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English Heritage properties contain a wealth of textiles on open display, however
these are ephemeral objects. Amongst the natural fibres found in historic houses,
silk is reported to be the most vulnerable to damage, especially from light. The
critical deterioration factors for silk deterioration have been reassessed highlighting
the important role of humidity, which has previously been overlooked. Monitoring
behind a number of tapestries has recorded the formation of high humidity
microclimates. This is a possible reason for the similar condition of brightly
coloured samples taken from the reverse of a tapestry and the same thread which
had faded on the displayed side.
Kinetics experiments studied the rate of silk deterioration and suggest the
activation energy is approximately 50 kJ mol-1, although this may vary for other
types of silk, such as weighted materials. However as elemental analysis
demonstrated around 10% of the 100 samples, taken from over 1000 objects
containing silk in the English Heritage collection, were from tin-weighted silks, plain
silks were the study’s focus. Year long accelerated ageing experiments have
demonstrated that although the inclusion of UV radiation during light ageing
increased the rate of deterioration, light ageing caused small changes to silk.
Thermal ageing with different humidity levels demonstrated increasing the relative
humidity (RH), increased the rate of silk deterioration significantly. Further
degradation of silk was observed when samples had been contaminated by the
saturated salt solution used to create the RH environment during ageing. During
ageing increased RH and increased temperatures led to greater yellowing of silk
samples.
Experimental results have been used to make preventive conservation
recommendations including lowering the RH below 50%, reducing the temperature
and the continued exclusion of UV radiation. A theoretical silk deterioration curve
for unweighted silk has been drawn, from which initial isoperms have been plotted.
The analytical results have been compared with near-infrared (NIR) spectroscopy
using multivariate analysis (MVA). This developed a predictive model for the
tensile strength of silk using the NIR spectra. The potential of this non-invasive,
non-destructive technique to monitor silk condition in situ has been tested at
Brodsworth Hall and shown to rank the condition of samples successfully.
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Introduction
Silk has been revered for millennia for its lustre, beauty, handle and drape.
Coupled with its easy dyeability which makes bright and fast colours possible, it
has been reported as the queen of textiles. 1 Textiles reveal social, commercial
and political histories to share with current and future generations. However
textiles, and especially silk, are ephemeral organic objects. Silk degradation leads
to brittle fabrics which split and eventually become powdery, disintegrating at the
slightest touch. Consolidation of silk objects alters both the handle and
appearance of the silk forming stiff and flat textiles. Alternative conservation
treatments prevent the loss of silk by covering with a layer of net, however neither
option prevents the deterioration.

Within English Heritage there is a wealth of textile artefacts. Textiles in historic
houses are commonly on open display, increasing the risk to the objects from
fluctuating humidity, dust, airborne pollutants and light. As silk deterioration cannot
be prevented and the treatment of silk objects has limited success, an alternative
approach is desirable. Reducing the rate of silk deterioration by optimising the
preventive conservation would increase the display lifetime of these fragile
artefacts. This would also extend the period before interventive conservation
treatments become necessary. However the critical factors for silk deterioration
have not been determined and so the methods of increasing the lifetime not yet
identified.

Amongst the natural fibres found in historic houses, silk is reported to be the most
vulnerable to damage, especially from light. 2,3 Historic houses tend to utilise
natural lighting from windows, however it can be difficult to balance sufficient light
to view collections whilst controlling the dose. Research on historic tapestries
reported the poor condition of samples taken from the reverse side, despite their
bright colours, indicating light may not be the only important deterioration factor for
silk. 4 However there are few published studies on the effect of humidity on silk
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deterioration, therefore the extent of the risk to the collection remains to be
elucidated.

Silk can be processed in a large number of different ways and these have changed
over time and with new equipment and limits on the use of chemicals. European
silk from the 19th and 20th centuries is especially likely to have been treated with a
range of experimental methods as the reported explosion of weighting patents for
silk testifies. 5 A large number of the textiles in the English Heritage collection date
from this period. Some of these materials, such as tin-weighted silk, are thought to
have an inherent deterioration mechanism due to the presence of the metal salt in
the silk. 6 However these textiles are difficult to identify and the amount, and their
location within the English Heritage collection was unknown. The research aimed
to identify the variety of silks within the English Heritage collection and document
their overt state.

Current monitoring within a number of English Heritage properties records the
temperature and humidity in the display and storage areas. There are also a small
number of light monitors, although each display room has a light plan which
specifies the appropriate light level for the collections in that room. However there
is no specific display conditions for silk collections, the research aimed to
determine these and identify possible modifications. The display environments
have been used as the basis of accelerated ageing conditions to determine the
critical deterioration factors for silk on open display. This helps elucidate the silk
ageing process and its associated dynamics which can be used to improve the
preventive conservation and collections management for these objects.

To follow the progress of silk deterioration and quantify the condition of the English
Heritage collection a means of analysis was required. Previous research had
successfully applied High Performance Size Exclusion Chromatography (HPSEC)
to the analysis of micro-samples from historic tapestries to determine the condition
of the silk. 7,8,9 This technique follows changes to the molecular weight of silk
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which decreases as the silk deteriorates. By taking micro-samples from the
English Heritage collection it was hoped to determine their condition using HPSEC.
This could be compared with results from analysis of accelerated ageing samples.
However this technique is destructive even though the required samples are very
small. A way to relate the destructive laboratory analysis of both accelerated
ageing and historic samples with a non-invasive and non-destructive method for
use within historic houses was desirable.

A further aim of the research was to develop a non-invasive and non-destructive
technique to determine the condition of silk collections for use in historic houses.
This could then be used to characterise the silk collections in a selected property.
The data could be further related to the analytical results and documentary
evidence of the collections to give a more complete picture of the collection. The
possible improvements to the display lifetime of objects by improving the
preventive conservation could also be quantified.

The first section of this thesis presents the research to understand the English
Heritage collection and how it may have been processed. This includes a review
of the literature on silk, its origins and formation in the silkworm and the processing
of silk, particularly the methods that may have been used for silk in the English
Heritage collection. There are limited references to the environmental effects on
silk deterioration, but the available sources are reviewed. The survey of the
English Heritage collection and selection of the properties (Apsley House, Audley
End House, Brodsworth Hall, Osborne House and the Wernher Collection at
Ranger’s House) for further study is included. From the 1000 objects which
contain silk a subset of 100 were chosen for further study and micro-samples
removed. The display environments for the selected properties are presented and
the key conditions selected for further study.

A review of previous elemental analysis for textiles is presented along with the
results from the historic micro-samples from English Heritage to identify the types

3

of silk present in the collection. Problems quantifying the data are discussed along
with the limitations to identify the processing methods which have introduced the
identified elements. As well as elemental analysis there have been many studies
on silk analysing the crystal structure, amino acid composition, silk structure and
condition. These methods have been reviewed along with the information they
provide on silk. The applicability of the techniques to conservation is discussed to
determine their suitability for this research.

The HPSEC equipment parameters and experimental protocols were determined
and are discussed. Further analysis of the calibration standards was undertaken to
demonstrate these are not disassociated by the HPSEC operating conditions. The
protocols were tested using samples from the Dudley Armorial tapestry from the
Burrell Collection. This allowed the same thread to be sampled from both the front
(faded) and reverse (brightly coloured) of the tapestry and determined the similar
condition of samples.

To understand deterioration rates for silk the limited references for the activation
energy and rate of silk deterioration were reviewed. However the reported
activation energies cover a wide range. A kinetics study was undertaken and a
number of methods used to experimentally determine the activation energy. The
calculated activation energy is discussed along with the expected increase in
deterioration for the accelerated ageing experiments. This preliminary study
helped develop the ageing protocols for the longer term study on silk.

The second half of the thesis discusses accelerated ageing experiments, the
results and application to preventive conservation. Accelerated ageing
experiments have been used to identify the critical deterioration factors for silk.
The rate of deterioration during ageing experiments and important parameters for
silk degradation are identified. The accelerated ageing results are also compared
to those from the English Heritage micro-samples and values in the literature.
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The experimental results are discussed in terms of the critical deterioration factors
for silk and to make preventive conservation recommendations. The results have
been used to develop a silk deterioration curve and its potential use in preventive
conservation discussed. The possibility of extending this to isoperms for silk
deterioration is also explored. To quantify how these techniques could be utilised
within historic collections the effect on display lifetimes of objects has been
discussed and examples from the English Heritage collection are given.

The destructive laboratory analysis of samples has been compared with the nearinfrared (NIR) spectra of samples. As NIR can be used in situ and is both noninvasive and non-destructive it has the potential to be suitable for condition
monitoring of silk artefacts. The use of multivariate analysis to develop a model
relating the data and make predictions of the tensile strength of samples is
discussed. Tests of the model at Brodsworth Hall are presented, including the
possibility to rank the condition of objects within a collection.

The research has demonstrated high humidity increases silk deterioration and is
more important than previously considered. Despite previous indications on the
effect of light on silk deterioration, this has been shown to have less effect than
humidity.
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Chapter 1 – Silk
Textiles provide details of commercial, political and social history;
however they are ephemeral organic objects and silk is regarded
as particularly vulnerable. This chapter will consider the source
and production of silk along with the processing techniques
common to historic collections. An overview of silk composition
and structure along with its chemical and physical properties are
presented to help determine how silk deterioration occurs. The
impact of environmental display conditions on silk deterioration is
also reviewed.
Within historic houses the collections are used to display how the home would
have appeared during use. The use of open display places textiles particularly at
risk from the display environment. A balance between the risk of open display and
making the collection accessible is therefore sought. When silk deteriorates it
becomes brittle limiting the success of sewing conservation methods. 1
Alternatively silk can be treated with adhesives 2 or consolidants 3 ; however this
affects the appearance and stiffness of silk and is often only carried out when the
silk would be completely lost otherwise. 4 Advice for the display of textiles often
recommends low light levels, with both the fading of dyes and embrittlement of the
fibres cited as damage caused by light. 5,6 The environmental effects on the fading
of dyes have been studied 7,8 however there is little research on the effects on the
textile substrates.
Silk textiles are commonly reported as more vulnerable to damage, particularly
from light, than those made from other natural or synthetic fibres. 9,10,11,12,13 This
research looks at the environmental effects causing damage to silk and how these
may be mitigated on open display within historic houses. The effects of dyes have
been excluded to minimise the number of variables and provide information on the
deterioration of silk under varying environmental conditions, which has been rarely
7

studied previously. 14 Improvements made to increase the longevity of silk on
display should also be effective for other textiles, if silk is used as an exemplar for
the most vulnerable textile fibre. To understand the risks to silk a review of its
production, processing, composition, structure, properties and the available
information on environmental effects are presented. Where possible abstracts of
papers published in languages other than English have been used, however it has
not been possible to thoroughly review literature published in languages other than
English.

Silk Production
Early references to the silkworm are reported from the second or third millennium
B.C. in China and the earliest surviving fragments of cloth from Bombyx mori
filaments date from 3630 B.C. 15 Riboud has described the weave and figurative
designs on silk fragments from the Warring States period (3rd – 5th Century B.C.). 16
The cultivation of silkworms (sericulture) dispersed slowly to Asia (Korea and
Japan), the Middle East (Iran and Turkey) and eventually Europe (Italy and
France) 17 although China still produces the greatest amount of silk. 18 The majority
of silk is still used as a textile but it is becoming increasingly important in
biomedical research for tissue 19,20 and bone 21 repairs and artificial tendons as well
as within the cosmetics industry. 22
Although silk is generated by a number of insect larvae and spiders it is the
domesticated silkworm, Bombyx mori, which produces the majority of fibres used
commercially. Wolfgang reports around 15,000 cocoons are required to produce a
pound of silk. 23 A number of wild silk moth species also exist whose silk can be
spun and woven. These include both the Chinese and Indian tussah moth
(Antheraea pernyi and Antheraea mylitta respectively) and an African communal
caterpillar, Anaphe moloneyi. 24
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Bombyx mori larvae (silkworms) are fed exclusively on leaves from the mulberry
tree. The lifecycle of a silkworm lasts about 45-55 days but can vary depending on
the rearing conditions and changes in diet, it has been suggested this also affects
the quality of silk. 25,26,27,28 During the silkworm’s lifecycle it moults and rests four
times, feeding between each. At the end of the fifth feeding period, or instar, the
larva rests for about 24 hours, before forming the cocoon over 3-6 days. The silk is
spun by the silkworm moving its head in a figure of eight motion whilst extruding
the silk from the spinneret, producing circa 60 cm of thread per minute. 29 The
resulting thread (bave) is actually formed of two filaments (brins) made from fibroin
– the main silk protein. The brins are held together by another protein gum, sericin
(see Figure 1.1). On average the Bombyx mori thread is 10-25 µm in diameter with
individual brins measuring 5-10 μm, wild silks tend to be coarser, 65 µm in
diameter.

sericin

fibroin
Figure 1.1 – image of silk fibre cross-section
On either side of the Bombyx mori silkworm there are glands which produce the
silk solution. 30 These have been separated into three regions, or divisions, based
on the function taking place. 31,32 The main protein fibroin is generated in the
posterior division and stored in the larger middle region, where sericin is also
synthesised. The proteins remain separate and move into the anterior division,
where the two glands combine and move into the spinneret. Analysis of gland silk
has identified it is mostly in a random-coil conformation, known as silk I which
during spinning is transformed by shear stress into the β-crystalline or silk II form.
Magoshi et al. have identified that the extension rate of the silk affects the
conformation, with rates higher than 500 mm/min giving β-form silk. 33 The
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transformation between the dimorphs of silk fibroin can also occur due to the
sample preparation, including solvent treatment. 34,35,36
The silk thread is spun from an aqueous solution forming an insoluble fibre, this
change occurs as a result of an irreversible phase change on spinning. 37 Analysis
has shown there are also changes in pH (from 5.6 to 4.8), 38,39 viscosity, 40,41 and
ion exchange. 42,43,44,45 During spinning sericin is not reported to undergo a similar
conformational change. This is thought to be related to the higher proportion of
large side chain amino acids preventing close packing and a higher water content.
The sericin layer forms an amorphous, adhesive coating around the fibroin.
Willcox describes the silkworm spinning process as analogous to liquid-crystal
spinning.
A study of the pupae determined the presence of an enzyme, protease, which was
secreted with a liquid, thought to act as a buffer for the enzyme, to soften the
sericin and allow the moth to separate the fibres and escape. 46 To prevent
damage to the silk filaments from the emerging moth, the chrysalis is stifled with
either steam or a low heat. 47 It is then possible to reel a continuous thread from
the cocoon. The cocoons are placed in warm water which softens the gum and
allows the filaments to be unravelled. In most cocoons the central 500-800 metres
are reeled from the approximately 1500 metres of thread. The unravelled threads
are reeled into a skein of silk; however it is so fine that it cannot easily be used. To
produce a suitable thread several filaments are twisted together forming thrown
silk. The outer and inner layers of the cocoon are known as silk waste and are
used to produce spun silk. Cocoons from wild silk species are usually collected
after the moth has escaped and so tend to be spun. The sericin gum prevents
mechanical damage to the fibroin filaments and so usually remains during
processing. 48
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Silk Processing
Degumming is the removal of sericin from raw silk, giving the lustrous, soft silk
fibre. A variety of methods including boiling water, alkaline or acid solutions and
enzymes have all been used to remove sericin. The different composition of
sericin to fibroin allows it to be preferentially removed by hydrolysis to smaller
water-soluble units. 49 Studies on degumming have shown that either an alkaline
(pH 9.5-10.5) or an acidic (pH 1.5-2) solution gives the most effective
degumming. 50 However all degumming methods are thought to cause some
damage to the fibroin fibres. Studies by Jiang et al. looked at the effects of various
degumming methods on the tensile behaviour and morphology of silk fibres and
found borate buffer degumming was best in terms of mechanical properties and
sericin removal. 51
The level of sericin removal during degumming is controlled depending on the later
required processing techniques. Summaries of literature by Brooks et al. report
raw silk contains 20-30% sericin, ecru silk 24-26%, souple silk 17-18% and in cuite
silk around 5% sericin remains. Raw silk is more hygroscopic than silk which has
been degummed due to the higher amount of sericin, which may make it more at
risk from environmental damage.14,52
Silk is naturally coloured, although Bombyx mori silk is often white or light yellow
wild silks tend to range from yellow to dark brown. This led silk to be bleached in
order to have white or lighter coloured dyed silks. Carboni describes how skeins
were soaped and placed in a chamber where sulfur was burned. This may account
for the high sulfur content found in historic silks analysed by Ballard. 53,54
Bleaching can occur by oxidation or reduction, although oxidation is favoured as it
alters the colouring compounds whereas reduced silk can be reoxidised and yellow
again. Common oxidative bleaches include hydrogen peroxide, sodium perborate
or persulfate, with sodium hydrosulfite or sodium sulfoxylates used for reductive
bleaching. The whiteness of silk can also be increased with optical brighteners.
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If fully degummed, silk loses approximately 25% of its weight. As silk was sold by
weight, weighting is thought to have originated as a means of replacing the lost
weight. When the added material replaces the equivalent lost during degumming,
silk is said to be at par. If the weighting introduces less, the silk is described as
below par, whereas if it increases the weight above that before degumming it is
above par. Waxes, gums and especially sugars are reported as organic weighting
agents. These could be used with light coloured dyes but were removed by
washing the silk. Weighting with sugar could increase the weight by 10-20% at
most. 55
Another common weighting material was tannins, although initially this was limited
to dark coloured dyed silk as they stain fibres brown. Decolourised tannins are
reported from the 1890s and allowed them to be used with light-coloured silks.48,56
Black silk was often weighted with tannins in combination with iron salts giving
weight increases of 25%. Recent research found black dyed samples of both wool
and silk had less strength compared with other colours. Within historic tapestries
the black and dark brown yarns are often reported as missing or extremely weak
by conservators. 57 This work undertaken on the European project, Monitoring of
Damage to Historic Tapestries (MODHT) demonstrated the dyeing process itself
damages silk fibres. The effects of dyes on raw silk and wild silk species have also
been studied. 58,59
Patents for metallic weighting with inorganic salts of aluminium, iron, lead,
magnesium, tungsten and zinc are reported from 1855 by Scott. 60 However tin
weighting compounds became common with a range of different methods used
from the 1870s onwards. A stannic chloride bath could increase the weight by
10% and was often repeated four or five times. In 1893 Neuhaus patented the
“dynamite” method which used an aluminium sulfate bath before treatment with
sodium silicate on tin and phosphate loaded silk to increase the weight by around
400%.48,53 It is reported that greater weighting levels are possible if some sericin
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remains on the silk. The methods and technology used to weight silk were
reviewed by Scott in the 1930s. 60, 61,62 Weighted silk is usually heavier and thicker
and has better draping qualities than unweighted degummed silk. 63 This led to
weighting becoming an accepted treatment, however dramatic changes in the
mechanical properties are reported for metallic weighted silk. 64,65
Tin weighting is not thought to bond to the fibre but instead be absorbed into the
amorphous regions of fibroin. However chemical combination is also proposed as
a possible mechanism. Within the fibres of Bombyx mori silk are microvoids which
vary in size and distribution. These accessible regions have been imaged with
silver sulfide particles formed after treatment with hydrogen sulfide gas and then
silver nitrate solution. 66 The particles are aligned parallel to the fibre length and
are rod-like in shape. Analysis of tin-weighted silk with small-angle X-ray
diffraction (SAXD) located stannic acid gel in elongated microvoids which also ran
parallel to the fibre axis. 67 Weighting of silk using polymer grafting with methacrylic
acid (MAA) has been reported as replacing tin weighting more recently. 68,69
Silk yarns have been finished using dilute organic acids. Silk finishing with tartaric
and citric acids produces a rustling effect known as “scroop”. Citric acid 70,71 and
epoxides 72,73,74 have been used to finish silk giving improved launder-ability due to
the formation of crosslinks. Flame resistant finishing has also been investigated. 75

Silk Composition and Structure
Three amino acids, glycine, alanine and serine, make up about 86% of fibroin. 76
The full amino acid composition of both Bombyx mori and Tussah silk fibroin and
sericin can be seen in Table 1.1, the differences between the silks have been
discussed by Schroeder and Kay 77 and Lucas et al. 78 The high numbers of small
amino acids in fibroin enable the protein chains to form ordered, crystalline regions.
Bombyx mori silk is reported as having 62-65% crystallinity, whereas wild silks
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have 50-63%. The larger amino acids are generally found in the amorphous areas
and are reduced in number in deteriorated silk. 79
Bombyx mori silk
Tussah silk (A. mylitta)
Fibroin
Sericin
Fibroin
Sericin
Amino acid
/ mol %
/ mol %
/ mol %
/ mol %
Glycine
44.5
14.7
26.6
14.5
Alanine
29.3
4.3
41.4
5.8
Valine
2.2
3.6
0.9
5.2
Leucine
0.5
1.4
0.3
2.5
Isoleucine
0.7
0.7
0.3
1.3
Serine*
12.1
37.3
11.1
12.3
Threonine*
0.9
8.7
0.4
11.1
Aspartic acid*
1.3
14.8
6.3
10.2
Glutamic acid*
1.0
3.4
0.9
6.9
Lysine*
0.3
2.4
0.2
16.5
Arginine*
0.5
3.6
3.9
1.7
Histidine*
0.2
1.2
1.0
2.1
Tyrosine*
5.2
2.6
4.7
6.8
Phenylalanine
0.6
0.3
0.3
2.0
Proline
0.3
0.7
0.4
0.8
Tryptophan
0.2
1.2
0.3
Methionine
0.1
Cysteine*
0.2
0.5
Table 1.1 – amino acid composition of polypeptides in fibroin and
sericin for Bombyx mori and Tussah silks 80 (* = polar amino acid)
Cysteine and methionine were initially thought to be absent from fibroin due to their
small amount. Cysteine was known to be in sericin, which meant it was regarded
as contamination of the results due to insufficient degumming. 81 The presence of
cysteine within fibroin was reported by Schroeder and Kay77 and confirmed by
Zuber et al. 82 Four cysteine residues per molecule were identified by Lucas 83 and
their location and the sequence was determined to be within the amorphous region
by Earland and Robins, 84 but the exact nature of the cysteine residues and
formation of cystine links was unclear. 85
The composition of sericin is noticeably different to fibroin with less glycine and
alanine. There are also a greater number of polar groups (marked by * in Table
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1.1) giving sericin its greater water solubility and absorption. Analysis of sericin
has identified a number of different molecular weight proteins, 86,87 and their
carbohydrate content. 88
Chymotrypsin has been used to digest aqueous solutions of fibroin leading to two
fractions. 89 One was an insoluble precipitate, Cp, with a molecular weight of
approximately 4000. This was highly crystalline and accounted for approximately
60% of the fibroin. The remaining fraction, Cs, was soluble and formed the
amorphous parts of the fibroin, with the large side chain amino acids. The
chemically resistant fraction has also been prepared by a variety of treatments by
Shaw and Smith. 90
Lucas described how twelve crystalline sections alternate with twelve amorphous
regions. Within the Cp fraction a hexapeptide sequence Ser-Gly-Ala-Gly-Ala-Gly
(see Figure 1.2) was identified and suggested to form the majority of the crystalline
regions within Bombyx mori silk fibroin. The hexapeptide has been synthesised 91
and characterised further. 92 A 59-residue sequence was also determined:
---Tyr.Gly.Ala.Gly.Ala.Gly.[Ser.Gly.(Ala.Gly) n ] 8 .Ser.Gly.Ala.Ala.Gly.Tyr.--where n is usually 2 and always has a mean value of 2. Genetic studies on
Bombyx mori silk fibroin have elucidated the complete amino acid sequence and
studies have begun to look at the structure based on the composition. 93,94,95,96
This includes indentifying alternating crystalline and amorphous units 97 and the
turns related to the location of proline amino acids. 98
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Figure 1.2 – hexapeptide repeating unit in silk (polar arrangement)
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Shaw described the highly crystalline fraction Cp as phase I. Phase II was
identified as the sequences of glycine, alanine, valine and tyrosine residues that
occur with phase I in fractions Tp and Tnd (fibroin dissolved in water or lithium
thiocyanate respectively, digested with trypsin). Phase II fractions were not as
ordered as those in phase I but not completely disordered. The truly amorphous
sequences that remained were labelled phase III and included the polar and large
side chain amino acids. 99 The most sensitive regions to alkaline hydrolysis were
reported by Shaw as the alternating glycyl residues in phases I and II. 100
Molecular weights ranging from 33,000 to 400,000 Daltons have been reported due
to degradation of fibroin when preparing pure, degummed samples.24,101,102
Analysis of gland silk solubilised in urea or guanidine-HCl solutions has led to a
narrower range of 350,000 to 370,000 Daltons.,103,104,105 The links between chains
has also been debated. Initially it was suggested that the chains may be joined by
an intramolecular disulfide bridge from cystine residues, or possibly ester bonds. 106
A number of authors found one large and one to three small components linked by
disulfide bonds.86,105,107,108
It is now accepted that Bombyx mori fibroin is formed of a heavy component (Hchain) of 350,000 Daltons and light component (L-chain) of 25,000 Daltons linked
by a disulfide bond. The sequence of these chains, including the cystine bond
between them has been elucidated from the gene codes. 109,110,111 Studies on the
H-L subunit have identified that the H-chain contains mainly glycine, alanine and
serine, whereas the L-chain is reported to contain high amounts of leucine,
isoleucine and valine. 112 Six of the H-L subunits are reported to link to a further
protein, known as P25, via hydrophobic interactions, 113,114 in a 6:6:1 molar ratio
(see Figure 1.3). 115 It has been suggested that this 2.3 MDa complex is only
stable in the gland and not after extrusion. 116 For wild silks the H-chain is modified
and the L-chain and P25 unit are not found. 117
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P25

H-fibroin

L-fibroin

Figure 1.3 – combination of H-L subunits and P25 (redrawn from Inoue et al.)

The intramolecular bonding between the chains of the protein influences the
conformation or secondary structure of a protein. 118 The polypeptide chains
forming the backbone of silk were interpreted as running parallel to the fibre axis in
early X-ray investigations.,119,120,121 Within silk a pleated sheet structure is formed
that then stacks to form a three-dimensional crystalline structure. The β-sheet and
turn structure within the chains can be seen in Figure 1.4.

Heavy Chain
C-terminus
N-terminus

S Disulfide
bond
Β-sheet
(GAGAGS/GY~GY)

S
Turn
(GT~GT)

Light Chain
Figure 1.4 – 2D structure of H-L chain subunit (redrawn from Ha et al.)
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Studies by Marsh et al., 122,123 and Warwicker 124 elucidated the unit cell dimensions
for Bombyx mori as: a (interchain) = 0.94 nm; b (fibre axis) = 0.697 nm; c
(intersheet) = 0.92 nm. They suggest four polypeptide chains or eight amino acid
residues fold back to run in opposite directions in an antiparallel arrangement, with
the glycine side chains of one sheet opposite those of the next sheet. This was
questioned by Crick and Kendrew 125 and more recent X-ray studies 126,127 revealed
an antiparallel (antipolar-) arrangement (see Figure 1.5) rather than the antiparallel
(polar-) formation described by Marsh et al. This has also been observed by
NMR 128,129 and Raman spectroscopy. 130 This indicates the methyl groups on the
alanine residues alternate from side to side of the sheet instead of running along
one face in the (polar-) model (see Figure 1.2).
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Polar-Antiparallel (PA)

Polar-Parallel (PP)

Antipolar-Antiparallel (AA)

Antipolar-Parallel (AP)

Figure 1.5 – models for sheet structure

Warwicker undertook a number of X-ray studies 131,132 on a number of different
types of silk proteins and found that although the fibre axis and interchain spacings
(b and a coordinates) were the same, the intersheet spacings (c coordinates)
19

varied depending on the size of the projecting side-chains. Therefore it is probable
that the conformation and the amino acid composition are different in each species.
The structure of wild silks have also been studied by Marsh et al.
characterized by Sen and Babu.

133

and
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Twelve of the chains are thought to associate to form β-sheets, five of which
associate to form microfibrils (approximately 10nm in diameter). Fibrils are formed
from bundles of the microfibrils (about 1 µm), which combine to associate into
fibroin filaments (7 – 12 µm). A skin-core structure has been suggested with
denser material around the outside. 135 A similar structure has also been observed
during studies on the microvoids observed between the fibrils. The nanofibrillar
structures (around 70-150 nm in diameter) have been imaged using atomic force
microscopy (AFM)57,136 and scanning electron microscopy (SEM) 137 in unaged,
undyed silk. AFM analysis after light ageing observed the fibrils break down into
smaller segments, suggesting degradation occurs. 138,139 Nanofibrils have been
reported to show helical features, which may relate to the twist reported by Lotz et
al. in the crystal structure.

