry Sample ID Dose Analysis Av. Current Dose pC
/Sec. Time (min) (nA) Mat

0lmar061  A.848.15 box 2 - red sp2 134 00:03:30 1.786 1.00
01mar062  A.848.15 box 2 - blue spl 78 00:09:22 1.773 1.00
01mar063  A.848.15 box 2 - greenish spl 98 00:09:28 1.89 1.00
01mar064  A.848.15 box 2 - white sp1 114 00:08:52 1.883 1.00
01mar065 A.848.15 box 2 - red 2 spl 106 00:08:52 1.387 1.00
01mar066  A.848.15 box 1 - bright blue -sp1 30 00:12:03 0.923 1.00
01mar067 A.848.15 box 1 - greenish blue -spl 22 00:18:08 0.561 1.00
01mar068  A.848.15 box 1 - greenish blue -sp2 94 00:29:46 2.016 1.00
01mar069  A.848.15 box 1 - green olive -spl 20 00:08:20 2.049 1.00
01mar070  A.848.15 box 1 - green olive -sp2 124 00:08:11 2.288 1.00
01lmar071  A.848.15 box 3 - yellow spl 152 00:07:21 2.336 1.00
01mar072  A.848.15 box 3 - light green spl 146 00:07:10 2.358 1.00
01mar073  A.848.15 box 3 -bright green spl 126 00:07:08 2.874 1.00
01lmar074  A.848.15 box 4 -light yellow spl 130 00:05:52 3.021 1.00
01lmar075 A.848.15 box 4 -light yellow sp2 140 00:05:34 2.809 1.00
01mar076  A.848.15 box 4 - yellow spl 166 00:05:58 2.551 1.00
01mar077 A.848.15 box 4 - yellow sp2 142 00:06:35 2.398 1.00
01mar078  A.848.15 box 4 - orange spl 100 00:07:01 2.506 1.00
01mar079 A.848.15 box 5a-red (1) spl 152 00:06:43 2.5 1.00
01mar080  A.848.15 box 5a - red (2) spl 122 00:06:43 2.294 1.00
01mar081 A.848.15 box 5b - red (1) spl 148 00:07:18 2.703 1.00
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01mar(082
01mar(083
01mar087
01mar088
01mar089
01mar090
0Imar091
01mar(092
01mar(093
01mar094
01mar(095
01mar096
01mar097
01mar098
01mar099
0Imar100
Olmarl01
0lmarl02
0lmarl05
0lmarl06
0lmarl07
0Imarl08
0Imarl09
Olmarl10
Olmarlll
Olmarl12
Olmarl13
Olmarl 14
Olmarl15
Olmarll6
Olmarl17
Olmarl18
Olmarl19
0lmarl20
Olmarl21
Olmarl22
Olmarl23
Olmarl24
Olmarl25
Olmarl26
Olmarl27
Olmarl28
0lmarl29
0lmarl30
Olmarl31
Olmarl32
Olmarl33
Olmarl34
Olmarl35
Olmarl36
Olmarl37
Olmarl38
0lmarl39
0lmarl140
Olmarl41
Olmarl42
Olmarl43
Olmarl44

A.848.15 box 5b - red (2) spl

DR-N

A.848.15 Box 7 Red quill spl
A.848.15 Box 7 blue quill spl
A.848.15 Box 8 orange quill spl
A.848.15 Box 8 orange quill (2) spl
A.848.15 Box 9a faded green quill spl
A.848.15 Box 9a light blue quill spl
A.848.15 Box 9a bright blue quill spl
A.848.15 Box 9b yellowish quill spl
A.848.15 Box 9b light blue quill spl
A.848.15 Box 9b bright blue quill spl
DR-N

A.848.15 Box 10 yellowish quill sp1
A.848.15 Box 11a faded pink quill spl
A.848.15 Box 11a whitish quill spl
A.848.15 Box 11b whitish quill sp1
DR-N

A.848.15 Box 12a white quill spl
A.848.15 Box 12b white quill spl
A.848.15 Box 12b pinkish quill spl
A.848.15 Box 13a white quill spl
A.848.15 Box 13b white quill spl

A.848.15 Box 13b white blueish quill spl

A.848.15 Box 14a yellowish quill sp1
A.848.15 Box 14a orange quill spl
A.848.15 Box 14b white quill spl
Blank 1

Blank 2

13

15

17 (Cu)