AFM has been used to image solutions of gland silk, identifying small rods (60 nm
x 15 nm) which aggregated at higher concentrations to form threadlike
structures. 140 A similar structure had previously been suggested by Kratky based
on X-ray studies. 141 Aggregate formation within gland silk has also been
suggested by Li et al. 142

Physical Properties

Cross sections of brins are roughly triangular (Bombyx mori), wedge to rectangular
(Tussah) or crescent (Anaphe) in shape when imaged using a scanning electron
microscope (SEM). 143 Degummed silk fibres have few external markings along the
length. Whereas raw silk is described as having a striated appearance due to the
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filaments being held together by sericin. The coarser wild Tussah silks are ribbonlike and twisting.
The glass transition temperature (T g ) marks changes in a number of physical
properties including the specific volume, modulus and heat capacity. Changes in
the T g can be caused by the presence of crosslinks or changes to the chain
length. 144 For new Bombyx mori silk the T g is 175 °C 145 and 162 °C for Tussah
silk. 146 A number of wild silks (kususan, erisan and tensan) have also been
analysed and show higher T g values (198, 191, and 201 °C respectively). 147
Thermogravimetry, differential thermal analysis (TG-DTA) of cocoons observe a
yellowing around the reported T g values. 148
Unlike most natural fibres silk is strong with a high breaking extension, being more
similar to synthetic fibres with a high work to rupture. Silk has a low yield strain
which gives it a low yield point compared with nylon. The mechanical properties,
particularly tenacity, breaking extension and modulus, have been shown to relate
to fibre fineness. 149 Sen and Babu reported as the silk fibre becomes thinner, the
more ordered and the greater the degree of crystallinity it is. 150 The elastic
modulus increases with decreasing thickness of the silk thread, which is observed
in a number of silkworm species. The changing thickness of the silk fibre has been
shown to relate to the position within the cocoon and to enable the cocoon to
effectively protect the pupae. 151 Cheung et al. demonstrated that Bombyx mori
fibres can take a higher loading but less extension than Tussah fibres. 152 Similar
results are reported by Das who correlates this to the poor orientation and
crystalline order in Tussah silk fibres, 153 this is suggested to relate to the higher
percent of bulky groups present. 154
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Figure 1.6 – stress-strain plot of common materials (plotted from data in
Appendix II of Meredith)

The initial deformation, under tension is reported within the amorphous regions. 155
The relationship between the structure and physical properties have been analysed
by Sirichaisit et al. 156 More recently the extension of silk has been shown to
include elastic deformation of the β-sheet crystals. 157 The ability of the silk fibre to
recover in the elastic region is related to the moisture content. At low strains the
recovery of silk decreases with increasing humidity, however moving from 60% to
90% RH the recovery increases with increasing strain. 158 At high temperatures, or
after chemical treatment, supercontraction of Bombyx silk has been reported.
Above the elastic region (seen as a sharp change for both Chinese and Tussah silk
in Figure 1.6) interchain bonds break and the chains extend past each other, if
tension continues to be applied. This can lead to permanent deformation if the
bonds reform in the new extended positions. 159
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Chemical Properties

The amorphous regions, due to their less ordered nature, are more accessible to
deterioration agents such as oxygen, humidity and salts, and Crighton has
suggested that silk deterioration starts here. 160 Warwicker studied the sorption of
water by silk and reported no changes between the X-ray diagrams of wet and dry
fibroin indicating water does not penetrate the crystalline region. 161
Silk degradation caused by boiling water or steam, is thought to lead to hydrolysis.
Hydrolysis of the peptide links leads to scission of the main polypeptide chain in
silk, with a corresponding decrease in molecular weight. 162 The rate of hydrolysis
can be altered by changing pH and temperature. The main chain is thought to be
hydrolysed by strong acids, with end groups attacked by alkalis. The less acidic
and alkaline region between pH 4 and 8 is reported to cause less degradation.
The side chains of amino acids and the terminal residues of the main chain can be
oxidised, as can the peptide bonds of the main chain. Two amino acids that are
particularly vulnerable to oxidation are tyrosine and threonine. 163 Oxidation caused
by hydrogen peroxide or peracetic acid has been followed by changes in viscosity,
Methylene Blue absorption, and the reduced tyrosine content of silk. Reactions of
silk fibroin with a number of oxidizing agents have been studied by Earland and
Stell 164 and crosslinks are suggested to form. 165,166
Water is reported to bond with the fibroin within the amorphous region forming
crosslinks, opening up the structure and reducing the force required to rupture the
fibre, giving an increase in extensibility. 167 Crosslinks are also reported to form as
a result of ageing in silk, along with loss of amorphous regions leading to a gradual
increase in crystallinity. 168 Increasing lengths of dry heat treatment leads to a
decreasing level of solubility which is reported to relate to the increased formation
of crosslinks. 169 Formaldehyde is known to lead to crosslinks in proteins, with a
reaction between the terminal amino group and the carboxyl double bond in
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formaldehyde. Methylene crosslinks are then formed between the chains in the
amorphous regions. 170 Bifunctional dyes have been reported to form crosslinks in
silk and similarly affect mechanical and solubility properties. 171
Research on silk to improve crease-resistance 172 and washability have introduced
crosslinks and studied their effects. The treatment of silk with synthetic resins
reacted with tyrosine residues to reduce swelling caused by moisture. 173 The use
of electrical discharge to form crosslinks and improve the mechanical properties
has also been tested. 174 Work using sodium citrate found improvements to the
abrasion resistance and tear strength of the treated silk. This is attributed to
reaction of the carboxyl groups in sodium citrate with the side chains in silk to form
crosslinks. Reaction mechanisms for sodium citrate with the terminal amino group
of arginine and lysine side chains are included and suggest a dehydration reaction
occurs.
Work using epoxides to improve the wet resiliency of silk, and therefore its creaseresistance has identified serine, tyrosine, lysine and histidine as the active groups
forming covalent bonds with the epoxides. The epoxy groups are reported to react
with the hydroxyl groups of serine, the phenol hydroxyl group of tyrosine, amino
group of lysine and imino group of histidine. 175 Cai et al. report changes in
resiliency, moisture regain, whiteness and tensile strength following epoxide
treatment and attribute this to a crosslinking reaction between the epoxide and silk
in the accessible amorphous regions.

Environmental Effects on Silk

Of all the natural fibres silk is generally regarded as the most vulnerable to
damage.9,11,32, 176,177,178 Becker and Tuross report that many environmental factors
affect the deterioration of silk but that “light is considered the worst offender” and
Hirabayashi et al. describe both UV radiation and sunlight as accelerating silk
deterioration. 179 It is thought that UV radiation is most damaging13,22 causing rapid
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decreases in strength during artificial ageing tests on silk fibroin. 180 The changes
to mechanical strength on light ageing, with and without UV radiation, have been
analysed by Korenberg, 181 with greater changes observed when UV radiation was
included. Structural transformations have been observed upon light irradiation. 182
The amorphous content increases upon sunlight ageing, reportedly due to UV light
breaking bonds between polypeptide chains 183 and ageing outside demonstrated
the rapid deterioration of silk in comparison to other textiles.,176 Treatment of silk
with stabilizers to prevent light and heat deterioration have been researched,
however stabilizers which protected against light were detrimental to heat
stability. 184 Previous research on silk deterioration indicated it may be caused by
manufacturing processes and aggravated by light and oxidation. 185 Miller’s work
subjected new silk to a range of chemical treatments, common to silk processing
methods, as well as heat and light, however humidity treatments are not reported.
The decomposition of tryptophan,186 accelerated by the presence of tyrosine 187
leads to the yellowing of silk on light exposure. Amino acid analysis of a naturally
aged silk dress collection found reduced levels of serine and tyrosine. Artificially
aged silks demonstrated an increase in solubility with increased light ageing and
increasing energy of the radiation used. 188 The formation of double bonds
between amino acids with aromatic rings and the peptide backbone leading to
photoyellowing has been proposed. 189 The extent of yellowing has been studied
under both different light and moisture levels and different mechanisms are
proposed. 190
Experiments have shown oxygen is essential in degradation, 191 although silk
photo-deterioration has been recorded in the absence of oxygen at slower rates. 192
The deterioration of silk under urban atmospheres has also been reported and
hydrogen peroxide is suggested to form from anthroquinone vat dyes, known as
photosensitisers, accelerating silk deterioration,7,193 moisture can also increase this
process. High moisture content in the fibre is also reported to accelerate
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photodeterioration. Other factors suggested to affect silk degradation during light
exposure include pH, 194 with a maximum stability at about pH 10. 195
The sensitivity of silk to light has been reported to be increased by the presence of
metallic weighting, although damage is still reported during ageing in the dark. 196
Experiments by Roberts and Mack 197 demonstrated that metallic weighting caused
a large loss of strength which was increased by greater amounts of weighting in
the silk. It is thought the metal salts in weighted silk have a catalytic effect on the
deterioration. Samples known to be weighted are also reported to be more soluble
in 7M urea than non-weighted samples.
Ballard et al. 198 analysed fourteen specimens from historic silk flags using
scanning electron microscopy. The silk is described as being shredded, split and
in unexhibitable condition by the authors. Ballard notes that such degradation has
been ascribed to tin weighting, however the analysis demonstrated only one
specimen had been weighted. The major element in all scans was sulfur and
Ballard lists various reasons for its prominence including its presence in the fibroin,
residues from bleaching, dyeing, mordanting, weighting or pollution. Further work
by Ballard noted that fibroin or colorants could not account for the high sulfur
content. 199 That shattering of silk may not be due to weighting but a result of other
factors such as previous treatment, processing and finishing has also been
reported by Yamazaki. 200
High RH levels are generally avoided during display to prevent biological attack of
textiles. However, silk is reported to be resistant to biological deterioration,11,201
with tests demonstrating silk fibroin is resistant to fungi although can be degraded
by bacteria. 202 Enzymes have been used to digest silk fibroin in solution in order to
study the crystalline regions of silk fibroin, but the effect of enzymes on silk fibre
deterioration have only recently been studied due to the increased use of silk as a
biomaterial. 203
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Lower RH levels are recommended by a number of references but without citing
any research or literature.10,204 Within the literature there are very few studies that
have determined the effects of humidity on silk degradation. A review by Hansen
and Sobel cites a number of studies on the effects of humidity on silk. However a
large proportion of the references relate to raw silk which is known to be more
hygroscopic and therefore may not be applicable to degummed silk. A number of
figures are reproduced from work by Hirabayashi who reported raw silk was
strongest at 20% RH and decreased in strength with increasing RH. 205 Increased
duration of exposure to high humidity also leads to increased degradation. 206
Hansen and Ginell recorded loss of tensile properties and increased colour change
for degummed silk above 50% RH. The review suggests silk should be stored
below 50% RH, however the research on degummed silk only analysed the effect
of 0%, 50% and higher values of RH with no intermediate values.
Research on the mechanical effects of humidity demonstrated little measureable
damage to silk even with extreme fluctuations in the range of 30 to 60% RH. 207
The greatest changes were recorded in samples maintained at 85% RH for six
months whereas the strongest sample was that held at 33% RH. Humidification
treatments have been found to cause changes in breaking load and elongation of
silk particularly for old fabrics. 208 These references all indicate the effect of
humidity may be more important than previously considered. Pascoe has
suggested that there is scope for detailed investigations to establish the various
effects of light, dark, humidity and pH. 209
Further it has been suggested that for silk deterioration, light may not be the only
important parameter. Samples taken from the reverse of historic tapestries were
described as “bright and unfaded” in colour due to the lack of light exposure.
However, compared with the aged modern model materials the average molecular
weight of the silk was still much lower. This indicates a mechanism separate to
that causing fading of the dyes and implies humidity may be involved.
Fractography of naturally aged historic silk fibres reports that a more complex
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mechanism occurs than in laboratory heat or light exposure of modern silk. 210 This
indicates that there are likely to be synergistic effects between different
environmental ageing parameters.
When silk deteriorates it becomes extremely embrittled and friable (to the point of
powdering) as well as discoloured. This makes silk deterioration particularly
difficult to repair. Traditional stitching conservation methods are generally
unsuccessful as the silk breaks on contact with the needle. 211 Alternatives include
adhesives however often the whole object or silk region requires backing.
Adhesive treatments often dramatically alter the drape and appearance of the silk
as a result the author describes it as “not a long-term solution”. 212 The difficulties
in finding suitable interventive conservation treatments for silk deterioration mean a
preventive conservation approach may offer greater longevity for silk objects.
However in order to successfully slow the rate of silk deterioration a better
understanding of the causes of deterioration is required.
France states that “the end of the useful life of a textile is usually related to the loss
of mechanical properties associated with its function”. 213 Comparison of the
amino acid content of aged silk suggests that the ratio of neutral to acidic amino
acids relates to the point at which degummed silk has suffered extensive light
damage and is at risk from handling, with 3.38 or greater being the critical value. 214
These may provide measures of a textiles display lifetime and a method of
comparing deterioration mechanisms. Although light has been shown to cause
fading of dyes, its role in the embrittlement and deterioration of the substrate textile
has not been determined. This research will focus on understanding the effect
environmental factors common to open display, particularly humidity, have on the
deterioration of degummed, undyed silk.
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Chapter 2 –The English Heritage Silk Collection
For the research to be relevant to the collection of silk within
English Heritage properties a number of questions had to be
answered. Which properties contained silk artefacts and how
many objects were there? What type of objects were they and
what types of silk were used to make them? What was the
condition of objects on display? What are the environmental
display conditions currently and are improvements possible? In
order to answer these questions object and environmental
monitoring records were consulted as well as undertaking house
surveys. This has identified the properties and environmental
conditions which will be studied during the research.
English Heritage provides advice to the Government on the historic environment. 1
The work of English Heritage includes conserving and enhancing the historic
environment, broadening public access to heritage and increasing people’s
understanding of the past. 2 As part of this remit English Heritage opens around
400 properties to the public. These vary from ruins to stately homes and include
abbeys, castles, as well as underground tunnels. Of these properties over 130
contain collections. These include historic houses, archaeological museums and a
large number of site displays.
The conservation of the collection is undertaken by the Collections Conservation
team. The work of the Collections Conservation team includes training for site
staff, defining realistic standards and management systems, supporting property
presentation projects and research into preventive conservation. 3 Although there
are similarities with museums, the open display of collections at English Heritage
properties creates different challenges. As houses are presented ‘as found’ or ‘as
believed to have been’, objects are not grouped by material or material specific
environmental parameters. It is also rare within historic houses to use display
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cases, unless the collection was historically displayed in this way, increasing the
risk to the objects. For this reason a large proportion of the Collections
Conservation team’s research is characterising the risks and developing
appropriate methods to reduce them. This often involves researching the
collection in situ and looking at specific materials in more detail.
One of the methods used to characterise the risks in English Heritage properties
has been the decennial National Collections Condition Audit. 4,5,6 The National
Audit has identified areas within the English Heritage collection that require further
research, one of these areas recently highlighted is textiles. One of the aims of
this research is to provide greater understanding of the deterioration of silk and
identify methods of mitigating the risks to silk within historic houses using improved
preventive conservation measures. As mentioned in the previous chapter silk has
been chosen as it is regarded as the most vulnerable material within textile
collections.
To get an initial overview of the magnitude, complexity and locations of the English
Heritage silk collection a search of the Historic Object Management System
(HOMS) was undertaken. HOMS is the database containing information and
object records for the collection within English Heritage. An initial search of the
database using silk in the material field identified around 1000 records. This gave
a starting point for looking at the English Heritage collection to determine the
condition and variety of silk materials held. However this search is limited as it
relies on silk being included in the material field for an object. For objects
composed of a number of materials it is not uncommon for only the major material
to be included, for example a chair made of wood, which has a silk upholstered
pad, may only contain wood in the material field. This method also relies on all the
objects being recorded on the database. When the search was undertaken
records for a number of properties were still being entered into the system;
therefore this was not necessarily the case. To overcome these limitations a
number of site visits were undertaken.
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From the records identified on HOMS as objects containing silk, it could be seen
that the majority of the collection was in a small number of properties; Audley End
House, Brodsworth Hall and Osborne House. Apsley House and Eltham Palace
also contained a large number of silk objects. At Eltham Palace the silks are all
reproductions dating from circa 1999 when the house was redisplayed. As the
main focus of the research is historic silks, Eltham Palace was not selected for
further study. The Wernher Collection at Ranger’s House contained a small
number of objects with silk but all provided important comparisons with the other
houses, for example a number of tapestries on are on display at Ranger’s House.
In all, five properties were chosen for site visits, to study the collection further and
identify objects containing silk. The aim was to include materials and objects that
were representative of the collection, covering the range and depth whilst still being
a manageable size. The selected properties were Apsley House, Audley End
House, Brodsworth Hall, Osborne House and Ranger’s House.

English Heritage Properties
Apsley House is situated at Hyde Park Corner in central London. The house was
the home of the first Duke of Wellington and was given to the nation in 1947 by the
seventh Duke of Wellington. Apsley House displays a number of paintings, some
of which were originally in the Spanish Royal Collection. There is also a large
silver collection including the Portuguese Service, a gift to the first Duke after his
defeat of Napoleon. In addition, the collection has a series of silk Napoleonic
standards which are embroidered with the Department in silver metal threads (see
Figure 2.1).
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Figure 2.1 – silk Napoleonic

Figure 2.2 – decorative back of

standard of the Garde Nationale

address pouch from Osborne House

[WM.1654V-1948] from Apsley

(The Royal Collection copyright 2009

House

Her Majesty Queen Elizabeth II)

Audley End House in Essex has had numerous owners, including the Suffolk
family. However, most of the current interiors date from the third Baron
Braybrooke (1783-1858). The collection at Audley End House includes paintings,
decorative arts, furniture and natural history. A number of tapestries have recently
been redisplayed after 30 years in storage. These were conserved at the Textile
Conservation Centre, along with a number of other objects from Audley End
House. This has given access to detailed information on the condition and
conservation of these objects. Other objects containing silk include curtains and
upholstery as well as painted banners, fire screens and state beds.
Brodsworth Hall near Doncaster was built in 1860 for Charles Thellusson and
occupied for 150 years by members of his family. When the last resident, Sylvia
Grant-Dalton died in 1988 the house was taken over by English Heritage who
preserved it as found. This included the peeling wallpaper in one of the bedrooms,
the cluttered storage rooms and silverfish damage in the Morning Room. As well
as silk upholstery and soft furnishings there are a number of rooms which are silk
lined. These silks have suffered extensive light damage and are now extremely
fragile. The silk collection at Brodsworth House also includes a number of items of
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costume. Some of the collection from Brodsworth Hall is stored off site at Fulford,
an English Heritage store.
Osborne House on the Isle of Wight was Queen Victoria’s country residence.
Rebuilt in the Italianate style, the house is opulently decorated. The collection
includes sculpture, paintings as well as decorative arts and furniture, mostly
belonging to the Royal Collection. There are numerous objects containing silk
including many silk address pouches (see Figure 2.2) from the Durbar Room,
costume, upholstery and reproduction silk wall linings. The Swiss Cottage has a
number of boxes from the Indian and Colonial Exhibition of 1886 containing silk
and cocoons. There are also a number of raw and dyed silk skeins on display in
the Swiss Cottage Museum. These may provide a naturally aged, but less
processed silk sample.
Ranger’s House was built in 1723 and became the official residence of the Ranger
of Greenwich Park in 1815. It currently houses the Wernher Collection. Diamond
magnate, Sir Julius Wernher (1850-1912) collected a large number of medieval
and Renaissance works of art which were displayed first at his London home, Bath
House and later in his country home, Luton Hoo. Nearly 700 works of art are on
display, including large numbers of ivories, bronzes, ceramics, enamels and
paintings. There are four large tapestries and some smaller tapestries displayed in
the gallery along with some fragments upstairs. There are also a number of silk
velvet objects, including upholstery and a 14th century reliquary bag.

Environmental Conditions
Environmental data from each of the five properties has been collated and
interpreted to further understand the display conditions. For each property the
environmental conditions in the rooms containing the majority of the textile
collections are presented in Appendix 1. This has helped assess the key factors
that are likely to affect silk ageing and deterioration. The information can then be
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used to determine which environmental conditions should be studied in more
detail, through accelerated ageing experiments on silk, in order to identify the
critical factors in silk deterioration.

Temperature and Humidity
All of the five properties selected have radio telemetry environmental monitoring
systems. The majority of sensors record temperature and relative humidity (RH)
conditions, although most properties also have some light sensors with a few
combined light and UV sensors. When necessary this data can be supplemented
by using stand alone data loggers. In all properties comparison is made with an
external sensor. For historic houses this is particularly useful as the external
conditions have a significant effect on the internal environment when control
systems such as air conditioning are not used, commonly seen when monitoring as
a reduced and delayed fluctuation inside after an external change. For example in
Figure 2.3 the same trends can be seen during January 2008 between the external
and internal conditions, although the temperature is higher and therefore the RH
lower inside. The internal conditions are also flattened and respond more slowly to
the external changes due to the buffering of the building and its contents. Of the
properties studied only the Gallery at Apsley House has any form of air
conditioning.
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Figure 2.3 – comparison of external and internal conditions at Brodsworth
Hall (external RH: dark blue; temp: dark red, internal RH: light blue; temp: red)
The different environmental conditions may affect the method by which the silk
deteriorates as well as the rate. Therefore a good understanding of the display
environment in each property along with how this might affect silk deterioration is
required. This information will allow for improved preventive conservation
measures by targeting the environmental conditions which may be detrimental but
possible to improve.
Environmental data from each property from January 2005 to December 2008 was
analysed using Climate Notebook® software, to determine broad trends. Climate
Notebook® can import data from a wide number of environmental monitoring
packages. This allows data collected using different software to be easily
compared as well as providing a number of additional metrics for deterioration
based on the environmental conditions. For each room limits can be set for the
environmental parameters as well as selecting the materials in the room. The
software allows a number of overviews of the data as well as comparisons
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between rooms or groups of rooms. The effect of the environment on the materials
specified can also be considered.
The software has been used to condense the data collected over four years from
the large number of rooms in each property. This has then helped determine the
average value, marked with a yellow spot in both Figures 2.4 and 2.5. As well as
the regions within which the environment usually fluctuates (the large blocks
contain 95% of the data) and the extreme values (the lines mark the minimum and
maximum values). Figure 2.4 shows the temperature data and Figure 2.5 the RH
data for each property.
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The Climate Notebook® software uses in-built calculations to give metrics for the
risk of chemical (Time Weighted Preservation Index abbreviated to TWPI),
biological (Mould risk factor abbreviated to MRF) and physical (% maximum
dimensional change abbreviated to % DC max) damage. These can be used to
compare rooms and prioritise improvements or select the most suitable rooms to
display certain collections in. Table 2.1 gives the averaged results for each metric
for the selected properties. For example Osborne House is cold and damp in
comparison with Apsley House, the lower temperatures give a higher TWPI than
Apsley House, but the large RH variation gives a high %DC max. In Apsley House
the higher temperatures mean a lower TWPI value but also give a higher MRF.
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When used in combination with the materials section the metrics can help
determine possible improvements for example, if there are no organic materials in
a room a higher MRF is less of a concern. However, if objects at risk from
dimensional change are present e.g. veneers, then the %DC should be lower.
TWPI
MRF
%DC max
property
(higher better)
(lower better)
(lower better)
Apsley House
45.4
2.0
1.1
Audley End House
45.5
0.0
1.1
Brodsworth Hall
50.7
0.3
1.1
Osborne House
49.8
1.2
2.0
Ranger’s House
50.3
0.2
0.9
Table 2.1 – summary of damage factors in the selected English Heritage
properties
The conditions in Apsley House tend to be warmer and therefore drier throughout
the year. This means overall a higher average temperature than the other
properties and a lower average RH. The winter months are generally drier in most
properties due to heating air with lower moisture content, a result of external
conditions. However in Apsley House the winter average can be around 30%. The
Gallery in Apsley House has silk lined walls as well as silk upholstered furniture,
this room is also air conditioned. This raises the average RH in this room to over
40% during the dry winter months however it also introduces greater variation in
the RH (18% compared with 14 - 15% variation in the other rooms on the first
floor). This demonstrates the compromises required to control the environment;
the average RH can be increased but so is the variation.
Temperatures are generally lower in the other properties, with larger variation. The
average RH levels are correspondingly higher, although the RH variation is similar.
Audley End House on average is slightly warmer and damper in comparison to
Brodsworth Hall, although the reason for this is unclear. In most properties
temperature is used to control the RH level – humidistat control. From the data for
each property an average room temperature value of 20 °C has been selected for
use in the later kinetics studies (see chapter six).
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At Ranger’s House the majority of the objects are exhibited within display cases.
These offer very stable RH levels maintained by silica gel, while the temperature is
allowed to vary. In comparison the rooms have a large seasonal variation in
temperature, with very low temperatures in winter and very high temperatures in
summer. Inside the rooms there are also large RH variations as the humidity is
uncontrolled. This provides a sharp contrast with the controlled RH in the cases
(see Figure 2.6) although as most objects are within the cases or relatively
insensitive to environmental changes this is not problematic.
100
90

relative humidity / %

80
70
60
50
40
30
20
10
0
01-Jan-06

20-Feb-06

11-Apr-06

31-May-06

20-Jul-06

08-Sep-06

28-Oct-06

17-Dec-06

Figure 2.6 – comparison of the RH between the display cases (blue) and
room at Ranger’s House (light blue) (temperature has been excluded for
clarity)
A sensor was placed behind a tapestry, on an outside wall, at Audley End House to
study whether there was a difference compared to the room environment.
Although there have been signal problems the initial studies demonstrate that the
humidity is between 5 and 10% RH higher behind the tapestry (see Figure 2.7).
However the temperature is similar in both locations, with slightly smaller
fluctuations behind the tapestry. A comparison of the absolute humidity shows it is
slightly higher (<0.5 gm-3) behind the tapestry but does not decrease as much as
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the room (between 1 and 2 gm-3 damper than the room). This may arise from the
tapestry acting as a buffer and releasing moisture during drier spells, maintaining a
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Figure 2.7 – monitoring in the tapestry room at Audley End House
(room: temperature pink; RH light blue; behind tapestry: temperature red; RH blue)

To study this further, additional sensors have been placed behind three tapestries
on display at Ranger’s House (see Figure 2.8). These tapestries are lined but
freely hang against the wall whereas those at Audley End House are fixed to lined
walls. Figure 2.9 shows the difference in RH levels which vary behind the three
tapestries by up to 10% RH. A difference is particularly evident between the
empress tapestry and the other two, which hang on the opposite wall. There is
also a corresponding temperature difference with the sensor behind the empress
tapestry, around 0.5 °C in the summer increasing to 1 °C in the autumn and around
2 °C in the winter. A comparison of the absolute humidity between the sensors
shows a similar trend to the RH, with the empress tapestry 0.5 gm-3 higher than the
hunting tapestry which is 0.5 gm-3 higher than the emperor. There are a number of
possible reasons for these differences, including that one or more of the sensors
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require calibration. However the sensors were all recalibrated at the same time, so
it is also possible that this difference is real.

Figure 2.8 – location of tapestries in the gallery at Ranger’s House
(copyright English Heritage)
All the tapestries are hung on external walls. However the empress hangs on a
north-facing wall which gets little sunlight, compared to the opposite south-facing
walls on which the emperor and hunting tapestries hang. It is noticeable that the
hunting tapestry hangs on the most south facing wall and also has the highest
temperatures. Whether the difference arises from warming due to additional direct
sunlight would require further external surface monitoring to verify this is the cause.
It is possible that moisture from the wall may lead to the observed differences,
especially behind the empress tapestry, however additional investigation would be
required to understand this further.
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Figure 2.9 – comparison of RH levels behind three tapestries at Ranger’s
House (hunting tapestry: red, emperor tapestry: blue, empress tapestry: yellow)
Figure 2.10 shows the difference between the sensor behind the emperor tapestry
and a sensor placed on the table in front. The sensor behind the tapestry is 1 °C
colder than that on the table. There is also an average difference of around 3%
RH between the sensor on the table and behind the tapestry. The most noticeable
difference however are the increased fluctuations recorded behind the tapestry.
The sensor on the table fluctuates less and also shows smaller changes in RH.
For example on 23rd November 2008 a significant drop in RH can be observed. In
the room the RH decreases from 40 to 30%, which can be damaging for some
materials such as veneers. However behind the tapestry the RH drops from 40 to
20%. It may be that the small difference in RH has little effect, but that the more
dramatic changes and more frequent fluctuations are the reason unfaded silk,
sampled from the reverse of tapestries during MODHT, was in poor condition. The
absolute humidity is approximately the same for these two sensors, although the
smaller fluctuations are again observed for the table sensor. Further
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environmental monitoring would be required to confirm the differences observed as
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Figure 2.10 – comparison between the front and back of the Emperor
tapestry (front: temperature dark red; RH dark blue; behind: temperature red; RH blue)
The conditions that characterise the display environments are: low RH (~30%)
mainly seen during the winter dry spells, low average RH (~40%), for example at
Apsley House, mid average RH (~50%), high average RH (~60%), for example at
Audley End House, and high RH (~75%) recorded during the summer high spells.
These environmental conditions should all be considered during accelerated
ageing tests. For silk the moisture sorption profile is reported to show little change
between 30 and 50% RH, 7 with the regain of silk changing little between 30 and
60% RH. 8 Carlene reported little change in the breaking strength of silk between
33 and 55% RH. 9 These references indicate little change to silk would be
expected in this region, but more significant variation outside this region, so
studying changes at a wide range of RH levels could help determine if this is true.
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It would also be interesting to study the effect of seasonal variation by cycling
between a low RH, mid RH, high RH and mid RH again. Cycling of RH is likely to
cause physical as well as chemical damage to the silk fibres. As mentioned above
it is possible that the more extreme and rapid fluctuations in RH also cause
physical damage to the silk and would be interesting to study. However this type of
environment is difficult to simulate in accelerated ageing tests and it is unlikely
these variations could be prevented or reduced within historic house environments.

Light
Although there are fewer light than temperature and RH sensors, almost all display
rooms have been assessed to make light plans. Light levels in historic properties
can be controlled in a number of ways but the most common is the use of double
blinds. This uses a black out blind with a cream blind in front. By adjusting the
blind positions light levels can be reduced and direct sunlight prevented. Blind
plans are formulated by making spot readings of the light levels in different
positions and at different times of day and adjusting the blinds to reduce the
incoming light. Light plans usually specify a maximum light level, measured in lux
for a specific object so the light level can be checked and the blinds altered
accordingly, often the blind position is also recommended. Maximum light levels
are often adjusted to take into account the opening hours of the property, as light
doses can be calculated based on annual budgets.
A current English Heritage research project looking at light data from continuous
monitoring, has identified that annual light levels are often below the annual light
budget. Of the sensors monitoring light 80% record annual exposure levels of 75%
or less of the budget. It may be possible light levels could be increased for visitors
up to the annual light budget, although this is an ongoing project. As the light
budgets set out the maximum annual light dose, it is useful to use these as the
basis for further study. Therefore light levels of 50 lux and 200 lux, the maximum
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levels used in the annual light budgets will be included in any further ageing
studies.

UV
Another method of controlling light levels is to reduce the light entering the room by
applying light absorbing films to the windows. These can reduce the transmitted
light by varying degrees, depending on the density of the film, although almost all
will also reduce the UV content of the light. In most properties a transparent film is
used to reduce the UV content of the light only. The current limit used for UV is 75
μW/lumen; 10 this is based on the typical UV content of tungsten bulbs. When new
the UV film, reduces the level to 10 μW/lumen, and due to improvements in
artificial lighting it is proposed the limit should now be 35 μW/lumen. 11 Therefore it
would be useful to look at the effect these low levels of UV have to see if this
hastens the silk deterioration, especially as UV is reported to cause rapid
damage. 12 It would also be interesting to look at a higher level of UV light
exposure to understand the benefits of having the UV absorbing film on the
windows for the objects on display.

Combined Effects
As no object on open display is ever subject to humidity or light exposure in
isolation it is useful to study a combination of the effect of light and humidity. The
initial studies on one factor only will allow the most detrimental to be determined
but combining the light and humidity environments should allow any synergistic
effects on the deterioration of silk to be studied.

Other Factors
Other factors that may have an impact are pollution and dust. Pollution monitoring
usually focuses on a small number of gaseous pollutants: nitrogen dioxide, sulfur
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dioxide and ozone. Hydrogen sulfide is usually only monitored at Apsley House
due to the large silver collection displayed there as it is known to cause silver
tarnish. Chlorides are occasionally monitored, normally at coastal sites. The
pollution monitoring has occurred quite recently and gives averaged values for the
monitoring period (usually monthly exposures). Pollution effects may be important
as we know historically Brodsworth would have been more polluted due to nearby
industry. Dust levels are also averaged over the monitoring period and provide
information on areas that are particularly at risk. Research has shown that dust
levels fall with increased distance from the visitor route and that height and the
type of dust found can also be important factors for both the aesthetic impact and
damage caused by the dust. 13
Most of the factors discussed so far will cause microstructural and direct chemical
damage. However there is also a risk of macrostructural physical and biological
damage during open display. As noted in the previous chapter the risk of biological
damage is generally reported as being low, however this is further reduced as far
as possible by modifying the environment and checking the objects for signs of
damage. Physical damage can be caused by numerous sources, some of which
can be reduced, some of which are inherent. The tension a fabric is placed under
when used in upholstery or hung for display e.g. tapestries and banners, can cause
damage over time. An example of this can be seen at Apsley House in the orders
display case, where the weight of the order on the ribbon, has led to tears in the
silk (see Figure 2.11). In some cases this can be prevented or reduced by altering
the display to improve mounts or provide greater support. Abrasion and other
physical damage can also be caused by touching the objects or brushing past
them (see Figure 2.12). This can be mitigated by changing visitor routes and
ensuring visitors are aware of the damage caused by touching. An example of this
is at Eltham Palace where replica samples of materials in the house have been
mounted for visitors to touch. A covered sample is also provided demonstrating
the damage that is caused over a short time period to the objects by touching and
helps discourage visitors from doing so.
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Figure 2.11 – damage to ribbon on

Figure 2.12 – abrasion to silk

Jewel of the Order of the Elephant,

fronted cabinet at Osborne House

Denmark [WM.1392-1948] at Apsley (The Royal Collection copyright 2009
Her Majesty Queen Elizabeth II)

House

In order to study the causes of silk deterioration a series of accelerated ageing
experiments on surrogate materials will be used to study the following
environmental effects found in the selected English Heritage properties:
RH:

none (0%), very low (~30%), low (~40%), mid (~50%), high
(~60%), very high (~75%) and saturated (100%)

light:

dark (0 lux), low light levels (50 lux) and high light levels (200
lux)

UV*:

none (0 μW/lumen), low (35 μW/lumen), mid (75 μW/lumen)
and high (150 μW/lumen)

combined

combination of each RH level with each light level, i.e. 0, 30,

effects:

40, 50, 60, 75 and 100% in the dark, at 50 lux and at 200 lux.

*In reality UV and light exposure occur together therefore UV conditions will
be combined with a light level of 200 lux for accelerated ageing. This level of
illumination has been selected as UV is measured as a proportion of the light
and in historic houses at 50 lux the level of UV is not usually measurable.
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Sampling English Heritage Silks
Although the object records include condition information this is based on visual
observation of the objects. Work on High Performance Size Exclusion
Chromatography (HPSEC) had demonstrated the greater sensitivity of this
technique to small changes in condition compared with more common methods
such as tensile testing, which require large samples. 14 Taking small samples,
although destructive, will provide details about the type of silk and its current
condition. This information will help improve the care and condition of the
collection as a whole.
The object records for each of the five sites were used as the basis for the visits,
with each object located and assessed. At most sites a tour of the site by the
curator or conservator highlighted any other objects that might contain silk as well
as those that might not be included in the records. Assessment of the objects was
based on the current condition and display environment, the type of silk (e.g. raw
silk, weighted silks, silk velvets), age, uniqueness of the object and possible
comparisons with other objects in the collections (e.g. tapestries). After each visit
a record was made with details of the object and whether it may be suitable for
sampling. (Suitability for sampling was determined by the information that may be
gained by sampling and the ease with which the object could be sampled i.e. if
there were protruding fibres.) These initial summaries were then discussed with
the relevant curators and a final list of objects to sample was created. Where
necessary permission from lenders was then obtained before sampling occurred.
One store (Fulford) was also visited and samples taken to include the items from
Brodsworth Hall which are stored off site.
A database of samples was created and this has been updated regularly to include
all the samples taken as well as any further information (see Appendix 2). The
database includes where the samples have come from (property, room, object
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including accession number and description), size, colour and analysis undertaken
(including summary of the results). Each sample has been given a unique
identifying code; these consist of my initials (nl), a three letter code for the property
(aps, aeh, bro, ful, osb, ran) and a sequential number (starting from 1 for each
property). In total 112 samples were taken across the six locations. This
represents approximately 10% of the silk collection within English Heritage.
The samples taken from the objects on display in the English Heritage properties
will be analysed to determine the types of silk materials within collection. HPSEC
results from the analysis of the historic micro-samples will be compared to those
from accelerated ageing studies. This will help identify the current condition of the
English Heritage silk collection. It may also be possible to use results from the
micro-samples to determine the cause of deterioration in some objects and this will
be investigated.
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Chapter 3 – Elemental Analysis of Silks
To study the deterioration of the silk in the English Heritage
collection, it is important to determine which silk materials
should be selected to use in the artificial ageing experiments.
As silk can be weighted with metallic salts it was valuable to
determine if these materials were present within the collection.
A review of elemental analysis in textile conservation is
presented along with the experimental analysis undertaken to
identify these materials. Difficulties in identifying weighting
agents rather than mordants are also discussed in this chapter.
Surveys of the selected properties identified the presence of silk velvets and
metal thread decoration. It was also thought the costume collection, although
small, may contain weighted silk as this is relatively common in costume
collections. 1,2 However there are no simple visual checks to determine the
presence of weighting materials. Therefore it is difficult to determine if the
majority of the collection is plain silk or if this also contained weighted material.
To identify any weighted materials in the English Heritage collection elemental
analysis was undertaken. Elemental analysis of textiles can support
conservation, for example identifying the processing techniques used during
manufacture, such as tin compounds from weighting agents or chromium as a
mordant. Understanding how objects have been produced can highlight
possible inherent deterioration problems enabling more informed decisions in
relation to treatments or preventive conservation of the collection. Elemental
analysis can aid interpretation of collections, for example to identify the
composition of metal threads found within textiles. This information can be
useful as it may relate to the date of production, with pure or high gold content
threads commonly reported from the 12th century or before. 3
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Elemental Analysis in Textile Conservation
Metallic mordants and weighting agents in silk, such as aluminium, chromium,
copper, iron and tin, have been identified using scanning electron microscopy
with energy dispersive X-ray spectrometry (SEM-EDS). 4,5,6,7 Elements can be
identified as X-rays are emitted at characteristic energies depending on the
energy of the electron removed. Comparison of the elements in silks from
marine environments and historic and modern silk materials has been
undertaken with SEM-EDS. 8 Using the technique high levels of sulfur have also
been found in silk flags described as shattered. Ballard et al. suggest that high
sulfur rather than weighting materials may cause the deterioration leading to
shattering of the silk. 9 EDS has the advantage of being non-destructive a and
results can often be obtained from very small samples. Newer systems can
detect smaller amounts of materials as well as lighter elements, overcoming
earlier reported restrictions. Details on SEM-EDS and its use in conservation
are discussed by Stuart. 10 Some constraints still apply, such as contamination
from soiling and the inability to differentiate between metals used as mordants
and those used as weighting agents.
SEM images can provide additional compositional information, for example
greater levels of weighting in one direction (weft) in weighted silks. This is
visible as brighter threads running in one direction in the image. The increased
brightness arises from the heavier element present in the weighted threads,
which more effectively backscatters the primary electrons of the beam. This is
not observed for mordants as they tend to be present at much lower
concentrations and are usually lower atomic weight elements. In metal threads
the manufacturing technique can be visible in SEM images and when coupled
with EDS the composition of both the metal and any tarnish layers can be
determined.

a

Non-destructive analytical techniques do not destroy the material during analysis but often
require a sample, whereas a non-invasive technique does not require a sample. Within
conservation science it is generally preferable for objects to be analysed using techniques that
are both non-invasive and non-destructive.
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Mordants have been identified using wet-chemistry microanalysis, 11 X-ray
fluorescence (XRF), 12 inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) 13 and atomic absorption spectroscopy (AAS). 14
Particle induced X-ray emission (PIXE) has been used by William and Indicator
to detect the presence of aluminium, but they report their system found
detection of magnesium difficult and sodium was not detectable, due to
absorption of soft X-rays by the detector window. 15 Another method is neutron
activation analysis (NAA) however lead, a known weighting agent, cannot be
detected as lead isotopes are stable and are not radioactive unless irradiated
for a long time. 16
Dussubieux and Ballard 17,18 have investigated using inductively coupled plasma
– mass spectrometry (ICP-MS) to identify inorganic elements present from dyes
or mordants. Their work identifies the expected materials although they also
report contamination of samples. Their work concludes that ICP-MS could be
used for comparison with results from other analytical techniques when these
have not been conclusive. However, this method is destructive and the authors
report using larger sample sizes (~10-30 mg) although small quantities are
required for modern instruments (usually ~1 mg).
The possible locations of weighting agents in silk have been studied with
Transmission Electron Microscopy (TEM). Robson studied the microvoids
within silk fibres, by imaging deposited silver sulfide to locate the positions and
sizes of voids. 19 Microvoids in a number of non-mulberry varieties of Indian silk
have been observed in cross section using SEM. 20 Although not providing
elemental information it may be possible to use these methods to establish the
presence of any weighting agents within the silk structure.
XRF has been used on textiles previously to identify mordants, weighting
agents, 21 painted details, 22 mineral dyes 23 and heavy metal pesticide
residues. 24 It has also been used to provide elemental information for
comparison with X-radiography images. 25 One of the main advantages of XRF
is that direct analysis of an artefact is possible, without sampling. Over short
time spans at low energy the material is not altered by the analysis. 26 This
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makes XRF both non-invasive and non-destructive. The XRF spectrum (see
Figure 3.1) can be used to identify elements present, as each element has
characteristic X-ray energies (for details on the use of XRF in conservation see
Stuart 27 ).

keV

Figure 3.1 – an example XRF spectrum from sample nlbro9, showing
characteristic tin lines with tin and calcium peaks, along with the
rhodium source peak (the software autoscales the maximum peak to 90%
intensity)

Experimental Set Up
Elemental analyses were undertaken to identify whether silks in the English
Heritage collection were weighted and if so, how many and what with.
Qualitative analysis can determine the presence of elements within the
collection from which inferences can be drawn. Such as the presence of tin
indicating weighting agents, or iron in black silk as a mordant from the tannin
dyeing process. However both iron and tin have been used as mordants and
weighting agents and qualitative analysis can not determine the process which
has led to the elements presence. This would require quantitative analysis to
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determine how much of an element is present and comparison with materials
known to be weighted.
The techniques used were chosen based on their availability within
conservation departments, for example SEM-EDS and XRF, as well as to
answer some of the questions that arose, for example AAS and ICP-OES. It
was hoped to obtain quantitative results, which would give a greater
understanding of the collection and the materials present. However most of the
analyses have yielded qualitative results. These indicate the elements that are
present but do not allow for identification of the manufacturing processes used.

SEM-EDS
Scanning Electron Microscopy (SEM) analysis has been performed using a Carl
Zeiss S440 scanning electron microscope with an Everhart-Thornley secondary
electron detector using an accelerating voltage of 25kV and a probe current of
1.0 nA. SEM images were taken for a number of the samples and used to
determine whether there were any differences in the warp and weft fibres.
Qualitative Energy Dispersive X-ray Spectroscopy (EDS) analysis was
performed on the same instrument with an Oxford Instruments germanium Xray detector, at a working distance of 25 mm with a standard livetime count of
100 s. The element with the lowest atomic number which can be detected with
this equipment was sodium. A single fibre was imaged and magnified to around
5000 times, a square the width of the fibre was selected and the area inside
analysed. An initial comparison of three areas on the first sample showed
similar results, so for remaining samples only one area was analysed. The silk
samples are primarily composed of organic elements (e.g. C, H, N, O) which
could not be quantified by the instrument used. The results are expressed as
elemental weight %, which were not normalised.
Samples taken from the English Heritage collection were mounted on carbon
pads stuck to aluminium stubs and then carbon coated for SEM-EDS analysis.
It is very difficult to recover and clean the samples, limiting analysis to the larger
specimens from which pieces could be removed. The small size of many
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specimens means some are only sufficient to allow High Performance Size
Exclusion Chromatography (HPSEC) analysis.

XRF
XRF analysis was performed with a KeyMaster-Bruker TRACeR III-V handheld
XRF. The instrument is battery powered with an associated PDA for data
analysis, although a laptop and power cables can also be used. When used
with the KeyMaster-Bruker vacuum pump attachment elements down to
magnesium can be identified. The sample area is an ellipse approximately 5 by
6 mm, with a count time of 40 seconds. The small, portable unit allowed for in
situ analysis but could also be used to analyse the samples taken from the
English Heritage collection. For convenience the XRF was placed upright into a
supportive frame and the micro-samples placed on top of the analysing area,
which was covered to prevent X-rays escaping. It was possible to analyse
samples as small as one fibre, although most consist of a few millimetres of
thread.
Due to an overlap between the K α line of calcium (3.67 keV) and L β line of tin
the spectra have been checked to determine the presence of calcium as well as
tin (see Figure 3.1 for the presence of calcium above the second characteristic
tin line).

XRF – In Situ Analysis
There are a number of instances where sampling objects is not possible due to
access, or ethically unacceptable such as important items in a very fragile
condition. However to accurately represent the English Heritage collection of
silk materials it is important to know whether the highly degraded materials are
weighted or heavily processed. In this case a technique that is both noninvasive and non-destructive and can be used in situ is desirable. To test the
applicability in real situations the portable XRF was used on site at Audley End
House.
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XRF - Calibration
The portable XRF has a number of standard calibrations supplied, however
most relate to identification of different standard metal alloys as this was the
original use for the equipment. This means the internal quantifications do not
apply to textiles and a separate calibration is required for quantitative analysis.
As it was not immediately possible to calibrate the XRF for textile samples an
alternative method was sought to give qualitative results.
Dussubieux and Ballard used comparison of the signal intensities from
inductively coupled plasma – mass spectroscopy (ICP-MS) to determine the
presence of mordants where no control material was available. A similar
method has been applied to determine the detection limits of the elements by
XRF analysis. Although there are difficulties in determining the background
level for some materials it has been possible to qualitatively determine those
samples with significant content from the current results.
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Figure 3.2 – calcium to rhodium peak area ratio results
The XRF spectra are autoscaled by the software, to make the maximum peak
height 90%. The autoscale can be adjusted but not turned off; therefore an
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alternative method was required to compare the spectra against each other. To
provide a correction the ratio of the element peak area against that of the
source element, rhodium L α line has been calculated. For elements with energy
lines below 4 keV this worked well, see Figure 3.2, providing a clear difference
for samples above the baseline, here at 0.6. However for elements with energy
line between 4 and 14 keV the rising background envelope, as seen in Figure
3.3, made this correction less effective, see Figure 3.4. In this case it was
harder to determine where the peak ratio is, it could be set at 0.25 which would
indicate all the Apsley House samples (nlaps) contain chromium. However as
seen in Figure 3.3 the chromium peak is barely visible above the baseline
(highlighted in grey). The baseline could be higher at 0.5 but then samples
known to contain chromium, such as nlosb29 would be excluded. To avoid
erroneous identification, elements with energy lines above 4 keV were corrected
by calculating the ratio of the sample to titanium peak areas.
When determining the peak area the software uses a start and end energy for
each element (the grey lines in Figure 3.3 for chromium) and the area between
the lines are reported. However with the rising background envelope there is a
large contribution from the background making peaks between 4 and 14 keV
seem greater than the peaks below 4 keV. Titanium has been selected to ratio
peaks in this region against as the element is not present in the samples but the
peak is on the edge of the rising background envelope and so negates some of
these problems. The software does not allow the background envelope to be
subtracted and the peak area alone used.
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keV

Figure 3.3 – sample nlaps4 showing rising background envelope
between 4 and 14 keV
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Figure 3.4 – chromium to rhodium peak area ratio results
The further correction using the ratio to the titanium peak area can be seen in
Figure 3.5. This has removed difficulties arising from the rising baseline and
makes it easier to determine whether chromium is present above the baseline
at 3. The ratio results for all elements are included in Appendix 3.
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Figure 3.5 – chromium to titanium peak area ratio results
For all elements the amounts present can only be quantitatively determined by
calibrating the XRF. In terms of understanding the collection of silk materials
within English Heritage there are implications for how much material can be
identified as weighted silk. It became apparent that further work was required to
determine how the detected element can be quantified.

Atomic Absorption Spectroscopy
Atomic absorption Spectroscopy (AAS) was used to determine the amount of an
element present within the silk and provide a basic calibration for the XRF
results. Details on AAS and its use in conservation have been discussed by
Stuart. 28 Tin, iron and zinc were selected for quantification based on the
qualitative XRF results from the English Heritage collection samples. To
provide a calibration set model silk materials were produced using atomic
absorption standard solutions of iron, tin and zinc, from Sigma Aldrich. These
were diluted from a 1000 ppm solution (referred to as 100 %) to produce
solutions at 10 % intervals. Silk strips (2 x 5 cm) were immersed in the solution
overnight and then left to air dry.
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For each condition it was only possible to produce one sample, these were
analysed with the portable XRF before being dissolved in concentrated nitric
acid (1 ml) and made up to 10 ml of 10% nitric acid with deionised water. This
made the model samples comparable with the AAS standard solutions which
are in 10% nitric acid. The silk solutions were then analysed using a PU 9100
Atomic Absorption Spectrophotometer with an air/acetylene flame and a
detection wavelength of 248 nm (iron), 235 nm (tin) or 214 nm (zinc), to
determine the amount of each element present. The average absorbance of
three readings was taken and compared to the calibration graph for samples.
The calibration standards for iron were from 0-5 ppm (1 ppm interval), tin was 0200 ppm (50 ppm interval) and zinc 0-1 ppm (0.2 ppm interval).

ICP-OES
Analysis of tin at low concentrations (< 2 mg/L b ) is usually carried out using
graphite furnace atomic absorption spectrometry (GFAAS) rather than flame
ionisation. However this was unavailable which increases the detection limit for
tin from 5 μg/L for GFAAS to 0.8 mg/L for flame AAS. 29 The calibration
standards used for tin also ranged from 0-200 ppm, as most samples fell
between 5 and 50 ppm it was difficult to clearly assign concentrations.
To overcome the AAS limitations inductively coupled plasma – optical emission
spectroscopy (ICP-OES) was undertaken. This technique is also referred to as
inductively coupled plasma – atomic emission spectroscopy (ICP-AES). 30
Analysis was performed using a PerkinElmer Optima 4300DV inductively
coupled plasma –optical emission spectrometer with concentric glass nebuliser
(Glass Expansion Conikal) and a baffled cyclonic spray chamber (Glass
Expansion Twister). Argon gas was used with the following flow rates: carrier
gas 0.8 Lmin-1, auxillary gas 1.4 Lmin-1 and plasma 18 Lmin-1.
For tin there are four emission wavelengths (189.927, 235.484, 283.998 and
242.169 nm) and two different plasma viewing modes possible, of these the
b

The optimum concentration for analysis with flame AAS is reported to be 10-300 mg/L
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axial (rather than radial) measurements gave better repeatability of results.
One wavelength (235.484 nm) appeared to have interference due to the
presence of iron in one of the known weighted standard samples, therefore this
wavelength was omitted. Depending on the selected wavelength the limits of
detection were between 3.5 and 7.5 ppb. This is significantly lower than the
reported levels of tin in the solutions. All the solutions were filtered through 0.45
µm, 25 mm diameter hydrophilic PTFE syringe filters prior to analysis. Each of
the model samples was analysed (the average of 5 repeat measurements for
each detection wavelength being quoted) as were the known weighted standard
samples. The average readings for the three selected axial wavelengths were
used to determine the concentration of tin in each solution. By comparison with
prepared standards at 0, 10, 25 and 50 ppm as the AAS had indicated this was
concentration range of the prepared model and known weighted samples.

Results

SEM-EDS
For all the samples analysed, fibres in both directions appeared identical
suggesting there is no preferential weighting of warp or weft fibres. Silks can be
weighted either in the fibre or in the cloth, so these results may suggest any
weighting has occurred in the cloth. The images showed greater details of the
sampled fibres, for example the velvet pile (Figure 3.6 sample nlful10 from
armchair [90003210]), and crepe fabric (Figure 3.7 sample nlful3 from evening
dress [90005694]). In Figure 3.7 there is a difference in the contrast between
the fibres, which is likely to arise from charging of the sample due to an uneven
carbon coating on the crepe weave
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Figure 3.6 – nlful10 velvet pile

Figure 3.7 – nlful3 crepe fabric

SEM images also made it possible to look at the fractured fibres in more detail.
Figure 3.8 shows an example of a fractured fibre from sample nlbro9 taken from
a cream silk and lace parasol displayed in bedroom eight. The weave structure
could also be seen in more detail, for example sample nlful9 taken from
fragments of the silk fronted cabinet [90006945] during conservation (Figure
3.9). There are a number of brighter areas seen in the image arising from
charging of the sample, due to an uneven carbon coating as a result of the
sample texture.

Figure 3.8 – fracture detail from

Figure 3.9 – SEM image of nlful9,

nlbro9

areas of damage to the weave
structure can be seen, along with
particulates on the surface

As it was not possible to determine the matrix effects for silk samples,
previously determined limits of detection for glass were used to indicate whether
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an element was present or not. Of the thirty samples analysed, thirteen
contained elements at twice the detection limit (see Table 3.1). The majority of
analysed samples contained elements (usually sulfur) at the detection limit but
as this has not been determined precisely for silk, trace elements have not been
included unless a further element was definitely detected. In some of these
cases the elements found suggest weighting materials may be present, for
example tin. This has been found in conjunction with silicon and phosphorus on
one sample, a cream parasol (nlbro9) (see Figure 3.10), suggesting the
“dynamite” weighting method developed by Neuhaus may have been used.

sample id
nlful3
nlful10
nlful15
nlbro9
nlbro12
nlosb13
nlosb14
nlosb20
nlosb23
nlaeh11
nlaeh10
nlaeh7
nlaeh8
limit of
detection
key:

Si
X
X
X
t
-

P
X
-

S
X
t
t
t
X
X
X
X

Cl
X
X
t

K
t
X

Ca
t
X
t
X
X
X
X
X
t

Fe
X
t
t
-

Sn
X
X
X
X
X
X
X
-

Comment

Cu also present
analysed glue layer
possibly soiling deposits
Pb also present

possibly soiling deposits
values are also element
0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.1
%

X = present,
(>2x detection limit)

t = trace,
(above detection limit)

- = not observed
(< detection limit)

Table 3.1 – summary of EDS results
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Figure 3.10 – Energy Dispersive X-ray spectrum for sample nlbro9
For EDS analysis of organic materials information can be obtained from a depth
of around 5 µm. Heavier elements will absorb the energy reducing the depth to
around 1 µm. For nlaeh10, lead, and some of the other elements, may be
present as contamination from the paint layer as this is a painted banner,
although the unpainted silk on the reverse was analysed. All samples from
Audley End House (AEH) showed high levels of sulfur; however one of these
samples (nlaeh11) had formed the reverse of a fire screen, so in this example
the sulfur may be soot contamination. Sulfur could be present from dust or
gaseous pollution as well as processing methods. Although sulfur is found in
fibroin, the small amount is below the detection limit of the equipment used.

XRF
To give a better indication of the possible weighting materials present within the
English Heritage collection qualitative X-ray Fluorescence Spectroscopy (XRF)
analysis was undertaken. The non-destructive nature of XRF enabled a greater
number of the English Heritage samples to be analysed. In total seventy nine of
the English Heritage samples as well as eight other silks, which were known to
be weighted, were analysed. Of the seventy nine samples analysed thirty two
contained elements at trace levels or above. Those samples containing an
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element at more than twice the baseline value were defined as present and are
presented in Table 3.2.

sample id
nlaeh2
nlaeh6
nlaeh10g
nlbro3
nlbro8
nlbro9
nlful1
nlful3
nlful5
nlful9
nlful10
nlosb13
nlosb14
nlran2
baseline
(correction
element)
key:

Si
t
X
t
X
t
-

P
t
t
X
t
X
t
-

S
X
X
X
X
X
X
t
X

K
t
t
t
X
X
X
-

Ca
t
X
X
X
X
X
X
-

Cr
X
-

Fe
-

Sn
X
X
X
X
X
X
-

0.2
Rh

0.1
Rh

0.25
Rh

0.3
Rh

0.6
Rh

3
Ti

10
Ti

0.4
Rh

X = present,
(>2x baseline value)

t = trace,
(above baseline)

- = not observed
(< baseline)

Table 3.2 – summary of XRF results from English Heritage samples
There are some visible patterns in the XRF results, for example all the samples
that contain chromium, including traces amounts, are from modern replicas,
either wall silk (nlran7, nlosb29) or materials used in curtains (AEH samples).
This is likely to be from the dyeing processes used in the modern fabrics. For a
number of samples the results indicate particulate deposits are present, for
example nlaeh2, sulfur and trace amounts of calcium suggests inorganic
particulates of calcium sulfate. This was also confirmed in some samples
imaged and analysed using SEM-EDS.
Trace amounts of gold and lead were found on the gold motif of a painted
banner, (sample nlaeh10gold) and probably result from the painted layer. For
some samples tin is found in conjunction with silicon and phosphorus (e.g.
nlbro9) which implies the Dynamite weighting process has been used to weight
the silk. Based on the high levels of tin seen in the XRF results it is probable
the following samples from the English Heritage collection are weighted: nlbro9,
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nlful1, nlful3, nlful5, nlosb13, nlosb14. It is also possible that nlaps18 and
nlbro10 are tin weighted and nlful16 iron weighted as they contain trace levels
of these elements.
Some elements are more difficult to assign, such as sulfur. Of the thirty two
samples containing elements above trace levels almost all contained sulfur.
High levels of sulfur have been reported on shattered silk flags and it is thought
that high sulfur rather than weighting materials may cause the deterioration
leading to shattering of the silk, but sulfur can also be present due to pollutant
contamination. This highlights the uncertainty in the assignment of the source
of the elements found by XRF and other elemental analytical techniques.
The in situ XRF analysis gave a more comprehensive analysis of objects where
only one area could be sampled previously. For example, the festoon curtain in
the Little Drawing Room at Audley End House from which a small, cream thread
was sampled from a removed section in store. However in situ the cream
ground and red detail in the decorative bands as well as red flowers (see Figure
3.11) could be analysed giving a greater understanding of the materials present.

Figure 3.11 – detail from the festoon curtain in the Little Drawing Room
at Audley End House, numbers indicate representative areas of the
different coloured threads analysed
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The in situ analysis identified a number of different elements in comparison with
the sampled threads, for example titanium, cobalt and lead (results are
presented in Table 3.3). In some cases these elements may be present due to
sampling other materials beneath the textile layer, for example titanium and
lead are common in paint and were recorded on spectra from modern replica
curtains that are not weighted.

spectrum id
aeh1
aeh2
aeh3
aeh4
aeh5
aeh6
aeh7
aeh8
aeh9
aeh10
aeh11
aeh12
baseline
(corr.
element)
key:

P

t
t

0.1
Rh

S
t
t
t
t
t
t
X
X
t
t
X
t

K

0.25
Rh

0.3
Rh

Ca
X
t
X

Ti

Cr

Fe

Co Cu Ag

t
t

Sn

Au

Pb

t
t

X

t
t

X
t
t

X
t
X
t

X

X

t

t
t

X

X

20
Ti

1
Rh

t

t

X = present,
(>2x baseline value)

0.6
Rh

0.5
Rh

3
Ti

10
Ti

t = trace,
(above baseline)

8
Ti

0.4
Rh

15
Ti

- = not observed
(< baseline)

Table 3.3 – summary of in situ XRF results
Two objects (the green area on the Library ottoman [spectrum aeh8] and
counterpane on the Howard Bedroom state bed [spectrum aeh11]) contained
metal threads with copper, silver and trace amounts of gold identified. The
position of these metal threads within the artefacts means sampling to
determine the composition would not have been possible. In situ analysis
enabled different coloured threads within designs to be identified for example on
the Ottoman in the library, which had not been sampled; metal threads, the
cream ground and red rose details could all be analysed and differentiated.
This is a clear advantage of in situ analysis with the portable XRF providing a
greater understanding of the object being studied. A single sample, taken from
a removed section of fabric or damaged area, cannot be assumed to be
representative of the whole. Therefore some of the differences seen between
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7
Ti

the in situ and sample results may be due to the sample being nonrepresentative.