I 18a

1120

16

A.848.15 Box 14b orange quill spl
A.848.15 Box 15a yellow quill spl
A.848.15 Box 15a grey blue quill spl
A.848.15 Box 15a light blue quill sp1
A.848.15 Box 15a bright blue quill spl
A.848.15 Box 15a light green quill sp1

A.848.15 Box 15b yellow brown quill spl

A.848.15 Box 16a white quill spl
A.848.15 Box 16b light orange quill spl

A.848.15 Box 16b bright orange quill spl

A.848.15 Box 17a light blue quill sp1

A.848.15 Box 17a light blue green quill spl

A.848.15 Box 17a green quill spl
DR-N

DR-N

A.848.15 Box 17b light blue quill spl
A.848.15 Box 17b light blue quill sp2
A.848.15 Box 17b blue quill spl
A.848.15 Box 17b green quill spl
A.848.15 Box 18 faded yellow quill spl
A.848.15 Box 18 light green quill spl

A.848.15 Box 18 light green (2) quill spl

A.848.15 Box 18 Igreen quill spl

140
116
2636
104
120
124
124
140
128
96
262
298
252
182
236
316
308
392
282
282
302
366
310
356
316
398
394
302
158
208
200
142
172
144
136
162
146
136
160
154
134
112
126
154
160
160
160
194
178
212
188
242
210
154
202
158
136
184

00:06:12
00:06:08
00:02:31
00:06:17
00:06:36
00:08:12
00:06:51
00:06:31
00:06:42
00:06:33
00:03:02
00:02:55
00:03:03
00:03:04
00:03:15
00:02:49
00:02:39
00:02:32
00:02:47
00:02:44
00:02:42
00:02:36
00:02:43
00:02:39
00:02:35
00:02:29
00:02:26
00:06:33
00:03:58
00:04:26
00:04:25
00:04:22
00:04:21
00:05:08
00:05:49
00:05:50
00:05:26
00:05:20
00:05:28
00:05:31
00:05:24
00:05:36
00:05:15
00:05:09
00:05:02
00:05:13
00:04:47
00:04:36
00:04:36
00:04:38
00:04:07
00:04:22
00:04:35
00:05:19
00:04:54
00:05:10
00:05:13
00:04:47

2.747
2.732
2.674
2.545
2.049
2.451
2.591
2.513
2.571
5.618
5.78
5.587
5.495
5.236
6.098
6.452
6.757
6.369
6.173
6.25
6.579
6.211
6.494
6.536
6.803
6.993
2.545
4.237
3.802
3.831
3.861
3.861
3.289
2.882
2.89
3.106
3.175
3.077
3.049
3.135
2.994
3.195
3.268
3.333
3.226
3.521
3.663
3.69
3.623
4.082
3.846
3.676
3.155
3.436
3.247
3.205
3.521
3.717

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
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Olmarl45 A.848.15 Box 18 lgreen quill sp2 214 00:04:31 3.759 1.00
Olmarl46 Refl8a (Al)sp 1 230 00:04:30 3.636 1.00
Olmar147 ReflI8b (AL, K)sp 1 192 00:04:37 3.472 1.00
0lmarl48 RefI5a (ALK, Sn, Cl)sp 1 210 00:04:52 3.425 1.00
Olmar149 RefI5b (ALK, Sn, Cl)sp 1 176 00:04:55 2.933 1.00
Olmarl52 Refll 12 (AL K)sp 1 164 00:05:28 3.077 1.00
Olmarl53 ReflIl 13 (AL K, Sn) sp 1 148 00:04:53 3.096 1.00
Olmarl54 ReflII 15 (AL K, Sn) sp 1 184 00:05:28 3.448 1.00
Olmarl55 ReflIl 15 (AL K, Sn) sp 2 246 00:04:01 4.115 1.00
Olmar156 Refl8c (AL K, Sn) sp 1 206 00:04:05 3.922 1.00
Olmarl57 Refl4b (ALK, Cr)sp 1 174 00:04:18 4.219 1.00
0lmarl58 DR-N 206 00:04:01 3.236 1.00
Table 7.59: Average current (nA) and irradiation time for each analalysis point, integrated to an
average value of 1 uC.
7.4.7.2 PIXE Results
Low Energy detector:
Entry 11 12 13 14 15 16 17 19 20 24 26
NaK MgK Al K Si K P K S K ClK K K CaK Cr K Fe K
0lmar061 426 142 225 37944 404 77 724
01mar062 627 931 375 52213 447 1507 274 40
01mar063 932 607 676 51643 197 2117 331 124
01mar064 511 342 246 33205 766 382 388 63
01mar065 617 702 468 322 35944 567 221 275 50
01mar066 1305 2009 479 67555 329 3958 1058 52
01mar067 2585 1392 524 61606 85 1098 220 74
01mar068 1371 1120 1298 72395 115 1492 204 38
01mar069 940 1436 1120 58537 53 1619 248 86
01mar070 1125 660 329 62070 42 1634 204 50
0lmar071 851 1527 274 33440 226 396 243 103
01mar072 550 108 27508 335 440 186 68
01mar(073 446 514 190 27895 294 888 271 14 59
01mar074 198 167 76 34578 153 408 122 8
01mar075 339 409 31716 188 403 130 16
01mar076 484 391 997 28651 444 2933 599 750
01mar077 396 430 192 573 31323 288 2325 480 756
01mar078 686 375 391 404 28248 240 267 432 132
0lmar079 1252 616 545 1126 213 21507 327 414 266 96
01mar080 826 186 282 343 401 20994 559 500 570 95
01lmar081 491 672 873 623 27064 893 339 285 113
01mar082 327 395 287 390 553 26303 921 230 346 48
0lmar087 1866 3180 11937 172060 4598 1501 150 144
01mar088 860 538752 61 150 31 164
0lmar089 17669 11166 61836 104587 423 143 3975 17539 37090
01mar090 482 387 870 320 42313 1313 202 362 86
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01mar091
01mar092
01mar093
01mar094
01mar095
01mar096
01mar098
01mar099
01mar100
Olmarl01
01mar105
0lmar106
01mar107
0lmarl08
01mar109
Olmarl10
Olmarll1
Olmarl12
Olmarl13
Olmarl14
Olmarll5
Olmarll6
Olmarl17
Olmarl18
Olmarl19
0lmarl120
Olmarl21
Olmarl22
0lmar123
Olmarl124
O0lmar125
Olmarl26
O0lmar127
Olmarl28
0lmar129
Olmarl130
Olmar131
Olmarl32
O0lmar133
Olmarl34
O0lmar137
Olmarl38
0lmar139
O0lmar140
Olmar141
Olmarl142

1522

10539

517

4156

438
422

1233

569

12634

2418

2856

1259

28408
2496

339

17345

852

712

534
16663

340
495
403
553
412
1219
842
290
169

197

251
2450
1907

474

401

269

168
744
513
446

490
676
566
320

514
947
994
1028
787
408
527
551
326

770
105

188
635
188

1223
392
81
422
1714
3876
3816
775
300
70
522

69
9226
9254
447
1271
243
321

126
275
234
345
434
519
743
1978
3581
449
914
1258
317
943
865
550
2079
1121
536
3098
1531
151
618

328
370
234
517
587
2143
1850
495
154
178
558
27
185

243
746
276
304
162
82

70

253
210
1154
779
1388
564
1129
378
86
608
185
352
868
138
176
475
330
316
208

78

937

132898
132936

353

60

199

180

270

552

215

86

226

156

60978
29245
22337
78509
39287
39193
49590
26220
23482
22840
20886
138
24652
3236
3198
25093
32395
22428
23549
31644
42617
43436
34829
42954
38569
45262
51380
16262
55345
56356
48381
40108
59527
74838
34110
27481
23127
25343
24121
41884
32714
31460
34381
45225
31035
38374

1453
428
326
359
445
506
1095
675
508
498
655

283
1322
1303
504
522
573
838
51
1301
335
201
1140
1404
673
2089
2748
154
285
1188
917
273
158
1124
963
948
647
604
205
567
608
1439
283
219
199

2466
435
220

3646

2915
1551
1224
695
242
902
235

19
358
180
77
349
764
234
433
166

251
2391
829
879
1970
387
2755
717
1159
2630
1661
1266
1276
1008
253
178
290
612
7328
663
1126
3098
12234
258
291