Atomic Absorption Spectroscopy
Atomic absorption spectroscopy (AAS) results for the zinc solutions made from
model samples gave values between 0 and 2.5 ppm. However the XRF peak
area ratios (Zn/Ti) range from 4.8 to 6 with no discrimination on increasing zinc
concentration. This indicates that the portable XRF cannot detect the presence
of zinc below a level equivalent to 2.5 ppm in the solutions prepared from the
model samples. A detection limit of 2.5 ppm in the solution relates to a
concentration of 2.5 x 10-5 mg mm-2 in the silk samples. For sample nlosb12,
which had a high intensity peak for zinc (peak area ratio [Zn/Ti] = 15), this
means it contains in excess of 2.5 x 10-5 mg mm-2.
For iron AAS the solutions from the prepared model samples measured
concentrations in the 1 – 3 ppm range. For comparison the solution from the
untreated silk sample gave a concentration of 0.2 ppm. There is a linear
increase in the iron concentration above 1.5 ppm (see Figure 3.12). This
correlates to an XRF (Fe/Ti) peak area ratio above 5 for the model samples.
For the silk samples this is approximately equivalent to an iron concentration of
1.5 x 10-5 mg mm-2.
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Figure 3.12 – AAS calibration of iron model samples with XRF results
(line shows linear least squares best fit to the data points above 1.5 ppm)
The samples which were known to be weighted with iron, PGiii3 and PGiii1iv1i1,
were diluted numerous times to be within the range of the prepared AAS
standards (1 to 5 ppm). When this is taken into account the solutions from
these samples contain 112 and 45 ppm respectively. The known weighted
samples have much greater XRF peak ratios compared with the prepared
model samples (see Figure 3.13) and English Heritage historic samples.
Although this helped identify the spectra which contain iron it is not possible to
determine whether iron is present as a mordant, weighting agent or from
contamination.
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Figure 3.13 – AAS iron calibration from XRF results
(model samples: blue; PG samples: red)

ICP-OES
The solutions from the model samples contained an increasing amount of tin
from 0 to 14 ppm (see Figure 3.14). The solutions from the weighted samples
varied between 1 to 35 ppm.
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Figure 3.14 – tin ICP-OES results from model samples
Plotting the ICP-OES concentrations against the XRF peak area ratio (Sn/Rh)
gives an approximate linear increase for the model samples, with the exception
of the untreated sample (see Figure 3.15).
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Figure 3.15 – tin XRF calibration with ICP-OES results for the model
samples
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However when the known weighted samples are included (Figure 3.16) the
much higher XRF ratios do not correlate with the low tin concentrations
measured by ICP-OES. It is possible the elements have precipitated out of
solution or did not pass through the filters during preparation of the samples.
However it would be unlikely this would occur for some and not all of the
samples. The higher ICP-OES tin concentrations occur when the dynamite tin
weighting process has been used. When comparing the results of the standard
weighted silk samples the AAS results give higher tin concentrations when iron
is not present. This may arise from the same iron interference effect seen at
235 nm (the AAS tin detection wavelength) in the ICP-OES analysis. There are
no obvious trends in the XRF data. However this and the scatter in the XRF
calibration line using the ICP-OES results, suggests caution should be used
when trying to assign concentrations of elements to analysed textile samples.
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Figure 3.16 – tin XRF calibration with ICP-OES results
(model samples: blue; PG samples: red)

The difficulties in providing a suitable and reliable calibration for samples that
are known to be weighted (prefixed PG) means it has not been possible to
determine quantitative results. In relation to the English Heritage samples
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qualitative results from XRF analysis comparing elemental peak areas to those
of rhodium or titanium provide the most useful information. These indicate eight
of the historic samples and the six known weighted samples contain tin
indicating a small amount of the collection is weighted silk.

Comparison of Techniques
Due to the rapidity and ease of the XRF analyses, this technique enabled a
much greater number of samples to be analysed than with SEM-EDS. Only a
limited number of samples were analysed using both techniques. There are
some similarities, for example nlbro9 where tin, calcium, silicon and phosphorus
were identified. For nlosb13 and nlosb14, tin is identified by both techniques,
however for nlosb14 copper was observed with SEM-EDS and not by XRF. In
the case of nlaeh10 the SEM-EDS found tin and lead in the painted layer. In
the XRF analysis these elements were not identified above the baseline
although the paint layer had slightly greater amounts of both tin and lead than
the unpainted side. It is unclear why there are differences between the results
of the two techniques but variations in the detection limits or sampling depths
are both possible.
Although only a very limited number of objects could be both sampled and
analysed in situ some comparisons are possible. The majority of the
reproduction material analysed contained chromium, however in situ lead and
titanium were also identified, as discussed above. For sample nlaeh1, and the
corresponding in situ analysis aeh1, there was a slight difference with calcium
found in situ. However the sample was removed from a cleaned section kept in
storage and therefore less likely to contain dust than the curtain on permanent
display.
Due to the limited number of samples analysed using EDS it is hard to compare
the results with those from the XRF analysis, but three samples were shown to
contain tin using both methods these are: nlbro9, nlosb13 and nlosb14.
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Conclusions
In order to better understand the causes of silk deterioration and therefore to
improve the preventive conservation measures it will be necessary to use
materials that are found in the English Heritage collection during accelerated
ageing experiments. The results have indicated that plain silk dominates,
however around 10% of the samples from the collection contained tin, which
implies there is a limited amount of weighted materials.
It has been possible to identify elements present within silk textiles both from
micro-samples and whilst on display. On-site investigation has not only given a
more complete picture of the collection, but also enabled a comprehensive
study of the objects. This included selective analysis of differently coloured
threads and areas of decoration, such as metal threads. The sampling
otherwise needed to obtain this detailed information would generally be ethically
unacceptable. This has demonstrated analysis is possible without sampling but
interpretation of the elements present can be affected by the presence of other
materials such as dust.
Although inorganic elements constituting weighting agents may be readily
detected, quantification is not so straightforward. This can have a bearing on
the assignment of a detected element to a particular source e.g. mordant,
weighting agent or pollutant. Further work would be necessary to definitively
determine the process used to incorporate the elements identified using XRF.
However XRF analysis may be readily applied to identify objects with possible
inherent deterioration mechanisms for example, silks containing tin and enable
prioritising of treatments or areas of improvement for preventive conservation.
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Chapter 4 – Analysis of silk
A variety of methods have been used to characterise and study silk
and its properties. A number of references focus on determining
the structure and properties of gland silk or regenerated silk films.
However, these methods are often also applicable to the analysis
of historic silk. This chapter discusses a number of techniques
including the information they provide and their appropriateness to
the analysis of historic silk collections.
Silk degradation affects a number of properties including molecular weight,
crystallinity and crystal orientation. When considering which property to measure it
is necessary to determine what changes will occur on ageing and whether these
can be followed easily and with enough accuracy. When working with historic
collections whether a technique is non-destructive and the size of sample required
are also significant requirements.

A large number of analytical techniques and

their use within conservation have been discussed by Stuart, for each method
below the appropriate pages within this reference are cited. 1

X-ray Diffraction
Silk has long been studied with X-ray diffraction (XRD) 2 methods because of the
interest in determining the structure of the beta-pleated sheet and the role of the
high number of simple amino acids found in the crystalline region. 3,4,5,6,7,8 More
recently studies have correlated synchrotron a XRD with tensile testing and
confirmed that deformation occurs in the amorphous region of silk, 9 the viscoelastic
properties of silk have also been modelled. 10 Synchrotron radiation microbeam

a

Synchrotron radiation is an intense light emitted by high energy electrons when their trajectory is
changed by a magnetic field. This light source has a spectral range from infrared to X-rays,
alongside a small beam size, little diversion and a high flux. As a result it can be used to study very
small samples, low concentrations of elements within samples, or to produce maps of elements
across samples at much greater speeds.
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XRD has been used to analyse excavated ancient silk fibres. These fibres are
described as being in a very poor state of preservation however the XRD pattern
does not change much with alteration to the silk. This suggests that the crystalline
regions are not affected even when deterioration have caused noticeable changes
to the mechanical properties of the silk. 11 Using polarized infrared spectroscopy,
the crystal orientation parameter can be determined at the same time. This is the
ratio of the apparent crystallinities in the fibre measured in the parallel and
perpendicular positions and decreases with increasing age of the fibre. For aged
silks the orientation parameter has also been correlated with the breaking
strength. 12 Only once the deterioration is severe are the crystalline regions
attacked. XRD has also been used to determine changes in crystallinity brought
about by treatment of silk with iodine. This is thought to enter the amorphous
region, disrupting the hydrogen bonding and reducing the crystallite orientation. 13
Wide Angle X-ray Scattering (WAXS) has been used to determine the effect of
temperature on silk structure. 14 With increased scattering from the voids in silk
observed as it deteriorates at high temperatures. Synchrotron radiation based
Small Angle X-ray Scattering (SAXS) and WAXS have been used to follow the
structural changes occurring in regenerated silk fibroin under shear 15 as well as to
characterise the decay of ancient Chinese silks. 16 An initial increase in the
crystallinity occurs on the loss of the amorphous regions. However as silk
continues to decay the crystals are free to move and become increasingly
disordered. This led to a widening of the distribution of crystalline orientation and
eventually a shift in the peak position with greater decay.
Kennedy et al. used SAXS and WAXS to determine changes in the crystallinity of
silk after laser cleaning. 17 This work demonstrated that crystallinity decreased
upon laser exposure with a corresponding increase in the crystal size. The data
was obtained without synchrotron radiation, but the disadvantages of this method
include the dramatically increased time of analysis and that the samples must be
under vacuum. SAXS has been used to study the effect of weighting treatments

101

on silk fibres 18 along with demonstrating the presence of nanofibrils. 19 A limitation
of these techniques is their availability, especially for synchrotron radiation XRD,
for which obtaining beamtime may be a severe constraint. This is important as to
study the changes in condition of historic silk information on the crystallite
orientation is required and this can be most easily obtained using synchrotron
radiation XRD. The advantage is the small sample size required as synchrotron
radiation XRD is capable of investigating individual fibres, it is also non destructive
as it can be performed in air.

Amino Acid Analysis
Alongside XRD studies on silk there were a number of studies using amino acid
analysis 20 to determine the composition of both Bombyx mori and Tussah silk
fibroin. 21,22,23,24,25,26 As well as studying the composition of silk, amino acid
analysis has also been used to follow changes after UV light exposure. 27,28 After
light ageing samples were hydrolysed before analysis using ion-exchange high
performance liquid chromatography (IE-HPLC). 29 With increased light exposure
amounts of hydrolysable serine and tyrosine decreased, there was also a
corresponding increase in the amount of hydrolysable ammonia. Other amino
acids were reported to show no change with light exposure. The loss of tyrosine
on light ageing has also been recorded by other authors. 30,31 Analysis
demonstrated accelerated light ageing had a much greater effect on the amount of
tyrosine than dyeing or mordanting processes for model silk tapestries. This work
also found the historic samples analysed had less tyrosine present than the
artificially light aged samples.
Using amino acid analysis, Becker et al. recorded greater amounts of tyrosine
when a large serine (found in much greater quantities in sericin, than in silk)
content was also observed. They suggested that sericin may have a protective
effect on silk, against light exposure. 32 However, sericin yellows upon light
exposure and due to its solubility in water a sericin coating is at great risk from wet
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conservation treatments. Japanese garments analysed showed a greater state of
preservation compared with American First Ladies dresses of similar dates. The
authors suggest that that the reverence and preventive care practised by the
Japanese in caring for kimonos is the reason for the good condition of the silk. 33
One of the advantages of this method described by Becker and Tuross is the small
sample size, in the microgram range. Yanagi et al. have used amino acid analysis,
along with a number of other techniques to study changes to silks including a
naturally aged 400 year old sample. This showed the greatest loss to tyrosine and
phenylalanine, with much smaller reduction in glycine and alanine. 34 This
demonstrates the applicability of this technique to study silk deterioration with
potentially microgram samples.

Molecular Weight Analysis
As silk degrades the average molecular weight decreases due to polymer chain
scission, allowing the deterioration to be followed. To determine the molecular
weight silk has to be dissolved however if the polymer chains are broken the
results will not reflect the deterioration of the sample after ageing but the effect of
the solvent. Lithium thiocyanate disrupts the hydrogen bonds between the chains,
without damaging the main polypeptide chains. The dissolved polymer can then
be analysed with high performance size exclusion chromatography (HPSEC) 35 and
the molecular weight distribution determined by comparison to standards of known
molecular weight. Figure 4.1 shows a typical HPSEC chromatogram of silk
dissolved in lithium thiocyanate. As HPSEC is affected by the size of the polymer,
urea is used to denature the polymer chains ensuring they are the same shape,
and extended rather than globular, which is reported to improve the separation. 36
Similar to amino acid analysis this method requires small samples. Work by Hallett
and Howell reduced the quantity of silk required for this method to 0.2 mg. 37
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Figure 4.1 – HPSEC chromatogram of silk (the peak at ~15 min is lithium
thiocyanate) (unaged silk: green; aged silk: blue)
Hallett and Howell have shown that dyeing and mordanting processes cause a
decrease in the molecular weight of silk. 38 Black samples show a significant
deterioration after dyeing. Samples from model tapestries showed further
decreases in molecular weight after artificial light ageing. However historic
samples showed much lower molecular weights than the accelerated aged
samples. 37,38 The authors’ note this was not expected as the samples were
selected from the reverse of historic tapestries and were not faded. This suggests
that HPSEC will provide information on the condition of all silks regardless of the
mechanism of deterioration. Data from molecular weight analysis has shown good
correlation with both percentage extension and breaking strength. 39 A limitation for
this technique is that it can only be used on Bombyx mori silk as attempts at
solubilising wild silks have so far been unsuccessful. It is also reported to be
unsuitable for the analysis of weighted silks. 40 Studies with sodium dodecyl sulfate
(SDS) polyacrylamide gel electrophoresis,40,41,42,43,44,45 and agarose-guanidine
chromatography 46 have also determined the molecular weight of silk.
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Fourier Transform Infrared Spectroscopy
Fourier Transform Infrared (FTIR) spectroscopy 47 has been used to follow changes
in the amide I at 1635 cm-1 and amide II peak at 1520 cm-1 (arising from the
α(C=O) and α(N-H) vibrations). 48 As silk degrades the peaks are reported to
decrease in intensity before forming a single peak when heavily deteriorated. 49
The structure of silk was studied by Elliot and Malcolm using infrared
spectroscopy 50 and structural changes to silk under stress have been studied with
dynamic step scan FTIR. 51 FTIR has also been used to monitor conformation
transitions between silk I and II, which have been observed by changes in the
amide I peaks. 52 However it has been reported that it is difficult to differentiate
between random coil and silk I conformations using FTIR. More recently changes
in the tyrosine absorption with light ageing have been recorded. 53,54 The effect of
pulverization to form silk powders, for the cosmetic industry and biomaterials
research, has also been followed using FTIR. 55 These studies demonstrate that
the conformation and structure of silk can be observed with FTIR, allowing the
changes upon deterioration to be followed. An example FTIR absorbance
spectrum for silk can be seen in Figure 4.2.
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Figure 4.2 – absorbance FTIR spectrum of silk
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The polarised infrared spectrum of silk fibroin was recorded by Suzuki who
demonstrated treatment with deuterium oxide had no effect on the dichroic
components indicating the crystalline region was not affected. 56 Dichroism in silk
has also been reported by Ambrose and Elliott. 57 Attenuated total reflectance
(ATR) 58 has been used to study sericin and the effects of solvent treatment on
orientation. 59 More recently it has been reported that the conventional FTIR
spectra show little change for aged silk samples although changes were observed
in the polarised spectra. It is suggested that the crystallites are able to move and
reorient due to the loss of the amorphous regions. This method has been
developed to analyse changes in silk on ageing and is known as polarised
attenuated total reflectance FTIR (Pol-ATR). This has the advantage of being nondestructive and in certain circumstances it may also be possible to use noninvasively.
Using pol-ATR Garside et al. have defined a crystallinity index, X, based on the
intensity ratios of the amide I band at the theoretical maxima for the β-sheet (1615
cm-1) and α-helix / random coil (1655 cm-1) motifs, X = I β /I α . 60 An orientation
parameter has been defined, Ω = X 90° /X 0° , from the crystallinity indices measured
with the fibre perpendicular (X 90° ) and parallel (X 0° ) to the incident electric vector.
Higher values of Ω are reported to reflect a greater alignment of the β-crystallites in
fibroin to the fibre axis. However the fibres must be completely degummed for the
technique to be used and axially aligned in the yarn. This means it is difficult to
use on fragile materials. This technique has been further developed to quantify the
conformation of silk and determine the orientation of a silk fibroin filament. 61

Near-Infrared Spectroscopy
FTIR spectroscopy commonly uses mid-infrared (400-4000 cm-1) however nearinfrared (4000-13,000 cm-1) instruments are also available. Near-infrared (NIR)
spectroscopy has become increasingly utilised due to the rapid collection of
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spectra and its non-destructive nature. 62,63 However the technique requires large
datasets for comparison when used for identification purposes. 64 NIR spectra are
complex combinations of peaks making interpretation complex (see Figure 4.3)
and often multivariate analysis (MVA) is required to study differences between
spectra. 65 Similar statistical methods have been applied to study silk properties. 66
NIR spectroscopy with multivariate analysis has been used to study the level of
degumming achieved during processing. 67
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Figure 4.3 – NIR spectrum of silk
Amide bands have been assigned within NIR spectra 68 and used to characterise
the secondary structure of silk, most notably in regenerated silk films. 69 Changes
to water bands upon exposure to deuterium oxide have been observed using NIR
spectroscopy. 70 The authors report the intensity of the band at 5170 cm-1 changed
based on the ageing method used and propose this as a condition marker for
historic silks in collections. Portable NIR spectrometers are available and the use
of fibre optic probes enables spectra to be collected non-invasively, this makes it
suitable for use within collections.
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Raman Spectroscopy
Raman Spectroscopy 71 has been used similarly to FTIR, to determine structural
changes in fibroin by shifts in the positions and ratios of amide bands. 72,73,74,75,
Changes in the tyrosine bands for silk after UV / ozone irradiation have also been
observed using FT-Raman. 76 Shao et al. also reported a reduction in intensity of
the C-N bond vibration after irradiation and suggest this may be due to peptide
chain scission. Monti et al. have commented on the difficulty of separating silk I
and random coil conformations using the amide I and III bands in the Raman
spectrum. 77 This group have also determined changes in the tyrosine bands
depending upon its location within silk and therefore concluded whether it was
acting as an electron donor or acceptor. Monti et al. have described bands in the
Raman spectra that could be used to identify silk I conformations. 78 More recently
polarized Raman spectra have been used to assess the molecular orientation of
silk fibres in regenerated silk films. 79,80 FT-Raman spectra have been collected at
various stages of silk processing, 81 but not yet been reported for historic materials.
However most of these studies have been carried out on undyed silk and Raman
spectroscopy is commonly used to analyse dyes. Therefore possible fluorescence
and spectra from any dyes present in the silk may limit the usefulness of this
technique for analysis of the condition of historic silk samples.

Mechanical Testing
Mechanical testing 82 methods are commonly used to study the effects of
conservation treatments however these are undertaken on model test materials
due to the large sample required. 83,84 An example extension load curve can be
seen in Figure 4.4. The effect of processing methods, such as different
degumming treatments 85 and dyes and mordants 86 have also been assessed
using mechanical properties to determine the level of damage caused. As samples
from historic collections are rarely available tensile testing is often not
undertaken.27,87 Where analysis of modern surrogate materials is undertaken it is
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often correlated with other techniques, such as FTIR. This is used so microsamples taken from objects can be analysed non-destructively and provide
information on the mechanical properties that could not be obtained from the actual
object. Mechanical properties of silk are affected by the moisture content, 88,89 as a
result there is a standard test environment. 90 Practical considerations for the
mechanical testing of textiles have been discussed by Saville. 91
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Figure 4.4 – mechanical testing (extension vs. load curve) of unaged silk
(6 replicates analysed at 21.5 ± 0.5 °C and 49.5 ± 1.5% RH)
The tensile behaviour of both natural and synthetic fibres have been determined by
Meredith who found silk had high strength and extension, comparable with nylon. 92
Mulberry silk has been shown to have a higher tensile and twist strength compared
with Tussah. 93 The authors suggest the performance of Tussah is due to poor
orientation arising from a greater number of bulky groups in the fibroin. Tensile
strain analysis combined with synchrotron XRD have also been used to study the
deformation of silk fibres as discussed above.9,10 The use of complementary
techniques can provide further information on the changes occurring during
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mechanical testing. 94 This can increase the understanding of how the fibre
changes and what causes the eventual failure of the material.

Thermal Analysis
Thermal methods, such as differential scanning calorimetry (DSC) 95 have been
used to determine the glass transition temperature (T g ) of a number of species of
silkworm. 96,97,98 The loss of water around 100°C has also been measured using
DSC, 99 thermogravimetry (TG) 100 and differential thermal analysis (DTA)96,101,102
along with the breaking of intramolecular and intermolecular hydrogen bonds
between 150 and 180°C.101,102 FTIR analysis alongside the T g has been used to
quantify the amount of β-sheet crystals in silk 103 and the changes in crystallinity on
heating silk have been monitored with XRD and correlated with DSC results. 104
Temperature effects have also been studied by Zhang et al. who used
thermogravimetry, differential thermal analysis, Fourier transform infrared
absorption spectrometry (TG-DTA-FTIR) and report yellowing of silk fibres and
cocoons close to the T g followed by blackening as the fibre degrades. 105
On ageing the T g of silk changes which can be recorded with DSC, with artificial
light ageing reported to move the T g to higher temperatures. 106 The peak area for
the exothermic peak (210-420°C) is also affected, decreasing after both artificial
and natural ageing. The changes in thermal properties are reported to reflect the
changes to the chemical composition caused by ageing. Changes to the T g have
also been reported for marine, historic and modern silks. 107 Thermal techniques,
although requiring small samples, give limited information on the condition of the
silk and therefore may be difficult to interpret.

pH
Conservators often determine the pH of textiles as high acidity can be an indication
of deterioration. Work by Kim et al. has attempted to use pH as a
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measure of silk condition. 108 The authors report surface pH values do not reflect
the bulk silk acidity well and instead use a saline extract from a small sample of
silk. This is reported to show good correlation with the tensile strength of the silk
artificially aged using light and high humidity and the earlier time points of thermal
ageing. However changes in pH can also be caused by the presence of
contamination, such as dust, which can be common in historic materials on open
display and may be difficult to separate from the silk deterioration.
Silk is reported to be most stable to light at pH 10, which was important due to the
materials used in commercial finishing of silk. 109 More recent studies on changing
pH in gland silk have demonstrated the effect of pH on the conformation of silk for
both silkworms and spiders. 110,111,112,113 This has been developed to characterise
the structural changes in silk fibroin with varying pH, monitored using both Raman
and NMR two-dimensional (2D) correlation spectroscopy . 114 Simple pH tests
provide limited information on the condition of fibres and the effect of contamination
cannot be easily separated reducing the usefulness of this method.

Fibre Fractography
Scanning electron microscopy (SEM) 115 has been used to study the fibre fractures
and provide information on the cause of the type of damage. 116 For unaged
modern silk a study found the majority of samples had fracture Type 7 (see Figure
4.5), which is reported as developing from surface flaws. 117 The authors indicate
that light might increase or enhance the surface flaws within the fibres. For
artificially heat aged samples Type 5 fractures (loss of cohesion between fibrils)
became the most common. All the modern samples had a similar amount (10%) of
fractures with large internal voids which was assigned Type 11. Eighteen
categories of break have been identified and illustrated by Hearle et al. 118
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Figure 4.5 – fracture types for silk (redrawn from Breese and Goodyear)
The naturally aged historic samples had more variation in the fracture types,
including a number of combination fracture types. The difference in the historic
samples could be due to the quality of the original silk or arise from the complexity
and greater variety of natural ageing mechanisms compared with laboratory ageing
conditions. Similar amounts of fractures due to embrittlement of the silk were
recorded for both the modern aged and historic samples. However the samples
were pre-treated to erase the effects of physical ageing, which is known to cause
embrittlement. In order to determine the cause of different fractures on ageing a
detailed atlas of SEM images and an experienced analyst are required, limiting the
information available to most people.

Other Methods
Silk molecules have been imaged using Atomic Force Microscopy (AFM) 119 which
determined the shape and size as well as changes with increased
concentration. 120 AFM has also been used to demonstrate the presence of
nanofibrils in silk fibres, 121 and in conjunction with SAXS. The formation of a three
dimensional structure of nanofibrils has been imaged with AFM and SEM. 122
Recent work on tapestries used AFM to look at the nanofibrils in unaged and
artificially light aged samples. These images indicated the fibril structure is lost
with ageing. However it is difficult to quantify the amount of damage or change
observed without a large number of samples which restricts the use of AFM within
conservation, similarly access to equipment is limited.
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Structural changes in silk have been studied using nuclear magnetic resonance
(NMR) spectroscopy 123 . Asakura has used NMR to analyse the structure of silk
and model silk polypeptides including investigating the structural role of tyrosine. 124
This work has mainly focussed on gland silk including changes between silk I and
II conformations and determining their structures. 125,126 Asakura reports solid-state
NMR can be applied to noncrystalline samples and is also non-destructive. 127 He
has recently also helped develop a microcoil NMR probe which reduces the
sample volume required and can be used to analyse the orientation in a small
number of fibres. 128 The amount of physisorbed water in cocoons of different silk
species has been studied with solid state NMR as a means of identification. 129
This technique could also be used to look at changing conformation and possibly
crystallite orientation of silk with age, but has not been reported for use with historic
silks. Although not providing information on deterioration of silk, methods for
radiocarbon dating silk have been reported. 130

Conclusions
A number of techniques have been discussed in relation to monitoring the
condition of silk, these are summarised in Table 4.1. In analysing the current level
of deterioration of historic samples the most suitable technique should provide
detailed information on the condition and be sensitive to small changes. It should
also be possible to compare this data with that available in the literature. The
technique should be non-destructive or require a micro-sample. Importantly the
technique should also be available. This is particularly relevant to the synchrotron
radiation techniques discussed as it is very difficult to obtain beamtime, which limits
the availability of these methods.
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Analytical
Technique
μ-XRD

quantity
of silk
required
~0.1 mg

preparation technique
of silk
availability*
required
none (SR) very limited
access (SR)
hydrolysis
available
(req column)
solubilised available
none
available

is technique
destructive /
invasive?**
non-destructive

condition
assessment
sensitivity
good

destructive

currently
limited
good
limited

amino acid
analysis
HPSEC
pol-ATR

1.0 mg

NIR

none

available

Raman

analysis
of object
possible
~0.1 mg

none

Mechanical
testing
DSC

>5 cm of
thread
0.4 mg

fibres need
mounting
none

possible
access
available

non-destructive
(~non-invasive)
destructive

good

destructive

limited

pH

10 mg

destructive

limited

fractography

~1.5 mg

available

~0.2 mg

~nondestructive
~nondestructive
non-destructive
(solid-state)

limited

AFM

saline
extract
C/Au
coating
mounting

possible
access
available

NMR

0.2 mg
~0.2 mg

limited
access
limited
access

destructive
non-destructive
(~non-invasive)
non-invasive &
non-destructive

good
unknown

limited

1 mg
none
unknown
(with
(solidmicrocoil) state)
Table 4.1 – summary of techniques that may be used to monitor the condition of
silk
*available in the Textile Conservation Centre laboratory (SR = synchrotron radiation sources are
required)
**destructive means sample is required which cannot be recovered or reused after analysis,
non-destructive means sample is required but remains intact after analysis,
non-invasive means sample is not required for analysis and object is not destroyed by analysis

In order to analyse the silk samples obtained, HPSEC will be used. Although this
is a destructive technique it provides detailed information on the molecular weight
and is sensitive to small changes. HPSEC can also be performed on very small
samples, which minimises the need for sampling. This technique can be compared
to work that has already been published and it will be possible to compare with
later samples from accelerated ageing. Critically this technique is also available.
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Accelerated ageing experiments will use model materials which can be analysed
with both mechanical testing and HPSEC. In order to undertake a much wider
condition survey of a historic property and the collection of silks it will be necessary
to use a technique that is both non-destructive and non-invasive. NIR
spectroscopy may provide a suitable means of analysing the collection in situ and
this will be further developed.
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Chapter 5 – High Performance Size Exclusion
Chromatography of Silk
As outlined in the previous chapter, the molecular weight of silk
can be determined using high performance size exclusion
chromatography (HPSEC). This chapter presents the calibration of
the HPSEC with questions on the interactions of the protein
standards and the eluents used, which was studied using dynamic
light scattering (DLS). The development of the HPSEC
methodology and parameter protocols are discussed and tested
with a tapestry case study.
Initial work to develop the HPSEC method was undertaken by Howell 1 and later
Tse and Dupont. 2 The technique was then further developed by Hallett and
Howell 3,4 improving the peak separation between silk and the lithium thiocyanate
(LiSCN) used to dissolve the silk, as well as reducing the sample size. This formed
part of the European project on tapestries, MODHT. 5 As silk deteriorates the
polymer breaks into smaller fragments, reducing the molecular weight of the silk
and these changes can be followed with HPSEC.
The sample is injected onto the size exclusion column, which contains a packing
material. The packing material contains 5 µm particles of silica gel which have
pores around 500 Ǻ, 6 allowing materials to be separated based on their molecular
weight. Large molecules are too big to interact with the pores and travel straight
through the column, eluting first. The smaller molecules enter the pores, with
decreasing size leading to an increased time to pass through the column and elute.
As the silk deterioration proceeds and smaller fragments are formed, the retention
time of the silk increases and the changes can be monitored.
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To determine the effective molecular weight, the silk is compared to a calibration
curve produced from standard protein samples of known molecular weight. As the
protein standards and silk interact with the pores in the packing material the shape
of the polymer has an effect, i.e. a long linear molecule will interact less than a long
round molecule with the same composition. Therefore HPSEC does not measure
the mass but rather the space of the polymer in solution, known as the
hydrodynamic volume. By calibrating the column it is possible to determine the
molecular weight as it is related to the hydrodynamic volume. This allows the
approximate molecular mass to be deduced however it is not an absolute
measurement technique.
In previous work the molecular weight distribution has been quantified from the
weight-averaged molecular weight, M w , as the larger molecules contain more of
the total mass M w is biased. These larger molecules (and M w ) also have the most
influence on the tensile strength. However there are other methods to calculate
the molecular weight and a comparison of these methods would probably be a
useful area of further study. For example, the number-averaged molecular weight
(M n ) of polystyrene is reported to have a strong effect on the fracture toughness. 7
Whereas Tse and Dupont used the peak molecular weight (M p ) and report this had
less solvent effects and was more sensitive to the changes caused by ageing of
the silk.
Initial work focussed on developing the methodology and improving the
repeatability of the analysis. All work has been carried out on a Thermo Scientific
Finnigan SpectraSYSTEM HPLC which includes a solvent degasser, P4000 pump,
AS3000 autosampler, and UV6000LP Photodiode Array (PDA) Detector. The
HPLC is fitted with a GCF-4000 4 x 3.0 mm filter cartridge, BioSEP-SEC-S4000 30
x 4.6 mm narrow bore guard column and BioSEP-SEC-S4000 300 x 4.6 mm
narrow bore column, all from Phenomenex. This column has an exclusion range of
15,000 to 2,000,000 Daltons for proteins in their native state however denaturing
solvents will change the exclusion range. The effect of using 8M urea is not
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reported by the manufacturer but Pace reported proteins are similarly denatured by
6M GnHCl and 8M urea with GnHCl 1.5 to 2.5 more times more effective. 8
Therefore the exclusion range for 8M urea is likely to be similar to that for 6M
GnHCl (5,000 to 700,000 Daltons) rather than 0.5% SDS (15,000 to 500,000
Daltons) which are the denaturing solvents reported. 9 Data processing has used
EZChrom Elite with SEC option from Agilent. All chemicals are from Sigma Aldrich
and HPLC grade.
Silk Sample Preparation
For method development and analysis of modern silk samples 1.5 mg of silk was
used. For historic materials the amount of silk removed was limited and varied
between 0.1 and 1.5 mg. The modern silk samples were dissolved overnight in 0.6
ml of 21.5M lithium thiocyanate (0.2 ml for historic samples). The solutions were
filtered through Ultrafree-MC centrifugal filter devices with microporous membrane
of 0.45 µm pore size from Millipore, in an Eppendorf Minispin centrifuge (5 min at
12,000 rpm).
General Procedure
The samples are placed in the autosampler and 20 μl of the sample is injected onto
the column. The sample is carried through the column by the mobile phase, 8M
urea, with a flow rate of 0.3 ml min-1. The sample is separated on the column, as
described above. The PDA detector scans between 220 to 360 nm as well as
recording on a discrete channel at 280nm. The proteins and amino acids
producing UV absorption spectra at this wavelength were discussed by Beaven
and Holiday 10 and changes in the conformation monitored by Georgakoudi et al. 11
The chromatogram from the discrete channel is analysed to determine the relative
molecular weight in comparison with the calibration data. Three repeated runs per
sample were performed, each of 20 minutes to ensure complete elution.
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Methodology Development
The following improvements, determined using samples of unaged and aged silk,
have all helped improve reproducibility. Unless specified unaged silk samples are
shown in the chromatograms below.