366
142
250
581
492
616
1273
499
170
287
185

163
38

356
801
340
107
241
402

8789
106
58
238
81
511
319
249
344
220
173
390
1038
92

151

1433
135
132
337

1473
325
335

15
34
22 56
165
67
30 211
498

17

280

33
112
208
83
97
8 276
81
10
13

33

67

1888

2732 12
515
82
105
66
57

88
110
39

131

8 282
23 83
114
10 130
393

50
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Olmarl43 193 228 442 186 27959 251 571 442 57

Olmarl44 673 215 2015 150 43562 3806 645 227

Olmarl45 1091 618 1798 323 38155 3185 389 106

Olmarl46 64 6

Olmarl147 458 422 348 212 37806 374 6751 1246 10 8

Olmarl48 337 226 36115 1502 10181 522

Olmar149 260 222 111 38764 1070 5348 881

Olmarl50 276 784 156 29843 987 5766 963

Olmarl51 940 84 80 29211 83 796 553 10

Olmarl52 150 270 71 36140 829 26 9

Olmarl53 542 379 107 32712 783 3010 64 10

Olmarl54 401 146 40271 538 3162 118 9 19

Olmarl55 545 471 360 115 34937 454 3865 759

Olmarl56 525 158 39504 946 2696 688 9

Olmarl57 505 143 40191 7188 700 1229
Table 7.60: Low Energy detector PIXE elemental composition in ppm (ug g*) of the porcupine quills
samples analysed. The values appearing in red are close to the Limit of Detection (LOD) and in blue
are below the Limit of Detection.

Entry 16 17 19 K 20 24 25 26 29 30 50 50 80
S K CIK K CaK CrK MnK FeK CuK ZnK Sn K Sn LA Hg LA

Olmar061 16365 214 69 125 3 688 890 16 5333 7133 11
0lmar062 23164 166 1019 162 40 369 18 857 547 89
0lmar063 32711 40 1780 274 6 137 2019 48 2055 2458 11
0lmar064 15252 270 312 305 2 6 65 11 76 72
0lmar065 14296 208 160 222 70 200 45 11906 14898 12
0lmar066 18408 69 1353 458 5 39 859 25 513 592 17
01mar067 33370 1057 174 4 44 411 488 341 142
01mar068 33760 1138 140 5 66 404 3 580 122
01lmar069 26016 1084 217 2 10 83 753 23 888 924 34
01lmar070 26527 1032 167 8 52 695 22 657 68
0lmar071 17654 61 350 229 115 252 31 1526 1791 14
Olmar072 12882 66 269 97 40 185 9 1955 1457 81
0lmar073 15847 94 693 190 5 60 220 17 1536 1866 13
0lmar074 16478 13 307 87 18 531 28 130 35
0lmar075 16560 52 337 124 18 504 32 200 34
0lmar076 13611 93 2039 479 10 815 1725 37 323 826
0lmar077 14102 107 1503 381 14 775 1761 30 407 528 30
0lmar078 14183 105 196 366 18 158 1449 24 6203 5733 8
01lmar079 11441 173 324 321 2 66 5 26 4396 7744
01lmar080 10749 209 449 422 10 93 15 39 4234 5282 9
0lmar081 12456 449 278 293 6 100 1006 50 3549 3555
0lmar082 13062 455 236 230 59 544 26 1275 2247
0lmar087 17364 514 96 335 23 92 1196 46 4765 6228 22

357




Chapter 7

01mar088
01mar089
01mar090
01mar091
01mar092
01mar093
01mar094
01mar095
01mar096
01mar098
01mar099
0lmar100
0lmar101
O0lmarl05
01mar106
0lmar107
01mar108
0lmar109
Olmarl10
Olmarl11
Olmarl12
Olmarl13
Olmarl14
Olmarl15
Olmarll6
Olmarl17
Olmarl18
Olmarl19
01mar120
Olmarl21
O0lmar122
Olmarl23
O0lmar124
Olmarl25
O0lmarl26
Olmarl27
0lmar128
O0lmarl29
01mar130
Olmarl31
Olmar132
Olmarl33
O0lmar134
Olmarl37
0lmar138
Olmarl39

18245
16281
13098
41149
23921
22540
16489
18196
18161
16999
19006
19916
16285
19098
21164
18289
18809
18397
19828
19685
14796
20822
20651
27666
27378
22954
23950
21799
22901
25022
11663
39045
34615
20678
23532
32218
29660
21012
17535
13082
16290
16331
30521
17763
18764
17466

389
226
175
218
167
293
288
494
332
366
823
292
128
350
266
616
682
528
581
675
531
1143
52
899
98
204
897
907
556
894
2086

32
450
507

46

751
622
564
352
240
175
294
293
665

1328
365
230
2703
2396
1388
701
770
263
766
309
772
346
419
771
184
438
280
302
2386
369
923
118

230
1697
715
600
1376
267
2793
719
1095
2078
1663
1056
1132
897
208
123
319
498
7287
645
855
2372

219
137
224
456
440
508
914
603
222
287
144
261
182
372
815
381
150
262
221
396
266
801
274
377
58
7711
108
65
234
77
549
317
236
345
235
161
315
968

274
182
194

1512
120
149
245

2158
2927

108

32
59
69
177
98
222
658
92
24
19
342
62
32
90
155
308
59
114
125
912
97
116

11
13
22

60
13
13

626
64

138
80
85
74
94

143
46
90

171
99

385
82
65

134

2689
250
239
1631
268
323
283
477
376

918
958

432
1134
776
165
552
118
432
324
544

743
122
2005
2735
2088
1756
1038
906
714
407
187
468
1668
335
308
448

52
40
57
19
16
45
40

73
23
32
64
61

51
45
29
37
20
50
56
54
73
45
49
40

48

30
13
81
57
23

71
69
24
16
26
11
108
17
20
30

2760
8522
1285

460
3666
1125
1249

1950

378
933
2657

698

333
8458

226

10480

1137

1053
892
1161
3970
8018
834
4904

1719
1312
3463

4315
7965
1391
786
1012
2716
1542
1806

4774
537
44
990
1038
4143
180
1294
548
626
9371
506

28
338

77

72
12064
197
1341
85
77
1240
887
1045
4102
8141
1139
3903
605
2018
1809
3974

30
22

11

23
33
33

15

22
27
28
12
27
10
16
18
13
84
24

14
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O0lmar140 23195 122 8642 1012 22 478 6212 161 16186 15594
Olmarl41 18777 60 278 369 9 21 4 78

Olmarl42 21191 313 205 10 47 318 48 633 940
Olmarl43 18562 185 628 374 11 93 102 27 360 287
Olmarl44 24447 3297 652 15 214 536 74 856 1577
Olmarl45 25037 2823 359 4 8 111 389 29 739 1384
Olmarl46 22418 2213 297 2 9 52

Olmar147 22780 279 5680 1078 5 4 47

Olmarl48 23082 1054 7573 388 4 15 56 121
O0lmar149 24173 859 4486 755 8 8 59 295 518
Olmarl50 21348 927 5142 863 7 47 246
Olmarl51 18251 38 809 559 2 8 13 1 21

Olmarl52 23507 40 682 9 4 4 4 16

Olmarl153 22517 558 2679 45 3 8 2 5 314
Olmarl54 21353 319 1815 79 3 6

Olmarl55 20177 290 2620 602 4 7 41 25 185
Olmarl56 21095 647 1992 562 5 2 45 315
Olmarl57 17648 52 4240 408 1378 9 5 94

183

35

131
99

Table 7.61: High Energy detector PIXE elemental composition in ppm (ug g?) of the porcupine quills
samples analysed. The values appearing in red are close to the Limit of Detection (LOD) and in blue

are below the Limit of Detection.

7.4.7.3 RBS Spectra

The RBS measurements were recorded simultaneously to the PIXE experiments and
the calibration of the spectra was obtained through the analysis of a standard of SiO2
coated with a thin layer of known thickness of gold (figure 7.7). And RBS spectra
were simulated using the SIMNRA software by virtually overlapping the contribution
of the different atoms present in the cuticle layer. As well as Rutherford cross-
sections, non-Rutherford cross-sections specific to the set-up used in AGLAE
accelerator at 150° were used for the quantification of carbon, oxygen and nitrogen

(see section 7.3.5.1).
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Figure 7.7: calibration of the RBS detector using a standard of SiO, coated with gold.
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Layers
Layer 1 Layer 2 Layer 3 Layer 4
Entry Particles *sr
(1000.000) (8700) (80) (10000000.000)
SiO2/ Au standard | 2.000E+10 He: 1 Au: 1 Cr: 1 Si: 0.333000
0: 0.667000

Table 7.62: Composition of the layers found in the SiO,/Au standard used for he calibration of the RBS

spectra.
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Entry

dose
nC

particles *sr

Layer 1
(1000)