Detector Response Rate
Initial problems included the silk and lithium thiocyanate peaks merging together.
Both also had significant tailing (see Figure 5.1). Reducing tailing is important
because the software uses the area under the peak to calculate the molecular
weight, and for M w , the distribution is important therefore the results could be
skewed by this effect. Peak resolution and reduction of the tailing were both
minimised by changing the rise time setting in the SEC software. The rise time is a
detector parameter which controls the response time and is inversely proportional
to the amount of baseline noise. Initially the rise time was 2 seconds but this gave
broad, tailing peaks which almost overlapped. Halving the rise time to 1 s made
little change to the resolution or tailing of the peaks. However reducing this further
to 0.1 s gave much better resolution and reduced the tailing significantly. This has
been chosen as the rise time for the method.
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Figure 5.1 – effect of changing rise time settings
(rise time = 2 s: blue; rise time = 1 s: green; rise time = 0.1 s: red)

To determine if rise time was the only parameter controlling the detector response,
changes in the data rate were also studied. However no difference was observed
between samples run with data rates of 20 Hz, 10 Hz and 5 Hz (see Figure 5.2)
and these settings do not seem to be relevant to the PDA UV/Vis detector.
Therefore the original setting of 10 Hz has been retained.
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Figure 5.2 – effect of changing data rate settings
(data rate = 10 Hz: blue; data rate = 5 Hz: green; data rate = 20 Hz: red)

Sample Loop
When work started the sample loop on the HPLC was in excess of 100 μl, however
the sample injection volume is around 20 μl. It is generally recommended to use a
sample loop that is the same volume as the injection volume. 12 A 20 μl sample
loop was installed, which also improved the peak resolution and reduced tailing.

Sample Storage
After dissolution silk samples are stored in the fridge to slow any possible
deterioration of the samples. The autosampler is directly above the column oven
(30 °C), and samples are generally loaded into the autosampler and then run in
sequence. This means for the first sample there is a sudden change in
temperature compared with the others which sit above the oven while the previous
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samples are run. It was unclear whether this difference in temperature might be
responsible for differences seen in chromatograms. To study the effect of
temperature, two samples were kept in the fridge while two were placed into the
autosampler. The two samples in the fridge were placed individually in the
autosampler immediately before running. No difference was observed between the
chromatogram of the cold samples and those of the room temperature samples
(see Figure 5.3). This suggests the temperature change is not problematic.

Figure 5.3 – effect of sample temperature
(sample from fridge: blue; sample left in autosampler: red)

When the method to analyse silk was developed the author reported one of the
biggest problems was finding a suitable solvent to dissolve the silk without causing
degradation. A number of solvents have been used to dissolve gland silk but
during tests these were found to only swell silk fibres. 13 Tests on viscosity have
dissolved silk in zinc chloride; however it is unclear whether this leads to
degradation of the fibre, due to decreases in the viscosity. 14,15 Both lithium
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bromide and lithium thiocyanate have been tested, with the latter more easily
dissolving silk. 16 However what is not clear is whether lithium thiocyanate causes
degradation of the silk in solution with time.
To determine if there were any changes, two samples were stored at reduced
temperatures (~5 °C) in the fridge for two weeks, while two samples were stored at
room temperature (~25 °C) on the bench for two weeks. Although the intensity of
the chromatograms is different the shape and retention times of these samples
were identical (see Figure 5.4). This suggests that on this short timescale,
commensurate with the HPSEC experiments, damage is not caused. Yamada et
al. have shown processing reduces the molecular weight of silk more than the
dissolution in LiSCN. 17
Lucas et al. report that to dissolve Tussah silk requires hot concentrated aqueous
lithium thiocyanate solution although not all the fibroin is soluble. 18 This solution is
not reported to be very stable and the solution tends to gel. More recently SDS
has been reported for the solubilisation of non-mulberry gland silk, 19 and may be
worth further investigation to solubilise Tussah silk for HPSEC analysis.

136

Figure 5.4 – effect of sample storage
(cold storage for 2 weeks: blue; room temperature storage for 2 weeks: red)

Fibre Direction
A further test was run to determine whether any differences existed between the
warp and weft samples. Generally samples are from woven fabrics, therefore
including both warp and weft fibres. A number of aged samples were separated
into warp and weft fibres to distinguish any variations however the chromatograms
were identical in all cases (see Figure 5.5). Therefore it seems most practical to
analyse samples from woven fabric, rather than separated fibres, as this will give
representative results. However, where it is suspected that the warp and weft were
not originally processed in the same way then it would be appropriate to look at
separated fibres if possible.
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Figure 5.5 – effect of fibre direction (samples are humidity aged silk)
(weft fibres: blue; warp fibres: red)

Effect of Sample Incubation
The rate at which urea denatures the protein affects the change in the
hydrodynamic volume and therefore the retention time. However the silk samples
and protein standards are all run under the same denaturing conditions therefore
this should not affect the analysis results. To test that the silk samples are fully
denatured when run, new silk samples were prepared and incubated in 10M urea
(1.2 ml) for the following intervals; 0, 1, 2, 4, 8 and 24 hours.
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Figure 5.6 – effect of sample incubation
(no urea added: pink; no incubation – 0 hr: blue; 1 hr incubation: green; 2 hr incubation:
red; 24 hr incubation: aqua)

Figure 5.6 shows the chromatograms from urea incubated samples (4 and 8 hours
have been omitted for clarity), as well as a sample to which no urea was added but
the mobile phase was urea. The chromatograms are similar, with the silk and
lithium thiocyanate peaks occurring at the same retention times, regardless of the
length of urea incubation and whether urea was added or not. This indicates that
the normal running conditions do fully denature the silk. It is possible that the
protein calibration standards could be denatured at a different rate, although Pace
reported proteins were unfolded in 8M urea. The effect of HPSEC running
conditions on the protein standards have been studied using dynamic light
scattering (DLS) and are discussed below.
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Mobile Phase
Another question identified related to the mobile phase. Initial work by Hallett and
Howell had used a mixture of 0.05M urea with 0.05M tris-HCl as a buffer, however
the silk and lithium thiocyanate peak overlapped and so the mobile phase was
changed to 8M urea. 8M urea was chosen as it is reported to denature silk
unfolding the globular protein into a long “rod-like” conformation. However lithium
thiocyanate is a hydrogen bond competitor, as is 8M urea, 20 therefore it is more
likely that 8M urea maintains the unfolded conformation rather than denatures the
protein. The polymer now takes up a larger hydrodynamic volume although the
chain length remains unaffected. The silk molecules pass through the column
more quickly under denaturing conditions as they interact with the pores less.
However 8M urea has no effect on lithium thiocyanate, which elutes at the same
time, thus separating the peaks.
At the higher concentration of urea the tris-HCl is no longer added to the mobile
phase. However it was unclear whether the absence or presence of tris-HCl would
have an effect. A test showed the presence of tris-HCl did not affect the retention
time in the chromatogram (see Figure 5.7) and so 8M urea only is used as the
mobile phase. All mobile phases tested were also checked for pH, which was
neutral (7) in all cases.
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Figure 5.7 – effect of tris-HCl in the mobile phase
(8M urea only: blue; 8M urea and 0.05M tris-HCl: red)

Changes in Mobile Phase Concentration
It has been reported that the choice of 8M urea was made as it is known to
denature silk. However a study of the change with increasing molarity has not
been reported. In initial work using HPSEC to analyse silk, 0.05M urea was used.
It is possible that the peak separation could be achieved with a lower molarity
solution of urea. Work by Pace on the effect of urea concentration on the
denaturation of ribonuclease showed it was fully denatured by 4M urea. The effect
of changing urea molarity on a number of globular proteins has been calculated
and the formation of intermediates was noted. 21
In order to study this effect a number of solutions of increasing molarity from 0.05M
to 10M were prepared and used as the mobile phase. For new silk samples no
change in the peak position was observed with changing molarity. Changes in the

141

peak position with differing mobile phase concentration for aged silk samples have
been inconclusive and further work would be required to understand this.
Trathnigg reports that unlike other types of HPLC, in HPSEC the separation of
compounds is due to the stationary phase of the column and the mobile phase
should have no effect, as observed in this test. 22 A new publication indicates that
8M urea has separated the peaks although the lithium thiocyanate peak rather than
the silk peak is shown to have moved. 23 However running the HPLC with 8M urea
allows for comparison with previous published work and gives reproducible results
and so has been used as the mobile phase for all further work.
Calibration
To calibrate the column, protein standards of known molecular weight are prepared
(see Table 5.1 for details). The calibration standards are Sigma gel filtration
molecular weight markers 12,400 to 200,000 kDa. Each standard is made up
individually following the instructions provided to make 0.5 ml in 0.05M Tris-HCl
buffer (trizma hydrochloride) pH 7. The molecular weight of blue dextran exceeds
the exclusion range of the column and therefore is totally excluded, providing the
exclusion volume.
protein

molecular

amount

weight / kDa

required / mg

Blue Dextran

2,000

1

β Amylase

200

2

Alcohol Dehydrogenase

150

2.5

Albumin

66

5

Carbonic Anhydrase

29

1.5

Cytochrome C

12.4

1

Table 5.1 – protein calibration standards
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The standards are prepared and left overnight to ensure full dissolution. These are
filtered to 0.45 µm using the same method as the silk samples. The standard
protein solutions are then run on the HPSEC, under the same denaturing
conditions as the silk samples. The maximum peak retention times are noted (see
Figure 5.8) and the calibration method file updated with the line of best fit and
saved with the most recent date. The line of best fit is rarely linear, with polynomial
lines often giving a better match, however due to the limited number of calibration
standards; a high order polynomial fit may give an erroneous calibration file.
Therefore the highest polynomial fit used has been a quadratic equation. This
method file is used to run future samples until the column is recalibrated. An
example of the calibration curve produced can be seen in Figure 5.9.

Figure 5.8 – overlaid HPSEC chromatograms of calibration standards
(blue dextran: blue; β amylase: green; alcohol dehydrogenase: red; albumin: aqua;
carbonic anhydrase: purple; cytochrome c: pink)
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Generally the column should be recalibrated every week. Silk can precipitate out
while running samples, seen as an increase in the column back pressure. This
change in pressure affects the flow rate of the sample on the column and hence
the retention time. As this process is constant it is advisable to check the flow rate
each day. This can be done by running one of the calibration standards and
comparing the retention time with that in the calibration file. If there is a difference
this can be adjusted in the SEC method calibration file by selecting a reference
peak and adding a retention time. However as the silk is dissolved in lithium
thiocyanate which also has a peak in the chromatogram this can also be used as
an internal standard to provide a further check for changes in retention time.
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Figure 5.9 – calibration curve (here the line of best fit is a quadratic
trendline)
Both β amylase (200 kDa) and alcohol dehydrogenase (150 kDa) exist as
tetramers of smaller polypeptides, 56 kDa 24 and 35 kDa 25 respectively, which can
separate under denaturing conditions. 8M urea is used as the eluent to denature
the proteins, which would be expected to lead to the tetramers separating into their
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monomeric units. However when run on the HPLC, the elution times were very
close to the blue dextran peak which suggested that the tetramers were observed.
A further complication was caused by the albumin peak, which is sold in the
monomer form but the elution peak was also close to the blue dextran time.
Albumin is reported to form oligomers, with either two, three or four monomers
combining. This may explain why the albumin peak often appears between those
of β amylase and alcohol dehydrogenase.
In a study on protein interactions using HPSEC, the authors comment that no
universal calibration is available. 26 It has also been observed that narrow
standards of the same chemical structure are rarely available, affecting the
molecular weight calculations. 27 Therefore it is important to fully understand the
behaviour of the calibration standards to provide calibration data. Protein
molecular weights determined by HPSEC have been compared to results from light
scattering by Oliva et al. 28 To understanding the behaviour of the calibration
standards a series of further tests were run using dynamic light scattering (DLS).
DLS measurements have been reported on gland silk 29 however its use to study
historic fibres has not been reported.
DLS measurements were made on a Malvern Zetasizer Nano S (Malvern
Instruments Ltd) with a detection angle of 173° and a 4mW He-Ne laser at a
wavelength of 633 nm. These measurements were all taken at 25 °C with 3 repeat
measurements on each sample. DLS has been used to study sub nanometre
particles of sucrose, 30 but can also be used to visualise the size and shape of the
proteins. By collecting the light scattered by a protein solution, information on its
size and shape can be determined.
The effect of the solvent can be included by analysing this individually and
correcting both the viscosity effects as well as the refractive index. Samples have
been corrected for the presence of both lithium thiocyanate and 8M urea. One
feature in the software, protein utilities, can be used to determine the expected
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diameter (in nanometres) of the protein in globular, linear, starburst or branched
conformations from the molecular weight (see Table 5.2). Using the measured
diameter, the molecular weight can in turn be calculated for each conformation.
The shape of the protein will have an effect on the scattering of the light and
therefore the measured diameter as well as the calculated molecular weight.

molecular
weight /
kDa
2000*
200*

expected diameter / nm for each conformation
protein
globular
linear
starburst
branched
blue dextran
30.7
89.4
21.7
43.5
b amylase
11.5
25.1
11.0
15.8
(tetramer)
b amylase
56**
6.7
12.5
7.5
9.0
(monomer)
alcohol
150*
10.1
21.4
10.1
13.9
dehydrogenase
(tetramer)
alcohol
35**
5.4
9.6
6.5
7.3
dehydrogenase
(monomer)
albumin
264***
12.9
29.3
11.9
17.8
(tetramer)
albumin
198***
11.4
25.0
10.9
15.7
(trimer)
albumin
132***
9.6
20.0
9.7
13.1
(dimer)
albumin
66*
7.1
13.6
7.9
9.7
(monomer)
carbonic
29*
5.0
8.7
6.2
6.7
anhydrase
cytochrome c
12.4*
3.5
5.4
4.8
4.6
Table 5.2 – expected diameters calculated from molecular weight
* Molecular weight taken from product literature
** Molecular weight reported in literature (references 24 and 25)
*** Molecular weight calculated from albumin monomer value

The calculated diameters in Table 5.2 can be compared with the actual measured
diameters of the proteins (Table 5.3) to determine the conformation and molecular
weight. The same conformation should give the expected diameter value which is
closest to the actual diameter and the actual diameters give the closest molecular
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weight with that conformation. For example, blue dextran is reported as 2000 kDa
by the manufacturer, which would give an expected diameter of 89.4 nm for a
linear conformation. The measured diameter is 110 nm which gives a calculated
molecular weight of 2904 kDa for a linear conformation. It can be seen in Table
5.3 that the other conformations give excessively high molecular weights for this
standard. Table 5.3 contains the calculated molecular weights for each protein
based on the measured diameter for each conformation; the highlighted cells
indicate the most likely conformation for each protein. Carbonic anhydrase may be
either starburst or branched conformation from the DLS results as the measured
diameter, and therefore calculated molecular weights both give values close to the
manufacturer’s value. For alcohol dehydrogenase the DLS results seem to
indicate the protein is a trimer rather than a tetramer (~100 kDa instead of ~150
kDa) and so may be partially rather than fully denatured.
average

calculated molecular weight / kDa for each

measured
diameter /

conformation
globular

linear

starburst

branched

protein

nm

blue dextran

109.83

39603.7

2903.7

462534.3

16427.0

b amylase

11.73

211.2

50.3

252.0

102.1

alcohol

8.46

98.2

27.8

83.9

48.6

albumin

11.87

217.1

51.8

262

104.9

carbonic

6.39

51.1

16.7

32.8

25.7

5.36

33.8

12.1

18.1

17.2

dehydrogenase

anhydrase
cytochrome c

Table 5.3 – calculated molecular weight from average measured diameters
If the proteins, such as β amylase, were forming both monomeric and oligomeric
structures then two or more peaks would be expected in the DLS scans. Most of
the spectra showed more than one peak however the second and third peaks
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occur at diameters of 100 nm or more. A sample of lithium thiocyanate was run
without any silk (see Figure 5.10) which showed only the second and third peaks
suggesting these arise from salt-related particles in the samples.
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Record 1: Thiocyanate 1

Figure 5.10 – DLS spectrum of lithium thiocyanate
For each sample three replicate runs were performed and the average diameter at
the peak maxima has been used to calculate the molecular weight. Figures 5.11 to
5.13 show the DLS spectra for β amylase, alcohol dehydrogenase and albumin.
Although the larger diameter peaks move slightly they are too big to be the proteins
peaks, which all occur around 10 nm. For each peak there is a size distribution,
but there are not separate peaks. This means that although small amounts of
material may be present in different conformations or oligomeric numbers, one
form dominates.
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Figure 5.11 – DLS spectra of β amylase
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Figure 5.12 – DLS spectra of alcohol dehydrogenase
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Figure 5.13 – DLS spectra of albumin
The single protein peak seen in DLS spectra, along with the calculated molecular
weights have helped determine the exact nature of the calibration standards. For
example with β amylase, if the protein was monomeric and linear then a diameter
of 12.5 nm would be expected, whereas if the protein is a tetramer and globular
then the diameter would be expected to be 11.5 nm. The average measured
diameter is 11.73 nm, which is much closer to the tetramer size and gives a similar
molecular weight in the globular conformation.
The DLS work has demonstrated that β amylase and alcohol dehydrogenase are
not denatured on the column by the 8M urea but are in the tetrameric form and
globular proteins. Albumin is generally seen as the trimer rather than the monomer
although on some occasions it has been noted that the albumin peak appears
before the β amylase which would indicate a tetramer has been formed. In the
HPSEC calibration files the molecular weights given in Table 5.4 are used. The
blue dextran peak is not included in the calibration file but is run to determine the
totally excluded retention time of the column. This may not be seen in all HPSEC
systems but is observed with the HPSEC and parameters described above, and
highlight the uncertainties within the calibration.
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protein standard

molecular

protein standard

weight / kDa

molecular
weight / kDa

blue dextran

2000

albumin

198

β amylase

200

carbonic anhydrase

29

alcohol dehydrogenase

150

cytochrome c

12.4

Table 5.4 – molecular weights of protein standards as used in the
HPSEC calibration file
Implications for English Heritage Silks
The results of the HPSEC analysis will provide information on the current condition
of the silks within the English Heritage collection. This information can be
compared with data from accelerated ageing tests to allow a greater understanding
of the causes of the silk deterioration. The results of the HPSEC analysis can also
be compared with published results for historic silk samples analysed as part of
MODHT. This research noted greater deterioration for historic samples compared
to artificially aged samples. As only light accelerated ageing was utilised this adds
weight to the theory that other factors as well as light may be responsible for silk
deterioration.
Burrell Tapestry
In MODHT only artificially aged silks were sampled with both the front and back of
the same thread. A small number of historic samples were removed from the front
of tapestries and these were found to be in a similar condition to those from the
reverse. To determine whether the similarity found in MODHT was due to
sampling position or dyeing processes rather than age and condition of the silk a
number of samples were taken from the same thread on both the front and back of
a historic tapestry.
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Figure 5.14 – light yellow silk in the leaves of the tapestry border
(reproduced by permission of the Burrell Collection, Glasgow Museums, Culture
and Sport Glasgow)
The tapestry is one of a series of three woven for Robert Dudley, Earl of Leicester
(d.1588). It depicts the Dudley coat of arms, held by lion supporters and
surrounded by English flowering plants and a border of flowers and fruit.
Conservation work on the tapestry at the Textile Conservation Centre (TCC) made
access to individual threads easier. During conservation it was noticed that there
were a large number of fragments of lost silk that were seemingly the same light
yellow colour (see Figure 5.14). There were a large number of details within the
tapestry border as well as highlights on the central lion in this colour. The same
thread was sampled from both the front and the back of the tapestry in seven
different locations (see Figure 5.15). Visual assessment suggested that locations 1
to 3 were in a rather poor condition (front and back), whereas the reverse sections
of samples 5 to 7 had retained more colour.
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Figure 5.15 – Dudley Armorial tapestry overview (reverse) with sampling
locations marked (reproduced by permission of the Burrell Collection,
Glasgow Museums, Culture and Sport Glasgow)
This light yellow colour was selected due to ease of access to samples arising from
previous damage, as well as the relatively even distribution of this colour across
the tapestry. It was hoped that by running these samples any effects from the dye
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would be minimised due to the similar colour and that a number of locations would
be more representative than a single area of damage. Therefore any differences
observed between the front and back samples would be due to the actual condition
of the silk by limiting the other possible variables.

front

back

front

Figure 5.16 – cross section of tapestry weave structure
Figure 5.16 shows a cross section of the weave structure. The sampled threads
were removed and separated into a front and back section by cutting along the red
lines in the illustration. Samples labelled as from the front are from the displayed
side. The resulting samples, such as that in Figure 5.17 were around 3 mm long.
The sampling is difficult as the threads are unpicked to provide a sample which has
definitely come from the front or back region. Ethically this means not only
removing material for a destructive technique but also removing some material that
forms the image on the front. To minimise the impact sampling had, material was
carefully removed from the edges of areas with previous damage. In each case
only one thread was removed and just one front and back section taken. This has
implications for how representative the samples may be as the areas had already
suffered some damage, as well as the limited number of samples that could be
justified.
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Figure 5.17 – sample 5 back
As can be seen in Figure 5.18, there is little difference in the traces for the front
and back samples. For the seven samples there were some differences mainly in
the intensity of the signal for the unfaded backs in samples 5 to 7. However the
retention time and over all shape of the molecular weight distributions are similar
for all samples when comparing the front and back sections. When the peak area
is integrated to determine the weight-averaged molecular weight (M w ) the
differences between the front and back sections show little change (see Figure
5.19). These initial results suggest that samples, which at first sight seemed in
better condition (5-7) are as deteriorated as the others, according to the molecular
weight criterion. Furthermore, within experimental error, the extent of deterioration
for the front and back samples seems to be much the same.
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Figure 5.18 – sample 2 HPSEC chromatograms (front: blue; back: red)
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Figure 5.19 – molecular weight results; the average and range for the
triplicate analyses are shown in each case (front: blue; back: red)
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In relation to the sampling position there does not seem to be any correlation
between the condition of the silk and its location on the tapestry. The results
indicate that any difference in the fading of the dye cannot be taken as an
indication of the level of silk deterioration. It appears that light is not the only
important factor in silk deterioration, confirming that the critical factors promoting
silk degradation need to be reassessed.
Conclusions
Tests using the HPSEC have demonstrated the repeatability of analysis and its
ability to provide information on the molecular weight of samples. The small
amount of sample required allows historic samples taken from the English Heritage
collection to be analysed and information on the condition to be obtained.
Comparison with results from accelerated ageing experiments should also allow
correlation between a number of analytical methods providing further information
on the condition and potentially remaining lifetime of the historic collections.
However a number of difficulties with the calibration methods have been identified
and these may be problematic in determining the molecular weight of samples. To
determine whether HPSEC could be successfully applied it was used as one of the
analytical methods for the kinetics ageing experiments.
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Chapter 6 – Silk Deterioration Kinetics Study
To study the rate of deterioration of silk a kinetics study has been
undertaken. This chapter reviews the available literature values for
the activation energy of silk reactions. The experimental
conditions used for the kinetics study and the results are
presented. A number of methods to determine the activation
energy are included with the experimentally determined value for
silk deterioration. Design optimisation of the accelerated ageing
experiments on the basis of this result is discussed.

Accelerated ageing experiments will be used to mimic silk deterioration occurring
on open display. Ageing under the range of display conditions identified in chapter
two, will help determine the critical deterioration factors for silk. However, to put
the results into context, the length of ageing needs to be related to an equivalent
length of time on display. For example is 100 years light exposure at 200 lux,
causing more damage than 100 years exposure to high humidity? To answer this
question requires knowledge of the increase in the rate of deterioration caused by
the higher temperatures used for accelerated ageing. For some other materials in
conservation (most extensively paper and photographic media) this has been done
using the activation energy, E a . However for silk there has been little research on
the rates of reaction or determination of E a .
The kinetics work is a preliminary study, designed to supplement the available
published data with the rate of silk deterioration and the associated activation
energy of the reaction. The complexity of kinetics studies and limited time means
the results will not be an exact prediction, more a guide to what might happen. The
study should also put the available data in the literature into perspective and
determine whether any of the values of E a are suitable for relating the ageing to
display intervals. Some of the information in this chapter was presented at Natural
Fibres in Australasia, the paper from which is in Appendix 4.
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Published Activation Energies for Silk

There are a limited number of studies which quote a value of E a for silk including
two with values extracted from thermal analyses. However these methods may not
be relevant to silk deterioration occurring on open display. Work by Bora et al. 1
gives activation energies for three different types of silk analysed using DSC. For
each type of silk a value is given for the dehydration reaction, around 100 – 150
°C, with E a between 10 – 13 kJmol-1. The E a is also reported for the
decomposition reaction, around 300 °C, with activation energies between 30 – 39
kJmol-1. Work by Garside and Wyeth 2 gives calculated activation energies from
TGA traces. However, these are suggested to relate to fibroin crystallite melting,
and the values (between 45 and 79 kJ g-1) on conversion to standard units (kJmol1

) seem inconsistent with lower E a decomposition reactions.

Thermal chemiluminescence of fibrous proteins determined a change in the
activation energy at the glass transition temperature, T g . Below the T g the
activation energy is reported as 54 kJ mol-1 however this rises to 147 kJ mol-1
above the T g . 3 Studies on conservation processes have also reported the
activation energy including silk degradation caused by copper acetate (used as a
pigment, verdigris) which calculated the activation energy as 100 kJ mol-1. 4 A
study on the use of Parylene-C as a consolidant for silk, determined the activation
energy from tensile testing after ageing between 70 °C and 110 °C. Depending on
the tensile property used the activation energies for uncoated aged silk were
between 59.5 – 66.4 kJ mol-1. 5

The variation in these values means it is difficult to determine whether any of these
activation energies can be used to determine the increase in rate of deterioration.
It is also likely that the silk deterioration occurring on open display in historic
houses is different to some of the reactions above, so the activation energy is also
liable to be different. To relate the ageing and display intervals a kinetics study
was undertaken on silk deterioration reactions. The experiments also act as a
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preliminary test for the accelerated ageing set up to minimise experimental design
problems for the later long-term ageing tests.

Methodology

Experimental Set Up

For this initial study a limited number of the accelerated ageing parameters were
selected. Hybridisation tubes were used for ageing as they can be sealed and
heated without contaminating the samples inside. These have been prepared as
shown in Figure 6.1. RH levels will be created with saturated salt solutions with a
piece of glass wool above to prevent salt migration and reduce possible
contamination of the silk. The silk samples are suspended above from a filter
paper via a loop of polyester thread. The lid is then firmly closed with the rubber
seal inside (PTFE coated side onto the filter paper).

Rubber seal
PTFE coating
Screw top

Filter paper
Polyester
thread
Silk samples
(25 x 100 mm)

Hybridisation
tube

Glass wool plug
Saturated salt
solution

Figure 6.1 – kinetics ageing experimental set up

Elemental analysis of the English Heritage collection (see chapter three) found that
the majority of the objects are made of plain silk; this will be replicated using
medium weight habotai silk in the kinetics ageing tests. This will also be used in
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the accelerated ageing tests. Three pieces of silk, 25 x 100 mm (warp in the
longest direction) provide replicates for each ageing condition. The size of the silk
is limited due to the size of the hybridisation tubes. Samples were prepared for
each set of ageing conditions with one tube removed weekly for 6 weeks.