Layer 2
(10000000)

RBS (Wt %)

PIXE (Wt %)

01 March 122

01 March 107

01 March 099

01 March 134

0.0023

1.78 x 1010

0.002  2.00 x 10'°

0.002  2.00 x 10'°

0.0023

1.92 x 10!°

He: 1

He: 1

He: 1

He: 1

H:0.4706
0:0.1000
S :0.008
N :0.090
Sn:0.0014
Cu: 0.00

C:0.33
H:0.4915
0:0.1000
S :0.008
N:0.07
Sn : 0.0005
Cu: 0.00

C:0.33
H:0.4823
0:0.1000
S :0.007
N:0.08
Sn : 0.0005
Cu: 0.0002

C:0.33
H:0.4906
0:0.1000
S :0.008
N:0.07
Sn : 0.0001
Cu: 0.0003

Sn Cu

S Sn Cu

3.32

3.48

3.00

3.50

2.15 ND

0.81 ND

0.80

0.17

0.16 0.26

1.17 121 0.07

1.83 041 0.08

1.9 0.48 0.09

3.01 006 0.17

Table 7.63: Composition of the virtual layers silulated by SIMNRA software by virtually overlapping

the contribution of the different atoms present in the cuticle layer, obtained for historical porcupine

quill samples.
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7.4.7.4 ICP-OES analysis

The system calibration and sample preparation are described in section 7.3.3.

Sample ID Mass Mass of Mass of ICP-OES (ug mL™1) Quills (ng g
of quill filtered sample 283.998 nm | 327.393nm | [Sn*7] | [Cu*']
extract extract after Sn Cu

(2 ® dilution (g)

A.848.15

B2 red quill 1 0.6 0.4914 5.0006 3.487 0.236 29 2

B2 red quill 2 0.6 0.4719 5.0035 1.995 0.206 17 2

B4 orange 0.5 0.4836 5.0035 2.003 0.223 20 2

B4 yellow 0.6 0.4776 5.008 1.629 0.211 14 2

BS5A bright Red 0.4 0.4889 5.0018 1.450 0.083 18 1

BS5B quill 1Red 0.5 0.4704 5.0008 1.991 0.231 20 2

BS5B quill 2 bright Red 0.5 0.491 5.0018 1.226 0.126 12 1

B6 bright red quill 1 0.5 0.4825 5.0016 1.044 0.071 10 1

B6 red quill 2 0.8 0.4709 5.0045 1.410 0.358 9 2

B6 red quill 3* 0.9 0.489 5.009 1.056 0.124 6 1

B7 red 0.8 0.4936 5.0095 1.076 1.854 7 12

B7 blue 0.6 0.4936 5.0095 1.091 0.144 9 1

B8 orange 0.5 0.4842 5.0093 1.359 0.253 14 3

B8 orange* 0.6 0.4631 5.0085 1.269 0.075 11 1

B14A red 0.5 0.4927 5.0017 1.183 0.199 12 2

BI14A orange 0.6 0.4222 5.0067 1.165 0.075 10 1

B14B red 0.6 0.48 5.0084 1.336 0.731 11 6

B16B orange 0.7 0.4993 5.009 1.198 0.103 9 1

B16B faded orange 0.7 0.4636 5.0008 0.873 0.092 6 1

B9A bright blue 1 0.4708 5.0052 0.483 0.110 2 1

B9A spotted blue 0.6 0.4781 5.009 1.099 0.088 9 1

B9A pale blue 0.7 0.5033 5.0078 0.635 0.080 5 1

B17A green 0.7 0.4805 5.006 0.742 0.136 5 1

B17B green 0.8 0.4838 5.0014 2.020 0.715 13 4

BI18 yellow 0.8 0.4285 5.007 0.538 0.057 3 0

Objects

A.848.13 B18 pink 0.1 0.4746 5.0077 0.611 0.092 31 5

A.848.13 green 0.1 0.4812 5.0005 1.159 0.290 58 14

A.848.13 blue 0.1 0.5056 5.0056 0.572 0.080 29 4

A.848.13 colorless 0.2 0.4787 5.0019 0.446 0.090 11 2

A.849.7 green 0.1 0.4989 5.0039 0.388 0.097 19 5

A.849.7 blue 0.2 0.4878 5.009 0.514 0.205 13 5

Table 7.64: ICP-OES analysis of historical porcupine quills.
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