Environmental Conditions and Creation
As the dehydration of silk crystals is reported around 100 °C1,6,7 ageing was
undertaken at 50, 60, 70, 80 and 90 °C. Saturated salt solutions were used to
produce environments of approximately 30% (MgCl 2 .6H 2 O), 50% (NaBr) and 75%
(NaCl) RH for ageing. The RH levels vary by up to 6% between 50 and 90 °C 8 .

To compare the effect of light on the ageing of silk some samples were placed in a
daylight ageing light box (for full details see chapter seven). The direct light level
under the UV filter was measured as 7000 lux but the hybridisation tubes and the
angle reduce this to 1900 lux. To ensure an equal comparison half the
hybridisation tubes were wrapped in aluminium foil and placed in the light box (20
°C dark samples). Ageing samples have been given an identification code relating
to the conditions used. This is made up of the temperature (20, 50, 60, 70, 80, 90),
RH level (30, 50, 75) and lighting conditions (L / D) with the time interval in weeks
(1-6), for example 20 30 L 4 has been aged in the light box at 30% RH for 4 weeks.

Method of Analysis

After ageing each sample was tensile tested to measure the maximum load and
the tensile extension at maximum load, as well as determining the molecular
weight of the samples with HPSEC. Tensile testing data was acquired at 22 ± 2
°C, 52 ± 5% RH on an Instron 5544 instrument, adapting the standard method for
fabric strips BS EN ISO 13934-1:1999, 9 with gauge lengths of 50 mm and a
crosshead speed of 10 mm/min. Results for strips which broke close to the jaws
were discarded and average values calculated. As the sample size selected differs
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to that given in the British Standard 10 a series of tests were carried out to study the
effects of varying the sample size. These looked at differences based on the
sample direction (warp or weft threads in the longest direction), width and length as
well as the extension rate.

For the HPSEC, 1.5 mg of silk was dissolved in 0.6ml of ~21M lithium thiocyanate
solution, with the greater concentration and volume allowing three replicate runs to
be performed on the HPSEC. In most cases material was taken from replicate
number one. The equipment and method used is described in chapter five.

Determination of the Rate of Deterioration

Previous silk accelerated ageing studies, at 0 and 100% RH, have found that
tensile properties show an exponential decrease over time 11 . For this work, the
apparent first order rate constants of deterioration, k, were determined from the
slopes of plots of the log (load or extension) versus time, following linear
regression. The degradation of silk has also been described as having first order
rate constants after light and heat ageing measured using breaking strength. 12
The same method was also used for the HPSEC data.

Determination of the Activation Energy

The Arrhenius equation (Equation 6.1) was then applied to determine the activation
energy for deterioration at each RH level.
k = Ae-Ea/RT

Equation 6.1

In Equation 6.1 k is the rate constant, A the pre-exponential factor, E a the
activation energy, R the gas constant and T the temperature (in K). E a values
were estimated from the slopes of graphs of ln(k) against the reciprocal
temperature (see Figure 6.2).
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Figure 6.2 – Arrhenius plot for tensile testing results
(extension: 30% dark blue; 50% blue; 75% light blue; load: 30% dark green; 50% green;
75% light green)

Results and Discussion

Tensile Testing - Parameter Variation Trial

Due to the size of the hybridisation tubes the silk samples were limited to 25 x 100
mm. To study the effects this reduced size would have, compared with the size
given in the British Standard, a trial was undertaken. Five replicate samples of
100, 150, 200 and 250 mm in length, by 25 and 50 mm in width were compared at
extension rates of 10 and 20 mm min-1. The gauge length was increased from 50
mm (for the 100 mm long samples) by 50 mm increments with increasing sample
length, to 200 mm for the 250 mm long samples. Samples were prepared with
both the warp and weft in the longest direction to determine if this would have any
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difference. The trial was conducted on the same plain weave silk habotai used for
the kinetics study.
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Figure 6.3 – variation in maximum load with increasing length of weft
samples
(width 50 mm, speed 20 mm/min: blue; width 25 mm, speed 20 mm/min: red; width 50
mm, speed 10 mm/min: yellow; width 25 mm, speed 10 mm/min: green)

For samples cut with the weft fibres in the longest direction (referred to as weft
samples) there was a drop in the maximum load between the 100 and 200 mm
long samples (see Figure 6.3). From 200 to 250 mm the maximum load increased.
Doubling the width of the samples from 25 to 50 mm increases the maximum load
by approximately a factor of two, as might be expected. Doubling the extension
rate had almost no effect.

In the extension at maximum load there is very little change between the 100 and
150 mm long samples in the weft direction. This is followed by an increase in the
extension at maximum load between 150 to 250 mm (see Figure 6.4). In the weft
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direction the length of sample seems to affect the results therefore weft samples
will not be analysed in further work.
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Figure 6.4 – variation in extension at maximum load with increasing length of
weft samples
(width 50 mm, speed 20 mm/min: blue; width 25 mm, speed 20 mm/min: red; width 50
mm, speed 10 mm/min: yellow; width 25 mm, speed 10 mm/min: green)

For warp samples increasing the length had little effect on the maximum load
measured. This is especially true for 25 mm wide strips (see Figure 6.5). Changes
in the extension rate also had a minimal effect, again especially on the 25 mm wide
samples, although a ten fold increase in extension rate has been reported to affect
the strength of mulberry and Tussah silk filaments. 13 Increasing the width from 25
to 50 mm approximately doubled the maximum load, as with the weft samples. For
the wider samples (50 mm) wider jaws were used. To determine if this had any
impact on the results the narrower (25 x 100 mm) samples were run with both sets
of jaws and at both extension rates. These values are within the experimental
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error of each other therefore the effect of changing the jaws can be seen as
negligible.
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Figure 6.5 – variation in maximum load with increasing length of warp
samples
(width 50 mm, speed 20 mm/min: blue; width 25 mm, speed 20 mm/min: red; width 50
mm, speed 10 mm/min: yellow; width 25 mm, speed 10 mm/min: green)

For the extension at maximum load data there is a linear increase with increasing
sample, and therefore gauge length. These results seem to be regardless of the
sample width, extension rate or jaw width (see Figure 6.6). These results suggest
that using 25 x 100 mm silk strips for the kinetics trial will give meaningful data in
comparison with the standard method. The final parameters chosen for the tensile
testing were: 25 x 100 mm warp direction strips with an extension rate of 10 mm
min-1 as this gave a smaller standard deviation from the mean. The jaw width used
should have no bearing but for consistency the same jaws will be used throughout.
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Figure 6.6 – variation in extension at maximum load with increasing length of
warp samples
(width 50 mm, speed 20 mm/min: blue; width 25 mm, speed 20 mm/min: red; width 50
mm, speed 10 mm/min: yellow; width 25 mm, speed 10 mm/min: green)

Tensile Testing - Kinetics Samples

The tensile strength (measured as the maximum load at break) and tensile
extension at break showed comparable changes. Figure 6.7 shows the maximum
load at break results for samples aged at 75% RH and over the range of
temperatures; similar trends were observed at 30% and 50% RH. Data in Figure
6.7 have exponential best-fit trendlines, which indicate a first-order deterioration
rate for silk. There was a gradual reduction in the performance over the length of
each set of heat and humidity ageing conditions, with the most marked effects at
higher temperature and high humidity. For example, at 75% RH and 90 °C the
maximum load was halved after just one to two weeks. There was also a
noticeable increase in the yellowing of the samples at higher temperatures and
humidities.
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The ageing dependence on relative humidity is illustrated with the extension at
maximum load for samples treated at 60 °C (see Figure 6.8). Perhaps surprisingly,
at all temperatures the smallest change was observed for the samples kept at 50%
RH. Although this is a tentative conclusion requiring confirmation, given the
relatively small decrease in values coupled with the data scatter and size of the
experimental error, it was confirmed by the maximum load results. Ageing at 75%
RH caused the most deterioration.
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Figure 6.7 – changes in maximum load after ageing at 75% RH (other RH
levels removed for clarity)
(20 °C light: blue; 20 °C dark: green; 50 °C: aqua; 60 °C: purple; 70 °C: pink; 80 °C:
yellow; 90 °C: red)
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Figure 6.8 – changes in extension at maximum load after ageing at 60 °C
(30% RH: dark purple; 50% RH: purple; 75% RH: light purple)

For samples aged in the light box at room temperature (20 °C light and 20 °C dark)
there was a small change after 6 weeks with little significant difference between the
two sets of samples (see Figure 6.7). For the light aged samples those aged at
30% and 50% RH show a slight increase in strength with ageing (see Figure 6.9).
This may be caused by experimental variations (such as changing RH during
tensile testing) as the same effect is not observed in the HPSEC results which
show little change on ageing. The small changes, with approximately flat slopes,
and the slight increases giving positive slopes for the trend lines have implications
for determining the rate of reaction later.
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Figure 6.9 – maximum load results for samples light aged at 20 °C
(30% RH: dark blue; 50% RH: blue; 75% RH: light blue)

Tensile Testing - Rate Determinations

As described above the rate has been determined from the slopes of plots of the
log (load or extension) versus time, following linear regression for example in
Figure 6.10. The rate constant, k can be determined from the slope of each trend
line, (which equals –k) these values are given in Table 6.1.
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Figure 6.10 – calculating the rate constant from extension data after ageing
at 50% RH (20 °C light: blue; 20 °C dark: light green; 50 °C: aqua; 60 °C: purple; 70 °C:
pink; 80 °C: light orange; 90 °C: grey)

30% RH

50% RH

75% RH

extension 20 °C L

-5.53E-09

-7.79E-08

4.10E-08

extension 20 °C D

-1.05E-09

-3.59E-08

4.33E-08

extension 50 °C

7.78E-08

1.67E-08

9.28E-08

extension 60 °C

1.22E-07

2.23E-08

1.69E-07

extension 70 °C

2.62E-07

8.93E-08

6.44E-08

extension 80 °C

2.85E-07

1.77E-07

3.97E-07

extension 90 °C

3.86E-07

3.86E-07

3.54E-07

load 20 °C L

-1.27E-08

-2.95E-08

3.21E-08

load 20 °C D

-4.67E-09

-1.42E-08

2.42E-08

load 50 °C

6.75E-08

1.57E-08

6.19E-08

load 60 °C

8.54E-08

9.53E-09

1.19E-07

load 70 °C

2.56E-07

8.86E-08

7.00E-08

load 80 °C

1.32E-07

3.13E-08

1.86E-07

load 90 °C

2.09E-07

1.56E-07

2.73E-07

Table 6.1 – rate constants (k) in s-1 determined from tensile results
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Tensile Testing – Activation Energies

The 20 °C samples show little alteration on ageing, with either no change or a
small increase in the slope (see Figure 6.10). The activation energy is determined
by calculating ln(k), therefore if the slope (i.e. –k) is not negative but positive (or
flat) then k becomes a negative number. This is problematic as the log of a
negative number cannot be calculated. Table 6.1 includes a number of negative
values of k for the samples aged at 20 °C, so only the samples aged at elevated
temperatures (50 °C to 90 °C) have been used to determine the activation
energies. The slopes of the lines in Figure 6.2 equals -E a /R, where R is the gas
constant (8.314 J K-1 mol-1), these have been used to determine the activation
energies in Table 6.2.

30% RH

50% RH

75% RH

extension

40 ± 6

81 ± 9

34 ± 21

load

27 ± 13

56 ± 26

33 ± 12

Table 6.2 – activation energies (in kJ mol-1) determined from tensile testing
results

Although the calculated errors are relatively large, it is interesting to note that the
activation energy is higher at 50% RH compared with the other two ageing
conditions.

HPSEC - Kinetics Samples

The HPSEC results from the kinetics samples show a similar trend to the tensile
testing results. For the majority of ageing conditions higher levels of relative
humidity (RH) give a larger decrease in the weight-averaged molecular weight (M w )
of the silk (see Figure 6.11). Increases in temperature also caused larger
decreases in the M w , so the most deterioration was seen for the samples aged at
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90°C and 75% RH. There are small changes observed in the samples aged at
20°C whether they were exposed to light or not, although the highest RH levels do
seem to have caused slightly more deterioration. The molecular weight can also
be measured by the number-averaged molecular weight (M n ) or the maximum
peak position in the chromatogram (M p ). Both show similar trends to the M w
results.
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Figure 6.11 – changes in weight-averaged molecular weight after ageing at
80°C (30% RH: dark orange; 50% RH: orange; 75% RH: yellow)

When initially processing the HPSEC data it became apparent that very small
changes in retention times for the calibration standards gave wildly different
molecular weight values, often for the same sample. These difficulties and the
solutions are discussed in more detail in chapter eight. However, due to these
problems the values determined for the activation energy, using the method above;
included some negative numbers with errors in the same region as the calculated
activation energy. Therefore alternative methods of determining E a were sought.
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A review of similar experimental work from within paper conservation suggested
two alternative methods to determine E a . Work has shown that paper, or more
accurately cellulose deterioration reactions can be more accurately followed using
changes in the degree of polymerisation (DP) before and after ageing. A HPSEC
study on cellulose reports DP is equivalent to the number-averaged molecular
weight (M n ) 14 which may also apply to silk. The second method is timetemperature superposition (TTSP) which involves shifting the data along a time
axis to align data from different temperatures to form a master curve for the
deterioration reaction at a reference temperature, usually lower than the ageing
temperatures. These are both investigated further using the data obtained.

Degree of Polymerisation

In cellulose deterioration, the degree of polymerisation (DP) has been used to
follow the degradation reaction. Using the linear Ekenstam’s relationship 15,16 a
pseudo-zero order approximation can be calculated from Equation 6.2 or the first
order reaction from Equation 6.3.

1/DP – 1/DP 0 = kt

Equation 6.2

ln (1-1/DP 0 ) – ln (1-1/DP) = kt

Equation 6.3

Where DP is the number-averaged degree of polymerisation and DP 0 the value at
the start, t=0. Silk is a natural polymer, similar to cellulose, and the numberaveraged molecular weight (M n ) has been reported to be equal to the degree of
polymerisation (DP) in cellulose. Therefore it may be possible to use these
equations to determine the rate of silk deterioration. An interesting difference with
this method is that each time interval gives a rate of reaction k, which means for
each week of ageing the activation energy can be calculated (see Figure 6.12 and
Table 6.3).
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Figure 6.12 – Arrhenius plots using degree of polymerisation calculations
(30% RH: week 1 dark blue; week 2 blue; week 3 light blue; week 4 dark aqua; week 5
aqua; week 6 light aqua; 50% RH: week 1 dark green; week 2 green; week 3 light green;
week 4 olive green; week 5 yellow; week 6 light yellow; 75% RH: week 1 slate; week 2
dark purple; week 3 light purple; week 4 dark pink; week 5 light pink; week 6 coral)

RH/%

30

50

75

week 1

54 ± 31

20 ± 52

-5 ± 25

week 2

6 ± 35

34 ±27

1± 31

week 3

55 ± 59

18 ±39

29 ± 51

week 4

35 ±14

1 ± 11

17 ± 36

week 5

36 ±14

24 ± 5

19 ± 20

week 6

14 ±32

52 ±5

30 ± 25

Table 6.3 – activation energies (in kJ mol-1) from degree of polymerisation
calculations

As previously the values for ageing at 20 °C have been excluded, however as can
be seen in Table 6.3 in most cases the errors within these calculations are similar
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to the values themselves with relatively high variation between the weeks. It
seems to suggest that this method of analysing the data does not improve on the
previous, more traditional method or that M n for silk cannot be used for the degree
of polymerisation (DP) as with cellulose.

Time-Temperature Superposition

Another method which has been applied to paper deterioration but originally was
used for polymers, such as neoprene, is time-temperature superposition (TTSP) 17 .
This is used for thermal ageing predictions by shifting data from a number of higher
temperatures by different shift factors along the time axis to produce a master
deterioration curve for a lower temperature, at which the experiments would take
too long. For paper deterioration the activation energy calculated by this method is
similar to that calculated using the normal kinetics analysis for the same type of
paper 18 . One of the initial stages for this method is to produce Arrhenius plots from
time to equivalent damage (TED) data. This technique has been used to look at
the deterioration processes for various materials within the film and photography
conservation fields.

To produce the TED data, the analytical results are plotted as a ratio against the
initial value, for example in Figure 6.13, the extension of the aged sample is
divided by the extension of the unaged sample (e/e 0 ). Extension values have been
used to provide a comparison with the molecular weight values and also to
compare the activation energies calculated using this method with those given in
Table 6.2 above. Figure 6.13 shows data from the 20 50 dark aged samples along
with those aged at varying RH levels at both 60 and 80 °C. With increased ageing
this ratio decreases, as the extension of the sample decreases with ageing. To
produce an Arrhenius plot a measure of the deterioration is chosen, for example
e/e 0 = 0.9, and the time taken for each ageing condition to reach this point is
calculated, this is the TED value.
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Figure 6.13 – the change in the extension ratio (e/e 0 ) with ageing time
(20 °C dark: green; 60 °C 30% RH: dark orange; 60 °C 50% RH: orange;
60 °C 75% RH: yellow; 80 °C 30% RH: dark purple; 80 °C 50% RH: light purple;
80 °C 75% RH: pink)

The Arrhenius plot uses the log of this time (ln(TED)) on the y axis against the
reciprocal temperature used for ageing (1/T) on the x axis (see Figure 6.14) . The
slope of the line equals E a /R. Here the temperature axis is 1000/T which means
the slope multiplied by R gives the activation energy in kJmol-1 (as shown in Table
6.4). These graphs have positive slopes as ln(TED) rather than the reciprocal
value is plotted, however the values obtained for the slope are identical regardless
of this factor.
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Figure 6.14 – Arrhenius plot for thermal ageing data at 30% RH
(e/e 0 = 0.9: blue; e/e 0 = 0.8: red; e/e 0 = 0.7: green)

For the extension data there are still some problems with this method, for example
ageing at 70 °C and 30% RH gives negative values due to contamination of the
samples by salt. To provide comparisons the TED data for e/e 0 = 0.9, 0.8 and 0.7
were all plotted, with at least three temperatures for each line. Generally these
values are much closer together than those in Table 6.2, particularly within each
RH level. However the same trend is seen as before with higher activation
energies for 50% RH. The average activation energy for silk deterioration from this
method was calculated as 50 kJ mol-1.

RH / %

e/e 0 = 0.9

e/e 0 = 0.8

e/e 0 = 0.7

average

30

57 ± 3

45 ± 1

40 ±0.3

47

50

63 ± 11

66 ± 13

67 ± 21

65

75

39 ± 29

39 ± 10

38 ± 5

39

Table 6.4 – activation energies (in kJ mol-1) calculated from TED extension
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The TTSP method was also applied to the molecular weight results determined by
HPSEC, using the weight-averaged molecular weight M w values. The process
used was the same as for the extension data above, with M w /M w0 = 0.6, 0.5 and
0.4 being selected as the TED values. The calculated activation energies are
given in Table 6.5. Again the values are close together, although much lower and
with large errors, however the 50% RH values are higher as before. The low
activation energies and high associated errors, along with the difficulties
experienced in the molecular weight calculations mean the results of the HPSEC
analysis have not been used to determine the activation energy.

RH / %

M w /M w0 = 0.6

M w /M w0 = 0.5

M w /M w0 = 0.4

average

30

18 ± 10

14 ± 3

11 ± 4

14

50

28 ± 26

24 ± 14

22 ± 8

24

75

4±6

14 ± 23

17 ± 28

12

-1

Table 6.5 – activation energies (in kJ mol ) calculated from TED M w
Having determined the activation energy for the reaction the master curve can be
plotted (see Figure 6.15). Although not used further in this research the curve
shows the loss of extension takes around 1200 days (or approximately three
years). However this is strongly affected by a change in activation energy,
increasing the activation energy from 50 kJ mol-1 (used to plot Figure 6.15) to 75 kJ
mol-1 would shift the curve so e/e 0 = 0 takes around 10000 days. This could be
useful to determine the predicted lifetime of materials where the activation energy
is more certain, but has not been pursued as part of this research.
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Figure 6.15 – master curve based on TTSP method using average E a (50 kJ
mol-1) (30% RH: blue; 50% RH: red; 75% RH: green)

Research by the Image Permanence Institute (IPI) on film and photographic media
has demonstrated that the activation energy (and therefore the predicted lifetimes)
varies depending on the measure of deterioration used. 19 However methods that
measure chemical deterioration, such as molecular weight, are favoured over
those that use physical methods to measure the deterioration as this is a
secondary effect caused by the chemical changes. 20 As Zou et al. mention in
relation to paper deterioration “the loss of mechanical properties is a consequence
but not a direct indication of the chemical degradation of cellulose”. There is also a
large variation in the reported activation energies for paper deterioration. 21

Conclusions

The kinetics experiments have helped identify a number of changes to the
experimental procedure for the accelerated ageing experiments. These include
using six replicates for each ageing condition to improve the repeatability of the

183

tensile testing results. All six replicates can be aged within a single hybridisation
tube. The samples will remain the same size (25 x 100 mm) in order to fit in
hybridisation tubes, but this has an understandable and linear effect on the tensile
testing data.

For the long-term accelerated ageing experiments 80 °C has been chosen as the
elevated temperature to increase rate of reaction. This will cause a substantial
increase in the rate of reaction allowing silk deterioration to be studied. However it
will also enable the samples to be aged for longer time intervals. The accelerated
ageing experiments include samples aged for up to one year; in the kinetics
experiments samples aged at 90 °C and 75% RH had lost approximately 50% of
their initial strength after six weeks. Therefore ageing under these conditions is
unlikely to proceed for the desired time interval. The choice of 80 °C should also
ensure that the silk does not undergo dehydration reactions that have been
observed during thermal analysis.

This study was also undertaken in order to determine the approximate activation
energy for silk deterioration reactions. As reported by other investigators the
activation energy varies with the analytical technique chosen. There are also a
wide range of values from the results of this study. However the majority of values
indicate higher activation energies for silk deterioration at 50% RH compared to the
other levels of RH studied. The longer term accelerated ageing study incorporates
a wider range of RH levels for ageing and the effect on the rate of deterioration will
be studied further. But it may indicate, similar to other organic materials, that there
is a plateau region (middle RH levels) with little change in the deterioration rate for
silk. However the extreme regions may have sudden increases in deterioration,
this would be useful to understand for environmental control in order to slow the
degradation of silk collections on display. The effect of salt contamination on silk
deterioration (particularly at 30% RH) is discussed further in chapters seven and
eight. These results indicate the kinetics data at 30% RH has a number of
uncertainties.
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The results of the kinetics study indicate the average activation energy for silk
deterioration is approximately 50 kJ mol-1. This is similar to the values determined
by thermal chemiluminescence below the T g and for untreated samples in the
consolidation study. The average activation energy (50 kJ mol-1) has been used to
determine the increase in deterioration rate for the longer term accelerated ageing
experiments (chapter seven), although it is an approximation it will allow the
display time and ageing interval to be compared.
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Chapter 7 – Accelerated Ageing Experimental Design
This chapter discusses the use of accelerated ageing
experiments to study deterioration reactions, including the
selection of environmental parameters and design of the
experiments used. The calculations to determine the length of
ageing are presented and potential problems suggested. Tests
of the ageing conditions used are reported with observations
made during the ageing experiments, which may affect the
results.
To identify the critical factors for silk deterioration in historic houses, in the
timescale of the project, accelerated ageing experiments are required. To study
ageing processes under real conditions and timescales is difficult, as Erhardt
and Mecklenburg have noted, ageing experiments either have to occur over
very long time intervals or very small changes must be measured and then
extrapolated. 1 To overcome this problem ageing reactions are often artificially
accelerated so quantifiable changes occur over shorter time periods.
There are two general approaches: either to mimic natural ageing as accurately
as possible, or to increase reactions to understand a specific problem, such as
off-gassing. In the first it is vital that the reactions occurring during accelerated
ageing are the same as those that would take place normally. Also that the
increase in the rate of reaction applies similarly to all the reactions occurring
rather than leading to a different degradation mechanism dominating. In the
second it is more important that if off-gassing is going to occur during actual use
of the material studied, it will be observed under the artificial ageing regime.
However off-gassing can be caused by the artificial ageing which might never
occur in reality.
The aim of these experiments is to understand silk deterioration which would
occur on open display, therefore it is important to simulate the natural ageing
environments. This helps relate the deterioration seen during accelerated
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ageing back to real display environments and find ways of controlling or
mitigating the damage. The first assumption made during these accelerated
ageing experiments is that the deterioration caused arises from the same
reactions which occur under natural ageing and each has been similarly
increased in rate. Due to the complexity of natural polymers, such as silk, it is
very likely that multiple reactions are occurring both under natural and
accelerated ageing conditions. The ageing experiments can be used to give a
holistic view and study how the series of reactions behave as a whole since this
governs how the physical properties change. 2
There is no universal method for accelerated ageing, so two separate
approaches have been used to relate the accelerated ageing experiments to
display parameters. For light ageing the reciprocal principle 3,4 has been
applied to calculate the length of ageing at much higher light levels than those
used for display. The reciprocal principal demonstrates, for example, that 10
hours at 50 lux is equivalent to 5 hours at 100 lux, both equal 500 lux hours.
An elevated temperature has been chosen for accelerated ageing at different
humidity levels. Two further assumptions are then used, that the deterioration
processes occurring are chemical and that the increase in temperature will
increase the rate of those chemical reactions. The Arrhenius equation can then
be applied. These assumptions have been discussed in relation to paper
deterioration by Ding and Wang 5 and Zou et al. 6 The determined activation
energy is therefore an average of the multiple reactions occurring however this
is reported to still be linear.1,6 For paper it has been shown that increasing the
temperature, at constant RH, increases the rate of deterioration without
significantly altering it, whereas changes in RH change the ageing processes
occurring. From the kinetics study (chapter six) it appears that this is also true
for silk and the reactions do alter, as seen in the changing activation energies at
different levels of RH.
Although there is no standard method for accelerated ageing experiments, the
approach chosen is similar to those used to study deterioration reactions for
both paper1,6, 7,8 and photographic media. 9,10,11,12,13,14 The Arrhenius equation
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relates to reactions occurring in the gas or solution phase but has been applied
by these authors to solid materials for various types of both paper and
photographic media. The Arrhenius approach uses an elevated temperature to
increase the rate of reaction, here silk deterioration. The activation energy of
the reaction can be used to determine the increase in rate at the elevated
temperature compared with room temperature. The deterioration can then be
extrapolated back to that occurring over longer display times at room
temperature, relating a length of accelerated ageing with a period of display
under the same level of relative humidity (RH). The results should allow
comparison between the deterioration caused at different levels of RH, to
determine the optimal display environment. By light ageing at different RH
levels any synergistic effects of light and humidity can also be considered.
Using display intervals for the time axis rather than ageing intervals enables
more accurate comparisons between the light and humidity ageing regimes. It
is not uncommon to see light ageing reported as the cause of greatest
deterioration for a material, but for the light level used for ageing over a short
period to relate to a much greater display time than the thermal ageing reported.
The method used here aims to make the two very different methods of ageing
comparable and therefore relate the results more directly to the display of
collections. This links to a further aim of the research; to predict a display
lifetime for silk. With no knowledge of the reaction kinetics and just an ageing
period under a certain set of conditions, it is very difficult to say how long that
might equate to on display. By using display intervals the endpoint, or a
lifetime, is easier to determine. However an understanding of how silk
deteriorates with time and at what point it is no longer able to be displayed is
still required.
The display end point is often determined from physical properties, such as
mechanical strength, such as changes in the strength of tapestries. 15 However
this type of analysis is destructive and requires large samples. Therefore
surrogate samples that replicate the materials identified within the English
Heritage collection are used instead. Chemical analysis of the surrogates can
also be undertaken, with the aim of correlating changes in mechanical and
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chemical properties. This data can be used to understand the results of
chemical analysis performed on small samples removed from the English
Heritage collection. By correlating the accelerated ageing experiments with the
results from the historic samples it can be determined whether the ageing has
produced deterioration similar to that arising from natural ageing on display.

Environmental Criteria

English Heritage Properties Data
Compositional analysis of silks from the English Heritage collection revealed
that the majority of the collection is unweighted, plain silk (chapter three). There
is a small percentage (~10%) of tin weighted and high sulfur content silk, with a
few items that contain iron or zinc. To limit the number of variables but have
results which are applicable to the collection plain, unweighted, medium-weight
silk habotai (used in the kinetics tests) was selected for the accelerated ageing
experiments.
Analysis of environmental monitoring data from the selected English Heritage
properties (chapter two) highlighted the following conditions were of interest for
further study.
relative humidity:

none (0%), very low (~30%), low (~40%), mid (~50%),
high (~60%), very high (~75%) and saturated (100%)

light:

dark (0 lux), low light levels (50 lux) and high light levels
(200 lux)

UV:

none (0 μW/lumen), low (35 μW/lumen), mid (75
μW/lumen) and high (150 μW/lumen) at 200 lux

combined effects:

combination of each RH level with each light level, i.e. 0,
30, 40, 50, 60, 75 and 100% in the dark, at 50 lux and at
200 lux.

For relative humidity (RH) the levels were selected from typical display
environments and two outer extremes (0 and 100% RH). Light levels were
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chosen to reflect storage (0 lux) and the two maxima used to calculate annual
light budgets for display (50 and 200 lux). UV levels were chosen to represent
an ideal (0 μW/lumen) as well as the effects of UV absorbing film on windows
when new (35 μW/lumen), before replacement (75 μW/lumen) and if not
installed (150 μW/lumen) at 200 lux. A combination of all the RH levels with all
the lighting conditions was then proposed. A number of changes, outlined
below, have been made in order to carry out the experiments within a suitable
time frame and with the equipment available. However these still cover the
majority of display environments and should provide a basis for making display
recommendations.

Experimental Design – Temperature and RH

Experimental Calculations
In designing the thermal and hydrolytic ageing experiments there are two
factors to consider; which temperature to use and how to maintain the desired
RH levels. The length of ageing required and how long it relates to on display
can be calculated based on the chosen elevated temperature.
Selecting an appropriate temperature is important as the reactions causing the
deterioration should be those that will occur at room temperature. This is
difficult to ensure but there are a number of factors that are likely to cause
alterations to the type of reactions which take place. The first is the glass
transition temperature, T g , above this point the properties of the polymer
change and for most polymers the reactivity will also change. For silk the T g is
around 160 – 175 °C, depending on the species of silkworm. 16
There is a further factor, occurring below the T g , which means it does not need
to be considered in these experiments. Silk contains both associated and
bound water molecules within the crystallites. The amount of associated water
changes with RH and these are the effects being studied. However the bound
water can also be removed at high temperatures. This is likely to change the
reactivity of the crystallites as there will be a structural change on the loss of
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water. Therefore ageing should occur below the point at which the bound water
is lost as this is present during natural ageing. Silk crystallites are reported to
undergo dehydration around 100 °C, 17 hence the chosen temperature should
be lower than this value.
To ensure crystallite dehydration does not occur, but there is still a sufficient
increase in the rate of reaction, 80 °C has been selected for accelerated ageing
tests. This will allow noticeable levels of silk deterioration to be caused but still
allow analysis of the samples after ageing. During the kinetics study (chapter
six) the samples aged at 90 °C and 75% RH had lost around 50% of their
strength in six weeks and so samples aged for longer than six months would be
too fragile to be differentiated. A study on silk degumming in 8M urea reported
fibroin degradation occurred at 90 °C and was incomplete at 70 °C and report a
preference for 80 °C. 18 Ageing at 80 °C will reduce the likelihood of fibroin
degradation arising from heating, with the effect of humidity compared by
selecting a single ageing temperature.
There are a number of possible methods to create varying levels of RH for
ageing environments. These include saturated salt solutions, humidity ageing
chambers and glycerol solutions. Saturated salt solutions control the RH by
absorbing moisture from the air if the RH is higher than desired or releasing
moisture if it is lower. The RH created depends on the salt chosen and the
temperature. The range of possible RH levels that can be created is
dependent on the available salts and the temperature which ageing
experiments will be carried out at. There are two considerations with this
technique, firstly that the solution has to be saturated at the ageing temperature
in order to release or absorb moisture and secondly that the salts can migrate
out of the solution and contaminate samples.
Humidity ageing chambers can be set to create any RH level. The accuracy to
which this is maintained will depend both on the equipment measuring the RH
within the chamber and the mechanism by which RH is controlled within the
chamber. Ageing with saturated salt or glycerol solutions is usually done in
sealed containers to ensure the RH is maintained. In RH chambers the
193

samples are sealed within the chamber, the limit in these experiments is the
size of the chamber. The length of experiment provides a further limitation as
only one RH level can be maintained at any one time. With the use of solutions
a number of RH levels can be used simultaneously in different containers within
the same oven. RH ovens are relatively expensive, which limits their availability
and so within conservation their use is often limited.
Glycerol solutions can be prepared to create any RH level. Similar to saturated
salt solutions they are used in sealed containers and absorb or release moisture
depending upon the concentration of the solution. Glycerol does not migrate in
the way that saturated salt solutions do, however it does form a vapour phase. 19
This may contaminate the samples with glycerol and therefore has not been
selected for use in these experiments. With both methods there is a possibility
of contamination of the samples. However glycerol contamination is unlikely to
occur under natural ageing conditions, whereas salt contamination can occur,
particularly in coastal areas.
At 80 °C, most of the selected RH levels can be created with saturated salt
solutions (see Table 7.1). However in Greenspan’s tables there is no quoted
saturated salt solution to create 40% RH at this temperature. 20 Therefore the
40% RH conditions have been created using a humidity ageing chamber.
RH / %

saturated

notes

salt solution
0

-

30

MgCl 2 .6H 2 O

40

-

dry ageing, nothing will be added to give ~0% RH
no suitable salt, therefore humidity ageing chamber will
be used

50

NaBr

60

KI

75

NaCl

100

-

liquid water will be used to give ~100% RH

Table 7.1 – RH levels and chosen method of creation
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To determine the increase in rate of reaction at 80 °C the activation energy for
the reaction is used. By rearranging the Arrhenius equation the rate of reaction
at room temperature (20 °C selected as this is an annual average in English
Heritage properties) can be compared to the rate of reaction at 80 °C. The
increase in rate can then be used to determine the length of ageing required.
For example if ageing at 80 °C causes a ten fold increase in the rate of reaction
then 1 years accelerated ageing is equivalent to 10 years on display. One
problem with this method is the reliance on the activation energy to determine
the length of ageing.
For longer term ageing the experiments needed to be underway before the
activation energy had been determined. Therefore ageing intervals were based
upon calendar intervals which may be correlated to equivalent display periods
when the activation energy was known. Those chosen were 1, 2, 3, 6, 9 and 12
months to give a spread of deterioration levels. Previous humidity ageing for
silk has been performed over relatively short time scales (a maximum of around
30 days). These accelerated ageing experiments should enable a much greater
amount of deterioration to be created and studied giving more information about
what happens over longer time spans. Using the average activation energy
(from chapter six) the increase in rate has been calculated as 33 times. This
means accelerated ageing for 1 month is approximately equivalent to 2.7 years
on display and 1 year of artificial ageing would equal 33 years on display. For
the discussion below the ageing interval used is referred to however this will be
expanded upon within the results (chapter eight).

Experimental Set Up
The same experimental set up has been used as during the kinetics
experiments (see Figure 7.1), with the number of replicates increased to six.
For the 0% RH samples glass wool has been included for consistency, although
there is no solution beneath it. For 100% RH liquid water replaces the
saturated salt solution as recorded in Table 7.1. Due to space limitations, the
6,9 and 12 months samples were aged for the initial 6 months in a Binder® APT
heating and drying oven in the English Heritage paintings conservation studio at
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Ranger’s House. The remaining time and further shorter ageing periods were
undertaken in a Heraeus Kendro® UT6P Air Circulation Oven. Both were set at
80 °C and are reported to fluctuate by ± 3 °C.

Rubber seal
PTFE coating
Screw top

Filter paper
Polyester thread
Silk samples
(25 x 100 mm)

Hybridisation
tube

Glass wool plug
Saturated salt
solution

Figure 7.1 – accelerated ageing T/RH experimental set up
The 40% RH samples have been sewn to filter paper in the same way as shown
in Figure 7.1. These were suspended from the shelf within the Espec® SH-221
bench top temperature and humidity chamber. This was set to 80 °C (± 0.3 °C)
and 40% RH (± 3% RH). All samples were aged in the dark and have been
given an identification code with the letter D. This code starts with the ageing
RH (0, 30, 40, 50, 60, 75 or 100), the letter D and then the length of ageing, in
months (1, 2, 3, 6, 9 or 12). For example 50D9 indicates the samples have
been aged at 50% RH in the dark for nine months.

Experimental Design – Light

Experimental Calculations
The length of time required for light ageing can be calculated relatively simply
due to the reciprocal principle. For English Heritage properties an annual light
budget is set for each display area. These take into account the opening hours
of the house and the collections within the room. The annual light budgets are
calculated based on two different maxima, 50 lux for light sensitive materials
(146100 lux hours) and 200 lux for general collections (584400 lux hours).
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Within the houses light levels are then controlled using a double blind at the
windows. The black out blind and lighter coloured blind can be positioned to
alter the light level and reduce the incoming light and prevent direct sunlight on
objects.
Light levels in the light ageing chamber were measured at 7000 lux beneath the
UV filter, and a UV level of 2 μW/lumen. For each chosen display time interval,
the number of years is multiplied by the annual light budget in lux hours to
calculate a total required exposure, for both 50 and 200 lux maxima. The total
exposure is then divided by the ageing light level (7000 lux) to give a number of
ageing hours. For example, four years on display at 200 lux gives 2337600 lux
hours exposure. To obtain this, ageing at 7000 lux, will require 334 hours or
approximately 14 days. The reciprocal principle has been used to reduce the
number of samples due to limited space in the light box. As 2 years at 200 lux
is the same as 8 years at 50 lux, some samples will provide data for different
time intervals at both 50 and 200 lux.
Ultraviolet (UV) absorbing film is on all windows within the selected English
Heritage properties, reducing the UV light level inside the rooms. However the
film breaks down with time and needs replacing so the level of UV entering the
room will vary from below 10 μW/lumen to almost 75 μW/lumen (the current
recommended maximum). However with improvements in lighting the
recommended maximum may be reduced to 35 μW/lumen. 21 As this measure
of UV light is a proportion of the visible light, which is reduced by the use of
blinds, it is common to find that UV levels are less than 5 μW/lumen in rooms at
200 lux.
It was hoped to look at a variety of UV light levels with the visible light set at 200
lux. However with the light box design it was not possible to control the UV
levels in this way, without obtaining further filters. As a result it has only been
possible to compare the low UV levels beneath the filter with the much higher
levels above. The UV filter reduces the transmitted light so the same
calculations as above have been applied to determine the length of ageing
above the filter. This means the results are on the same display time scale with
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and without UV rather than the same ageing timescale. The light level above
the UV filter was measured as 12500 lux and 350 μW/lumen.

Experimental Set Up
Light ageing was carried out in a custom made light box from Complete Lighting
Systems in St. Albans (see Figure 7.2). The light box contains twelve F20W/AD
artificial daylight, fluorescent bulbs. These bulbs are specifically designed to
replicate daylight effects, with a high colour temperature (6500K) and good
colour rendering index (Ra = 92). 22 This is desirable as English Heritage
properties are lit using natural light supplemented by artificial lighting when
required.

daylight
UV bulbs
4 fans
(located in top)
polycarbonate
UV filter
samples
(flat on base)

container with
saturated salt
solution

Figure 7.2 – experimental set up in the light ageing chamber
To reduce the length of experiments and number of samples to be analysed a
low (33%, MgCl 2 .6H 2 O), middle (50%, NaBr) and high (75%, NaCl) RH value
based on display conditions have been selected for comparison. Ageing under
dry (0%) and saturated (100%) conditions would be difficult to maintain due to
the ventilation from the fans in the lid (four SUNON SF23092A fans). At room
temperature a saturated salt solution could be used to maintain 40% RH.
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However, this may not be comparable to the samples aged in the dark as a
humidity chamber will be used for this ageing condition.
To maintain the RH levels, saturated salt solutions were placed in an open
plastic container insider the light box. This was half filled with a perforated
covering to reduce possible salt migration. The UV ageing will be carried out
solely at the middle RH to reduce the number of samples for analysis, whilst still
providing comparison with the other ageing conditions. To ensure that the
deterioration caused is due to light ageing the temperature should remain at
room temperature. The fans provide ventilation to maintain the light box at
room temperature thus ensuring that there is no further deterioration arising
from elevated temperatures. RH levels were checked weekly and the salt
solutions maintained as and when required to keep the RH at the desired value.
Identifying codes were used for light aged samples based on the ageing
conditions, similar to the thermal ageing samples. These begin with the RH
level during ageing (30, 50 or 75) and then L or UV to indicate light ageing or
light ageing with UV radiation respectively. This is followed by the maximum
light level used to calculate the annual light budget (50l or 200l), where l
indicates lux. The final number indicates the equivalent number of years on
display created during ageing (2, 4, 6, 8, 15 or 16). For example 30L50l6
indicates the samples have been light aged at 30% RH for the equivalent of 6
years on display at a maximum light level of 50 lux.

Possible Experimental Problems
There are a number of differences between the experiments that may affect the
results. The most obvious one is the 40% RH experiments as this uses a
different method to create the RH level. The likely impact of this was difficult to
determine in advance, although it removes the possibility of salt contamination.
For the thermal and hydrolytic ageing the effect of the filter paper, polyester
thread and PTFE/rubber seals in the hybridisation tubes may also cause
contamination. However the majority of samples were all exposed to these
factors therefore any effects will at least be consistent.
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For the light ageing saturated salts have been used to maintain an environment
inside a ventilated light box. As this is not a sealed unit, and relies on the
ventilation to maintain room temperature the RH levels are unlikely to be
constant. However the solutions were checked regularly and additional salt or
water added as required to try and ensure constant levels. Due to space
limitations within the light ageing chamber it is possible that samples have not
received uniform light exposure. To reduce this effect samples have been
removed from across the base to get a spread of any differences.

Saturated Salt Test
As the saturated salt solutions within the hybridisation tubes require occasional
additional water or salt it is probable that these are not perfectly sealed.
Therefore the stability of the saturated salt solutions within the hybridisation
tubes was tested and the actual RH level for each of the chosen RH conditions
determined.
To monitor the environment within the sealed tube a hole was drilled through
the lid and PTFE coated rubber seal of a hybridisation tube. A Rotronic
HygroClip® SC05 temperature and humidity probe was inserted through the lid
and seal and the top of the probe sealed to the outside of the hybridisation tube
lid using a silicone sealant (see Figure 7.3). To monitor the environment the
probe is connected to a Rotronic HygroPalm 2 connected to a laptop running
the Rotronic HW3 software. Using this set up the temperature and humidity
data were logged every five minutes for a week.
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Figure 7.3 – hybridisation tube lid with hygroclip probe from outside (left)
and inside (right)
A hybridisation tube was prepared with glass wool in the bottom to replicate the
0% RH tube. This was then attached to the prepared lid and placed in the oven
at 80 °C. The lead for the probe passes out of the top of the oven door (the
compression seal of the door allows the cable out while maintaining the seal)
and into the HygroPalm (see Figure 7.4). Each saturated salt was tested in turn
by placing a saturated solution in the hybridisation tube, as done for the
accelerated ageing experiments. The environment in the RH oven was also
tested by placing the probe (without a hybridisation tube attached) through a
port in the side of the chamber and logging the environmental conditions (see
Figure 7.5). For each RH level the probe recorded data for one week.
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Figure 7.4 – saturated salt

Figure 7.5 – testing humidity levels

experimental set up

in the RH ageing oven

condition name

method / salt

Greenspan value /%

Measured value / %

0

none

N/A

1.5

30

MgCl 2 .6H 2 O

26.05 ± 0.34

29

40

RH oven

N/A

37

50

NaBr

51.43 ± 1.5

53

60

KI

60.97 ±0.48

62.5

75

NaCl

76.29±0.65

79

100

liquid water

N/A

96

Table 7.2 – results of RH level tests at 80°C
The accuracy of the Hygroclip sensor is reported as 1.5% RH and 0.3 K at 23
°C by the manufacturer. However the sensor was last calibrated by the
manufacturers in February 2005. Comparison between the Hygroclip probe and
a recently calibrated Novasina MS1 T/ RH sensor initially showed the Hygroclip
was reading approximately 4% RH higher and results have been corrected
accordingly and are presented in Table 7.2. In most cases calibration of the
sensor would be done at three RH levels and corrected, however recalibration
was not undertaken and the readings have just been corrected for the observed
difference. Although the calibration is unlikely to be linear, a linear correction
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was simplest for the purposes of this test. During the 100% RH test the
temperature sensor on the Hygroclip probe failed and after the RH readings
were noticeable higher. A further check against the Novasina MS1 sensor
showed the Hygroclip was now reading 30% RH higher; the RH oven test has
been adjusted to take this into consideration.
Monitoring shows 1% RH variation during the week long test implying the
conditions are stable over shorter time periods. However, these values are only
applicable as long as the water levels are maintained, as the hybridisation tubes
still require additional deionised water to maintain saturated salt solutions. As
calibration of the Hygroclip would occur at room temperature and there is a
slight variation in most calibration lines with changes in temperature this may
also have an effect on the accuracy. Generally the values measured are close
to the reported values and offer a range of RH levels to study.

Observations during Ageing
Despite the glass wool to act as a barrier above the saturated salt solution, salt
migration was still observed. In some cases the silk samples had heavy
deposits of salt. This makes the silk brittle and if stuck to the side of the
hybridisation tube can cause fragments of the silk to break off. From the earlier
kinetics experiments it was observed that the salt affects the tensile testing
analysis, altering the shape and breaking point of the sample and leading to
samples being excluded from the results. To try and overcome the problem
heavy salt deposits were rinsed out of silk samples. This is not ideal as it
introduces a further variation in the samples. It has been reported that washing
silk gives improved physical properties, which imply this rinsing may affect the
results. 23 In hindsight it may have been preferable to rinse all samples in order
to prevent a further variable being introduced.
Although the RH oven removes the possibility of salt contamination some 40%
RH aged samples had small areas missing after ageing (see Figure 7.6).
These seem to be burn marks from contact with the metal wire shelf as the
samples have blown around due to the circulation fan. This had not been
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anticipated as there was no shelf beneath the samples and they had been
suspended from the filter paper through the shelf to hang freely beneath. One
likely result of this will be reduced tensile testing values as the missing areas
will introduce weaknesses in the affected samples. The number of replicates
will also be reduced as some samples will be too short to be tested, for example
the second sample in the right hand picture of Figure 7.6.

Figure 7.6 – samples aged at 80°C and 40% RH for 6 months (left) and 9
months (right) showing increasing damaged areas and missing sections
There were also some unanticipated changes to some of the samples aged with
saturated salt solutions. When moving the samples after the initial six months
ageing, the silk inside the hybridisation tube labelled 9 months at 30% RH was
brown and gel-like. The saturated salt solution also appeared brown. When the
tube was opened the silk remained stuck to the sides and was very difficult to
remove. Those sections that were removed and rinsed appeared to have
shrunk (see Figure 7.7) and a deposit remained on the inside of the tube (see
Figure 7.8). The reason for this is unclear. All the magnesium chloride
solutions had been prepared together and the other hybridisation tubes at 30%
RH had not been affected. Rather than omit this time interval the 6 month
samples were aged for a further 3 months and new samples were prepared and
aged for 6 months.
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Figure 7.7 – remaining silk samples after

Figure 7.8 – silk

ageing for 6 months at 30% RH

remaining in the
hybridisation tube

The 60% RH samples have also been affected by the choice of saturated salt
solution. From the literature a saturated solution of potassium iodide was
selected to maintain 60% RH at 80 °C. However upon moving the samples
after the initial six months ageing they were a dark brown colour and although a
saturated solution remained in the tubes it was no longer a white salt with clear
liquid but yellow salt in a brown solution. Although not tested the smell on the
removal of the lids and the appearance was that of iodine solution, which had
seemingly dyed the samples suspended above it. The samples aged after,
were observed more closely and samples half dyed and half undyed were noted
(see Figure 7.9). The effect of this dyeing on the samples aged at 60% RH will
be determined during analysis.

Figure 7.9 – colour change observed on samples aged for 2 months with
saturated potassium iodide solution
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Yellowing due to accelerated ageing is commonly observed for a range of
materials. 24,25,26 During the kinetics ageing it was noted that samples became
increasingly yellow as the temperature increased. However all the accelerated
ageing was carried out at 80 °C, yet different degrees of yellowing were again
observed. This time there was an obvious increase in the amount of yellowing
related to humidity. Higher levels of RH produced noticeably yellower samples
(see Figure 7.10). Although ageing in the humidity oven seemed to produce
less yellowing with samples aged for 12 months less yellow than those aged at
30% RH using a saturated salt solution.

0%

30%

40%

50%

60%

75%

100%

Figure 7.10 – increasing yellowing of samples with increased RH

Conclusions
Ageing has been undertaken under a range of RH levels at 80 °C as well as
light and UV exposures. This has led to a range of silk deterioration to be
analysed and discussed in subsequent chapters. A number of experimental
observations have identified some problems which may affect the analysis of
the samples, such as salt contamination or heat damage of the samples
(humidity oven ageing). However the RH levels have been verified by separate

206

environmental monitoring and the approximate length of display time, replicated
by the ageing, calculated from the kinetics results. These results will help
understand the analytical results presented in the next chapter.
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Chapter 8 – Accelerated Ageing Experimental Results
Changes to the silk samples during accelerated ageing have been
determined using tensile testing and High Performance Size
Exclusion Chromatography (HPSEC). Difficulties with the HPSEC
data processing are discussed alongside the method used to
normalise the results. The experimental results are presented and
the results from each technique are compared. The chapter
reports the rates of deterioration caused by the accelerated ageing
experimental conditions.
Two methods were selected to analyse the accelerated aged samples; tensile
testing and High Performance Size Exclusion Chromatography (HPSEC). This
allowed both the physical and chemical deterioration of the silk samples to be
assessed. Chemical measures, such as the degree of polymerisation are reported
to be more sensitive to initial changes compared with physical measures of
deterioration such as tensile strength. 1 To test whether HPSEC can be used to
monitor silk deterioration before physical changes occur, the results from both
techniques have been compared.

Tensile Testing

Results
After accelerated ageing each sample was subjected to tensile testing to determine
the maximum load at break and the tensile extension at maximum load, using the
same equipment as discussed in chapter six. Results for the maximum load at
break showed greater reproducibility and so are discussed in greater detail.
To make the accelerated ageing results from different ageing methods comparable
(as discussed in chapter six) results were plotted using equivalent display time.
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However to gain a better appreciation of the differential degrees of deterioration
effected by the various ageing regimes, the raw ‘extension vs. load’ results for
each replicate were plotted first. Figure 8.1 illustrates that light ageing causes a
maximum decrease in the tensile strength of 25%, compared to the unaged
samples. For some samples the tensile strength actually increases upon ageing,
most noticeably for some of the UV aged samples. In comparison there is a bigger
decrease in extension, closer to 50%. Extension may therefore be the more
sensitive indicator of deterioration in the earlier stages of ageing.
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Figure 8.1 – scatter plot of extension vs. load for each light aged replicate
(For an explanation of sample labelling see chapter 7; 30% RH (♦) 30L50l2: slate;
30L50l4: dark purple; 30L50l6: purple; 30L200l2: dark blue; 30L200l4: blue; 30L200l6:
mid blue; 30L200l8: light blue; 30L200l15: pale blue; 50% RH (■) 50L50l2: dark aqua;
50L50l4: aqua; 50L50l6: light aqua; 50L200l2: dark green; 50L200l4: green; 50L200l6:
mid green; 50L200l8: bright green; 50L200l15: light green; 50UV50l2: dark red;
50UV50l4: red; 50UV50l6: brown; 50UV200l2: dark orange; 50UV200l4: orange;
50UV200l6: pale orange; 50UV200l8: peach; 50UV200l15: yellow; 75% RH (▲)
75L50l2: dark pink; 75L50l4: coral; 75L50l6: light pink; 75L200l2: black; 75L200l4: dark
grey; 75L200l6: mid grey; 75L200l8: grey; 75L200l15: light grey; unaged: olive green ●)
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In comparison to the accelerated light ageing results in Figure 8.1, where the
unaged samples are scattered amongst the light aged results, in Figure 8.2 the
unaged samples are clearly visible against the thermally aged samples. This is the
first indication that ageing at increased temperature and humidity leads to more
deterioration than accelerated light ageing, under the conditions selected. Figure
8.2 shows that with increasing humidity and increased length of ageing, the tensile
strength of the silk decreases rapidly. To the extent that the samples aged at
100% RH for 12 months were too deteriorated for tensile testing to take place. The
silk strips formed a bundle of fibres when removed from the hybridisation tube,
which could not be separated without tearing the sample strips.
Figure 8.2 shows an initial trend similar to the light aged samples up to an
extension of 3-4 mm, after this point the trend has a steeper slope, although still
linear. An extension of 4 mm is roughly approximate to a decrease in maximum
load of 40 N, roughly a quarter, which has been reported to be the elastic limit of
silk. 2 As described in chapter seven, the silk from some samples aged at 30% RH
had formed a gel-like material inside the hybridisation tubes. Figure 8.2 shows the
30% RH aged samples (green diamonds) are generally more deteriorated than the
40% RH aged samples (aqua plus signs). The samples aged for 6 and 12 months
were so deteriorated that samples tore as soon as the load was applied. Hence no
results are presented for these samples.
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Figure 8.2 – scatter plot of extension vs. load for each thermal aged replicate
(For an explanation of sample labelling see chapter 7; unaged: olive green (●); 0% RH (x)
0D1: dark blue; 0D2: blue; 0D3: mid blue; 0D6: light blue; 0D9: pale blue; 0D12 ice blue;
30% RH (♦) 30D1: dark green; 30D2: green; 30D3: mid green; 30D9: pale green; 40% RH
(+) 40D1 dark aqua; 40D2: aqua; 40D3: mid aqua; 40D6: bright aqua; 40D9: pale aqua;
40D12: teal; 50% RH (■) 50D1: indigo; 50D2: slate; 50D3: violet; 50D6: dark purple; 50D9:
purple; 50D12: light purple; 60% RH (ж) 60D1: dark red; 60D2: red; 60D3: dark pink;
60D6: coral; 60D9: light pink; 60D12: pale pink; 75% RH (▲) 75D1: brown; 75D2: dark
orange; 75D3: orange; 75D6: pale orange; 75D9: yellow; 75D12: peach; 100% RH (○)
100D1: black; 100D2: dark grey; 100D3: grey; 100D6: light grey; 100D9: pale grey)

The load versus extension plot (Figure 8.3) shows the effect of salt contamination
on the sample aged at 30% RH for 9 months (pink curve). As well as a dramatic
decrease in the tensile strength from the unaged sample (blue curve), there is a
noticeable change in the shape of the curve. The salt contamination makes the
silk more brittle leading to the sudden failure of the sample. Samples with visible
salt contamination after ageing had been rinsed in deionised water, however
evidence for salt was still observed in NIR spectra (see chapter eleven) and the
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tensile testing curves. In comparison the unaged sample has a gradual increase in
the extension of the sample with increasing load before the sample breaks, and
there is not a sudden, brittle failure.
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Figure 8.3 – comparison of unaged (blue) and 30% RH sample aged for 9
months (pink)
To plot the results on a time axis equivalent to display time, the length of ageing for
the light acceleration had been determined from the annual light budgets. The light
aged samples replicated a maximum dose equivalent to 15 years on display at 200
lux (an annual dose of 584400 lux hours) or equivalent to 16 years at 50 lux (an
annual dose of 146100 lux hours). For simplicity these are referred to as 50 lux
and 200 lux to denote which annual light budget has been used, with a separate
equivalent display time (e.g. 4 years) and an ageing RH (e.g. 50%). The average
value of the data for the six replicates for each ageing condition was determined
and used to plot Figure 8.4. Although there is quite a large standard deviation in
the data some trends are still visible. There is very little change in the tensile
strength of samples aged at 50% RH and 50 lux or at 75% RH at either light level.
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Increasing the light level at 50% RH to 200 lux had a noticeable effect, leading to a
greater decrease in the tensile strength.
Both samples aged at 30% RH showed decreased tensile strength compared to
samples aged at 50% and 75% RH. This is in contrast to the kinetics aged
samples were the samples aged at 75% RH consistently showed greatest
deterioration (measured as decreased tensile strength). However the reason for
this is likely to reflect the changes in the ageing set up. The kinetics aged samples
used sealed hybridisation tubes for both the light and thermal ageing, which
maintain the RH level to a greater extent than the trays of saturated salt solution in
the ventilated light box.
The use of hybridisation tubes also dramatically decreased the light levels samples
were exposed to. The change in angle from lying flat directly under the light tubes,
to hanging within the tubes decreased the ageing light level from 7000 to 1900 lux.
In order to age a sufficient number of samples over a long enough time interval at
the various RH levels, in the available time, a higher light level was required than
had been used for the kinetics experiments. This meant compromises had to be
made including moving from light ageing in sealed tubes to maintain the RH to
using trays of saturated salt solution. Although the solutions in the light ageing
chamber were checked regularly it is likely that the RH conditions have not been as
successfully maintained. For the 75% RH samples it is probable that water
evaporated readily and the RH in the chamber has been somewhat lower.
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Figure 8.4 – average tensile strength results of light aged samples plot
includes exponential regression lines determined by MS Excel
(50 lux (♦) 200 lux (■) 30L50l: dark blue; 30L200l: blue; 50L50l: green; 50L200l: bright
green; 50UV50l: orange; 50UV200l: yellow; 75L50l: dark red; 75L200l: red)

The greatest decrease in the tensile strength was observed with the samples
exposed to UV radiation. This was further increased when light levels were also
higher. Although it was not possible to control the level of UV exposure, it
demonstrates the damaging effect UV light has on silk deterioration. Especially
when compared with the samples light aged at 50% RH, which were aged
simultaneously but beneath the UV filter in the light box. The UV exposed samples
show a maximum decrease of 25% in the tensile strength, which is relatively small
in comparison to the changes recorded after thermal ageing. This can be seen
very clearly in Figure 8.7 with the light and thermal ageing results plotted on the
same equivalent display time axis.
The loss of tensile strength for thermally aged samples can be seen in Figure 8.5,
again this uses equivalent display time. However for the thermally aged samples
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the display time has been calculated using the activation energy to determine the
increase in deterioration rate between room temperature (20 °C in the historic
properties) and the ageing temperature (80 °C). In general, with increasing RH
there is an increase in deterioration. The decrease in tensile strength is particularly
rapid at 100% RH, with a drop of 75% after 2 months ageing, equivalent to
approximately 5 years on display. Although the rate of deterioration is much
slower at 0% RH, the tensile strength still decreases by over a third after a years’
ageing, or about 33 years on display.
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Figure 8.5 – tensile strength results of thermal aged samples plot includes
exponential regression lines determined by MS Excel
(0% RH: blue x; 30% RH: dark green ♦; 40% RH: aqua +; 50% RH: dark purple ■; 60%
RH: red ж; 75% RH: dark orange▲; 100% RH: grey ○)

Figure 8.5 demonstrates that silk deterioration at 30% RH is more rapid than the
samples aged at both 40% and 50% RH. This is likely to result from the salt
(MgCl 2 .6H 2 O) contamination observed on these samples and implies that the
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presence of salt dramatically increases the rate of silk deterioration. Silk
deterioration is thought to proceed from the amorphous areas and moisture is
thought to form cross-links between the chains, 3 acting as a plasticiser. It may be
that salt contamination on the silk retains moisture and therefore increases the
deterioration of the textile.
The samples aged at 60% RH show a similar decrease in the tensile strength as
those aged at 75% RH. Checks on the saturated salt solutions (see chapter
seven) measured the RH of the 60% RH samples at 62.5% RH and the 75% RH
samples at 79% RH, which implies the salt solutions are not forming similar RH
environments leading to similar deterioration. However, the 60% RH samples were
also found to have a degree of salt (KI) contamination and it is possible the larger
decrease in tensile strength arises from the same mechanism as the samples aged
at 30% RH.
The effect of salt contamination demonstrates the importance of considering how
to display textiles within historic houses. In properties where salt efflorescence is
observed, a barrier layer between the wall and textile could be used to prevent salt
migration into the silk. The type and construction of this would have to be carefully
considered to ensure sufficient moisture permeability to prevent or minimise
damage to the masonry behind. Microclimates with higher RH levels have been
recorded behind tapestries within English Heritage properties (see chapter two).
Therefore the use of barrier layers may be appropriate for a range of large-scale,
wall-hung textiles and may require further consideration by conservators and
buildings engineers.
To try and determine the amount of deterioration that would occur after one year’s
ageing the results from the kinetics study (chapter six) at 80 °C had been
extrapolated (see Figure 8.6). This predicted there would be no tensile strength
after approximately 9 months for the 75% RH samples and after one year for the
30% RH samples. The kinetics study seemed to indicate samples aged at 50%
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RH had less deterioration and there might be a central RH region where the silk
deterioration was slower. For the 50% RH samples the prediction was after one
year of ageing the samples would have approximately 60 N of remaining tensile
strength. However the accelerated ageing results show that the increased
deterioration of samples at 30% RH arises from salt contamination. Reviews of the
data and samples from the kinetics experiments (chapter eleven) seem to confirm
this assumption.
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Figure 8.6 – projected tensile strength after ageing at 80°C from kinetics
experiments (30% RH: dark orange; 50% RH: orange; 75% RH: yellow)
After ageing for one year the actual remaining tensile strength for the 75% RH
aged samples was 10 N and 20 N for both the 30 and 50% RH aged samples.
This reveals the ageing at 50% RH caused more deterioration over longer periods
than would be predicted by a short term study. The results of the longer-term
accelerated ageing experiments demonstrate the benefits of longer periods of
ageing as well as a wider range of RH levels. More accurate results could be
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obtained by ageing without saturated salt solutions however this would require
greater access to RH ageing ovens.
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Figure 8.7 – tensile strength results for all accelerated ageing samples
(0% RH: blue x; 30% RH: dark green ♦; 40% RH: aqua +; 50% RH: dark purple ■; 60%
RH: red ж; 75% RH: dark orange▲; 100% RH: grey ○; 30L50l: green ♦; 30L200l: bright
green ♦; 50L50l: purple ■; 50L200l: light purple ■; 50UV50l: indigo ■; 50UV200l: slate ■;
75L50l: orange ▲; 75L200l: yellow ▲)

Figure 8.7 overlays the tensile strength data from Figures 8.4 and 8.5, with a
common equivalent display time on the x-axis. This makes it clear that although
UV ageing caused the greatest decrease in the accelerated light ageing samples it
is still minor in comparison to the deterioration seen in the thermally aged samples.
Based on the effect of high humidity seen in the thermal ageing results, the
samples light aged at 75% RH would be expected to be more deteriorated than
those aged at lower RH levels. However the 75% RH light aged samples are less
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deteriorated than the 30% and 50% RH light aged samples. This is likely to result
from the problems maintaining the RH levels in the light ageing chamber.
As the kinetics study was carried out in stages, due to resources, the initial
indication had been that the activation energy would be very low and lead to little
increase in the rate of silk deterioration. To keep the length of equivalent display
time similar shorter interval light ageing was undertaken. However the completed
kinetics study gave a greater rate increase than expected, meaning the light
accelerated ageing occurs over only half the equivalent display time. However if
the light ageing results are extrapolated they still lead to much less deterioration.
As thermal ageing at all RH levels led to much greater loss of tensile strength it
implies humidity may be much more important for silk deterioration than previously
considered.

HPSEC

HPSEC Data Processing
The equipment used for all the HPSEC analysis is the same as described in
chapter five. Due to difficulties in processing the HPSEC data for chapter six it
became apparent that there were problems with the calibration of samples
between batches. Some apparent molecular weight values doubled in magnitude
for the same sample, after calibrating the column. This meant there was a large
variability between the data points and when determining trendlines for the data the
R2 values were less than 0.5 and in some cases less than 0.1. When the HPSEC
data was plotted in the order it was run and the calibration dates marked (red lines
in Figure 8.8) it was obvious that some batches had lower molecular weight values
when compared with the others (see Figure 8.8).
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Figure 8.8 – calibration effects in kinetics HPSEC data
(M w : blue; M n : pink; M p : yellow)

As some samples had been run before and after a calibration these were used to
attempt to make the various batches comparable. For example in the kinetics
experiments samples aged at 60 °C and 30% RH for 2 weeks had an average
molecular weight of 324 kDa after two runs before calibration. After the calibration
the average of three runs was 165 kDa, a difference of 159 kDa, almost half the
value. To try and make the different batches comparable the values were scaled
based on the differences between samples run before and after calibration. So for
the above example (60 30 2) the average value before calibration was scaled by
1.96 (the ratio between the two sets of averages).
Although scaling the data sets from the different batches gave molecular weights of
the correct magnitude and made the results comparable there were still a number
of problems when using the data to calculate the activation energy. One difficulty
was some trendlines for the molecular weight had increasing slopes with increased

222

ageing. The tensile testing results for the same samples had shown increasing
deterioration with increased ageing so the HPSEC results seemed contradictory.
In order to try and make each HPSEC batch between calibrations comparable it
was decided to run the same unaged sample at beginning and end of the batch to
allow normalisation of the results during the accelerated ageing sample analysis.
When the accelerated ageing samples were processed using this method, it was
noted that for the same sample there could still be variations. For example the
sample labelled unaged1 was run on four dates between 06/11/2008 and
28/11/2008 and the weight-averaged molecular weight (M w ) values ranged
between 122 kDa and 279 kDa. Although generally within the three replicates the
values were similar, between the runs there is a bigger variation. Checks on the
retention time of the protein standards showed that although the void volume and
totally included sample times varied little (between 6 and 24 seconds) changes of
around half a minute to each of the standards shifts the average molecular weight
of the sample by around 50 kDa.
The effect of the calibration is further complicated by the changes observed in the
standards themselves. As described in chapter five the protein standards initially
are formed of oligomers, which can also exist as their monomers. Therefore when
recalibrating the column special attention must be paid to the retention times of the
standards and which order they elute in, to determine the correct molecular weight
to include in the calibration file. For example when the chromatograms of each
standard are overlaid; if albumin elutes after β amylase, but before alcohol
dehydrogenase, then it is most likely to be the trimer with a molecular weight of
198 kDa. However this makes the calibration file an educated guess at best.
To try and overcome the difficulties in the calibration file and the relationship
between batches an alternative method of processing the data was sought. As
noted in chapter five the lithium thiocyanate (LiSCN) peak provides an internal
marker for retention time of a sample. To determine whether it would be possible
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to correct the chromatograms using the LiSCN peak, an unaged sample was
selected and compared using each method. After each column calibration a new
method with the current date and latest calibration was saved. Each of these
method files was used to calculate the molecular weight of the unaged sample.
This gave M w values ranging between 66 to 4414 kDa. Some of the methods
could be discounted as they were during the development of the HPSEC protocols
and so used different parameters in the software. However this still left a wide
range of values for the molecular weight of the same sample.
For each method the LiSCN peak was then used to correct the chromatogram and
shift the peak positions so LiSCN eluted at 15 minutes. The corrected values of
M w for each method were then calculated, although a relatively wide range (100700 kDa) was still observed. To overcome the problems between the calibration
files and processing the data a reference method file was selected and all samples
were then downloaded using this method (silk251108) with the chromatogram
corrected using the LiSCN peak as a reference eluting at 15 minutes. This
dramatically improved the comparisons between batches however on occasions
the peak shift was incorrect. This occurred when a secondary peak was observed
on the shoulder of the LiSCN (see Figure 8.9). Unfortunately within the software it
was not possible to further correct this problem, as the peak occurred on the
shoulder of the LiSCN peak and therefore within the % reference window.
Therefore the results were accepted without further amendments.
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Figure 8.9 – additional peak on shoulder of lithium thiocyanate peak
Despite these corrections a number of problems were still observed in the data.
This can be most clearly seen in the run order of the data of the light accelerated
ageing samples (Figure 8.10) with a sudden increase in the molecular weight of the
sample, without any other changes. This sudden shift was not observed in the
tensile testing results implying it relates to a change in the column. A similar jump
was seen in the thermal accelerated ageing data results. Figure 8.11 shows the
effect this has on the HPSEC results, with an increase from the initial runs (blue
and green lines) to the orange line which has a large initial increase. The later
runs are all at higher molecular weights (red, burgundy and yellow lines).
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Figure 8.10 – molecular weights of light accelerated aged samples in run
order (M w : blue; M n : pink; M p : yellow)
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Figure 8.11 – weight-averaged molecular weight of light aged samples
(30L50l: dark blue ♦; 30L200l: blue ♦; 50L50l: dark green ■; 50L200l: bright green ■;
50UV50l: orange ■; 50UV200l: yellow ■; 75L50l: dark red ▲; 75L200l: red ▲)
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The data was further corrected using the average of the run before the change and
the average of the run afterwards for the same sample to scale the data. The
effect on Figure 8.11 can be seen in Figure 8.12 where the HPSEC results are now
within a similar range of molecular weight values. Comparison between the data
demonstrated there is still some variation which will be discussed in more detail in
chapter nine.
In theory the calibration procedure for HPSEC should ensure that batches are
comparable with each other. However the work presented here and in chapter five
have demonstrated there are a number of problems with both the calibration
standards and the software processing of the data. The processes taken to
overcome the problems with calibrating, downloading and interpreting the HPSEC
results are less than ideal. The large number of processes and scaling effects
mean the reported molecular weights are questionable and it is difficult to have
confidence in the data reported. However the raw values were so strongly grouped
into the batches between calibrations that results could not be compared. In a
project of this nature were samples have been analysed over more than two years
and the column needs recalibrating approximately once a week then comparison
between batches is vital.
HPSEC could be used to compare samples within small batches, for example the
Burrell tapestry results reported within chapter five where samples were run over
two days. This allows them to be interpreted with confidence that the molecular
weights determined from the software are comparable. HPSEC may also be more
suited to test deviations from a narrow molecular weight range i.e. if consistently
testing new silk to determine poor quality materials. However it is very difficult to
see how HPSEC can be used for comparisons of historic materials with widely
different molecular weights where there are no references for materials of similar
age for comparison. This is particularly true when large datasets are to be used
and run over long time periods.
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One of the possible causes of the problems observed may be contamination of the
column by high salt concentrations. The product literature for the BioSep-SECS4000 Columns indicates salt concentrations of 0.5M should not be exceeded. 4
However the concentration of the lithium thiocyanate solution to dissolve the silk is
approximately 21.5M. Although only small amounts of the solution are used for
each sample injection (20 μl) it is possible repeated exposure to the high salt
concentrations is affecting the column performance.
A possible method to overcome this problem would be to dissolve the silk and then
dialyse it so it is solubilised in an aqueous solution, as is commonly done for
research on silk in other areas, although this has been reported to change the silk
conformation. 5 However this would dramatically increase the time to prepare each
sample and further increase the expense of running HPSEC for silk molecular
weight determinations. Each sample would then have to be run immediately as
aqueous solutions of silk gel and solidify after a few days. Generally the expense
and reproducibility difficulties of the HPSEC system for analysis of silk are likely to
preclude its widespread use within conservation.
The results of the HPSEC analysis are presented below but the difficulties
described should be remembered as the interpretation is tentative at best.
Generally this technique is of limited use for isolated historic samples as a single
molecular weight measurement for a sample gives little information about the
condition of an object. Even if sampling across a large object the results are
difficult to interpret as the effects of dyeing are known to have an impact of the
condition of the sample before ageing occurs, 6 therefore colour will also be
important. With increased sample numbers there are increased problems with the
data processing and comparison between batches.
One possible development which might make HPSEC results more reliable would
be the digitisation of chromatograms. This might allow the chromatograms to be
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normalised and interpreted with less influence from the calibration files within the
software. This would also improve the use of the HPSEC data for multivariate
analysis, as described in chapter eleven. Currently the EZChrom Elite software
has been designed to prevent the export of chromatograms into other
programmes. This feature is to prevent manipulation of the data and ensure
transparency of HPLC analysis for large scale users such as the drug
manufacturers. 7 As such the SEC package is an add-on to this more general
HPLC package and so has limited capacity.
Another option would be the use of universal standards such as polystyrene.
Generally within HPSEC it is preferable to use standards of the same materials as
those being analysed i.e. proteins. 8 The problems of protein calibration for HPSEC
with particular reference to the protein shape and interaction with the column have
been discussed by Oliva et al. 9 However due to the changes seen in the
standards it might be more appropriate to use standards which although interacting
with the column differently give consistent calibrations. This would allow consistent
relative molecular weights to be determined and give better comparisons between
data sets.

HPSEC Results
After the HPSEC results had been corrected the changes in molecular weight were
studied for each set of ageing conditions to determine the extent of silk
deterioration caused. There are three measures of molecular weight determined
by the software: the weight-averaged molecular weight (M w ), the number-averaged
molecular weight (M n ) and the peak molecular weight (M p ). Of these, M w gives a
distribution of the samples’ molecular weights and has been previously correlated
with elongation. The trends observed in the HPSEC results were the same
regardless of the molecular weight measure used to study the silk deterioration,
therefore only M w will be discussed below.
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The raw changes in M w after light ageing are presented in Figure 8.12. There is an
initial rise in the molecular weight from the unaged sample (as seen in Figure
8.11), however this sample was run alongside the thermally aged samples and so
the processing effects may be responsible. Generally there is little difference
between most of the samples after this point (approximately 50 kDa), with small
decreases in M w with increased ageing. The exception to this is the UV aged
samples, which show rather erratic changes.
The samples which were exposed to UV radiation at low light levels show a
dramatic increase in the molecular weight, approximately doubling between 2 and
4 equivalent display years. However the samples aged at higher light levels and
with UV radiation show the opposite trend with an initial decrease in M w followed
by an increase. The reason for these changes is not clear, however the same
trend is observed in the uncorrected data (Figure 8.11). This implies that the
changes are real and have not been introduced as a result of the data processing
methods. The only comparative data indicates exposure to UV radiation leads to a
breakdown of the silk chain, observed as a decrease in the M p values by Tse and
Dupont. 10
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Figure 8.12 – weight-averaged molecular weight results for light aged
samples (30L50l: dark blue ♦; 30L200l: blue ♦; 50L50l: dark green ■; 50L200l: bright
green ■; 50UV50l: orange ■; 50UV200l: yellow ■; 75L50l: dark red ▲; 75L200l: red ▲)

Similar to the tensile testing results there is more deterioration after UV ageing,
especially for the samples aged at 50 lux. For both the 30 and 50% RH aged
samples (without UV) there is less deterioration at 50 lux than for samples aged at
200 lux, however this is reversed for the UV aged and 75% RH aged samples.
There is no clear reason for this result and further experiments would be required
to demonstrate a clear trend. In the case of UV ageing it is likely the very high UV
level has accelerated the deterioration. On display this ageing condition is unlikely
to occur as at low light levels the proportion of UV radiation is also low.
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Figure 8.13 – weight-averaged molecular weight results for thermal aged
samples (0% RH: blue x; 30% RH: dark green ♦; 40% RH: aqua +; 50% RH: dark purple
■; 60% RH: red ж; 75% RH: dark orange▲; 100% RH: grey ○)

The trends in the HPSEC results for the thermal aged samples (see Figure 8.13)
are not as clear as those for the tensile testing results. However there are some
similarities, particularly the similar level of deterioration observed for the 60% and
75% RH aged samples. Although for the HPSEC results the 60% and 75% RH
aged samples are as deteriorated as the 100% RH aged samples. At early stages
in the deterioration there is a larger decrease in M w with increasing humidity.
However as the ageing proceeds the lowest RH level aged samples (0%) show an
increase in deterioration compared with the 50% RH aged samples. This may
arise from the processing methods as both the 40 and 50% RH samples have
been further adjusted to take into account sudden changes in the molecular
weights (similar to the effects seen in Figure 8.10).
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The increased deterioration of the salt contaminated samples can again be seen in
Figure 8.13. Samples aged at 30% RH show a larger decrease in molecular
weight than samples aged at 0%, 40% and 50% RH. After a years’ ageing at 30%
RH the molecular weight is similar to those samples aged at much higher RH
levels (60%, 75% and 100% RH). This is similar to the observed changes in the
tensile strength of samples aged at 30% RH and further indicates the increased
silk deterioration caused by salt contamination.
As can be seen from Figure 8.13 there are significant deviations in the average
HPSEC values between the three replicates. The large deviations in the molecular
weights, coupled with the intensive processing make it difficult to draw any firm
conclusions from the HPSEC data. This is a particular drawback experienced with
the HPSEC technique.
Figure 8.14 combines the trends from Figures 8.12 and 8.13. Similar to the tensile
testing results the changes after light ageing are noticeably less. However as the
light aged samples were analysed using a separate column from the thermal aged
results it is difficult to be sure the differences (between 100 and 200 kDa) are real.
As discussed in the HPSEC processing section it is difficult to have confidence in
the results which limits the conclusions that can be drawn.
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Figure 8.14 – combined light and thermal accelerated ageing HPSEC results
(0% RH: blue x; 30% RH: dark green ♦; 40% RH: aqua +; 50% RH: dark purple ■; 60%
RH: red ж; 75% RH: dark orange▲; 100% RH: grey ○; 30L50l: green ♦; 30L200l: bright
green ♦; 50L50l: purple ■; 50L200l: light purple ■; 50UV50l: indigo ■; 50UV200l: slate ■;
75L50l: orange ▲; 75L200l: yellow ▲)

Results Correlation
Despite the difficulties, the HPSEC results do seem to confirm a number of the
tensile testing results, including the increase in silk deterioration with increased RH
during ageing. Both sets of results also indicate that light ageing has caused less
damage to the samples than the thermal ageing. Although the inclusion of UV
radiation during light ageing does increase the rate of silk deterioration, the
damage measured is still less than at low RH levels. The results indicate that both
chemical and physical changes are occurring within the samples as a result of
ageing. The decrease in the molecular weight of samples indicates the peptide
bonds in the silk chains are breaking. This would have an impact on the tensile
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properties as the ability of the silk chains to extend and accommodate the
increasing load before breaking, is reduced.
Chemical measures of deterioration, such as chromatography, have been reported
as being more sensitive than physical testing methods. To determine whether this
is true for silk deterioration the tensile strength results were plotted against M w (see
Figure 8.15). This should help identify whether HPSEC is more sensitive to the
initial deterioration of silk compared to the physical testing methods.
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Figure 8.15 – scatter plot of changes in weight-averaged molecular weight
with tensile strength (0% RH: dark blue x; 30% RH: blue ♦; 40% RH: mid blue +; 50%
RH: light blue ■; 60% RH: pale blue ж; 75% RH: indigo▲; 100% RH: slate ○; 30L50l: dark
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In Figure 8.15 the unaged silk samples are marked by a larger red square. In
general the accelerated light aged samples have higher molecular weights but
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similar tensile strengths to the unaged samples. In contrast the thermal aged
samples show slightly less change in the molecular weight but a much greater shift
in tensile strength. This seems to indicate there is a relationship between the
tensile strength and molecular weight results. Certainly for the light aged samples
there is a change in the molecular weight which is not observed in the tensile
strength results. Similar to other studies it seems HPSEC can identify deterioration
before tensile testing methods, although as the deterioration proceeds this
increased sensitivity is lost.
For the accelerated light ageing samples the increase in molecular weight after
ageing could arise from two possibilities. Different HPSEC columns were used to
analyse the light and thermally aged samples. The unaged sample included in
Figure 8.15 was analysed with the thermally aged samples and so the increase
may actually relate to the differences between the columns. The historic microsamples were also analysed using a different column to the light aged samples and
have lower molecular weights. An alternative explanation is that cross-linking
between chains occurs during light ageing, which increases the molecular weight
of the samples. However if cross-linking occurs a similar increase in the tensile
strength may be expected, as seen by Agarwal et al., 11 however there are minimal
changes in the tensile strength of samples.
The problems associated with the HPSEC processing means it is difficult to
determine deterioration curves for silk at different RH levels. However the curve
shown in Figure 8.15 could be used to calculate an approximate tensile strength
from the HPSEC results. This could be useful for determining an objects display
lifetime and will be explored further in chapter ten.

Rates of Deterioration
As deterioration curves for silk could not be plotted from the raw data an alternative
method of studying the rate of silk deterioration was sought. As the tensile
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strength gave the most reproducible results of the analytical methods used, this
data was used similar to chapter six to determine the rate of silk deterioration. This
plots the log of the change in load against time, to calculate the rate of
deterioration, k, (see appendix 5). For each set of accelerated ageing conditions k
has been determined and is shown in Figure 8.16.
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Figure 8.16 – rates of silk deterioration for each accelerated ageing method
(RH ageing: dark blue ♦; RH ageing (salt contaminated): red ♦; 50 lux light ageing: pink ■;
200 lux light ageing: yellow ▲; 50 lux UV ageing: aqua ■; 200 lux UV ageing: orange ▲)

When the salt contaminated samples (30% and 60% RH) are removed from the
rest of the thermally accelerated ageing samples there is an approximately linear
relationship (seen with the plotted trendline) between the increasing deterioration
rates with increasing RH. Although the rate of increase is relatively moderate (an
increase of 1.4 times going from 50% to 75% RH) it reveals that higher RH levels
lead to greater silk deterioration. The data points at lower RH levels indicate the
increase in the deterioration rate may be greater going from 25% to 50% RH. This
emphasises the need for further studies focussing on the effect humidity has on the
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deterioration rate of silk. The effect of salt contamination can be clearly seen in
Figure 8.16 with the red data points noticeably above the other thermally aged
samples (blue diamonds).
Generally low RH levels lead to less silk deterioration, seen in both the tensile
testing and HPSEC results as well as in the rate of deterioration. Generally within
conservation low RH levels are thought to lead to embrittlement of organic
materials. Analysis of the low RH aged samples did not show brittle curves in the
tensile testing results. However testing was carried out at moderate RH levels and
the moisture transport through the silk samples was rapid. To test whether longer
term display at low RH levels leads to embrittlement of the silk, tensile tests would
have to be performed in dry environments. Unfortunately it is not possible to
perform these tests with the equipment available, but they would form interesting
further work.
In contrast the rate of deterioration caused by accelerated light ageing is generally
much lower. The exception is at 30% RH and 50 lux which is significantly higher
than at the higher RH levels also tested at 50 lux. The reason for this difference is
unclear as checks showed the samples were not salt contaminated. However
Figure 8.16 shows there is little difference in the deterioration caused at 50 or 200
lux during accelerated light ageing. As has already been noted ageing at 50 lux
with UV radiation led to increased deterioration of the accelerated light ageing
samples. It can also be seen from Figure 8.16 that over the time period required to
age these samples the deterioration is greater than in the thermally aged samples
at 50% RH and similar to the salt contamination samples.
This highlights one of the problems of the time axis – if the length of ageing is used
the UV radiation aged samples are more deteriorated than samples aged using the
other ageing methods. However the length of time this equates to on display is
actually relatively long. Light (with or without UV radiation included) has commonly
been reported as causing more deterioration, 12 however the ageing time periods
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are rarely comparative as light ageing takes place under dramatically higher
intensity light levels. For these experiments UV ageing led to an increase of 187.5
times ageing at 200 lux and 750 times for ageing at 50 lux, as the light levels are
higher above the UV filter. Beneath the filter (ageing without UV) the increase is
105 times for a 200 lux annual light budget and 420 times for 50 lux, slightly lower
due to the absorbance of light by the filter. This means the light levels equal a
much longer period on display compared with generally quite modest increases in
rate using temperature to accelerated reactions. Here a predicted increase from
the kinetics experiments of 33 times, ageing at 80 °C compared with natural ageing
on display at 20 °C.
Although Figure 8.16 shows low light levels and high UV radiation together lead to
increased rates of silk deterioration, as previously mentioned on open display in
historic houses it is unlikely this combination would be observed. However this
result demonstrates the damaging effects of high UV levels and by association the
benefits of reducing UV levels on display.

Conclusions
The accelerated ageing experiments have demonstrated that accelerated light
ageing causes little change to the tensile strength of the samples with a slightly
bigger loss of extension. A relatively small change was also observed for the
HPSEC results of the accelerated light aged samples. Samples light aged at
higher RH levels showed less deterioration than those light aged at a low or
moderate RH, in contrast to the kinetics experiments. However this may arise from
the change in ageing methods between the two sets of experiments. Both the
tensile testing and HPSEC results have shown that including UV radiation when
light ageing increased the amount of silk deterioration measured.
Greater silk deterioration was measured by both the tensile testing and HPSEC
analysis for thermally aged samples. Generally there was an increase in the
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deterioration with increasing RH and this was particularly seen in the tensile
strength results. For all thermally aged samples the results demonstrate that salt
contamination leads to increased deterioration. This was especially observed for
samples aged at 30% RH, using magnesium chloride, and at 60% RH using
potassium iodide. This may be a result of the salt retaining moisture on the surface
of the silk and allowing greater moisture to penetrate the amorphous regions.
Samples which had been salt contaminated were brittle which could be seen in the
change of the curve in the extension against load plots for the tensile testing
analysis.
Problems have been identified in comparing data between calibrations and
different columns on the HPSEC, which limits the interpretation of these results.
To use the HPSEC results the chromatograms have been corrected using the
lithium thiocyanate peak along with some scaling of the data. Possible methods of
overcoming these difficulties include the use of universal standards and the
digitisation of the chromatograms.
The rates of silk deterioration have been determined from the accelerated ageing
experiments. This shows that there is an approximately linear increase in the rate
of silk deterioration with increasing humidity levels. Salt contamination of samples
further increases the rate of silk degradation. In general the rate of silk
deterioration is greater after thermal accelerated ageing than after light accelerated
ageing. However combined low light and high UV radiation levels also lead to an
increase in the rate of deterioration.
The effect of salt contamination on the samples has a number of implications, the
most obvious being to undertake accelerated ageing without using saturated salt
solutions in the future. However it also has implications for the display of large
scale textiles on walls which might have salt efflorescence or high salt levels in the
masonry. It may be necessary to consider the use of barrier layers between
textiles and the wall to prevent increased deterioration. This may also be
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necessary when higher humidity microclimates have been observed behind
tapestries, in order to reduce the rate of silk deterioration.
The effects of high humidities may be the cause of higher than expected
deterioration for unfaded samples taken from the reverse of tapestries in the
MODHT project. Analysis of the Burrell tapestry samples (chapter five) has
already demonstrated that faded and unfaded sections of the same historic thread
have similar molecular weights. To study the condition of historic materials further,
micro-samples have been analysed using HPSEC. These results are presented in
chapter nine and related to the accelerated ageing results presented here.
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Chapter 9 – Results Comparison for the English Heritage
Collection
The chapter presents the results of HPSEC analysis of the English
Heritage micro-samples. The results have been related to the
objects and their visual condition as assessed during sampling.
Comparison of the historic samples’ results with published values
and the accelerated ageing results are reported. The use of HPSEC
to analyse silk in conservation is also discussed, based on the
results.
The accelerated ageing results have demonstrated that artificial light ageing
causes relatively small changes to the silk samples in comparison to the thermal
ageing. Higher humidity levels also accelerated the deterioration to a greater
extent than lower humidities. As well as helping to identify the critical causes of
silk deterioration, the aim of the accelerated ageing experiments was to create a
range of deterioration levels similar to those found in historic collections. Light
ageing undertaken for MODHT replicated up to 400 years on display but the
samples were not as deteriorated as those from historic materials. 1 Although
some historic samples were from tapestries older than 400 years this indicated
other deterioration mechanisms could be important for silk degradation.
To determine whether the accelerated ageing created similar levels of deterioration
the results were compared with samples from the English Heritage collection. The
sample size, number of replicates and destructive nature of tensile testing prevents
analysis of historic materials in almost all cases. Therefore HPSEC has been used
to compare the accelerated ageing results with the micro-samples taken from the
English Heritage collection. Analysis of the English Heritage collection allows the
current condition of the silk to be assessed, which could form a benchmark for
future comparison. Although the number of micro-samples permitted is still
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relatively small (87 samples from over 1000 objects) it may also be possible to look
at the condition of a number of objects in more detail and determine if the visual
condition assessment matches the analytical results.

Analysis of the English Heritage Silk Collection
Micro-samples taken from objects in the English Heritage collection were analysed
using the same HPSEC equipment and parameters discussed in chapter five.
Each sample was initially run once before being rerun in duplicate. The results
presented are the average of the three runs. Some changes were noted between
the initial run and the later reruns, particularly for the samples taken from more
recent reproduction silks. Figure 9.1 shows the changes for sample nlran7a, a
modern (2002) reproduction silk from Ranger’s House. There is an obvious shift in
the chromatograms as seen in the lithium thiocyanate (LiSCN) peak which moves
from 15 minutes in the first run (blue curve) to 16 minutes in the subsequent reruns
(green and aqua curves).

Figure 9.1 – changes to sample nlran7a between initial run (blue) and later
reruns (green and aqua)
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After correcting the peak movements (by shifting the chromatogram using the
LiSCN peak as an internal standard) there is still a substantial difference in the
calculated weight-averaged molecular weight (M w ) values between the different
runs. The first replicate M w was ~380 kDa, the second replicate was ~172 kDa
and the third replicate was ~89 kDa. Each subsequent replicate leads to an
approximate halving of the molecular weight. For the other measures of molecular
weight (number-averaged molecular weight (M n ) and peak molecular weight (M p ))
there is a noticeable difference between the first and subsequent runs but not
between the duplicate reruns. The change in M w reflects the significant
broadening of the peaks for the rerun samples.
There are a number of reasons why the peak broadening could occur. Analysis of
samples in LiSCN over a number of weeks showed no change in the molecular
weight (chapter five). However it is possible over longer periods the silk chain is
attacked and begins to break into smaller fragments. This would lead to a larger
number of smaller chains in the rerun samples than during the initial run. The
change in the sample may also have been caused by conformational changes in
the silk. In the initial run the silk is likely to have been a long chain and therefore
passed quickly through the column. For the rerun samples the silk may have reformed hydrogen bonds between the chains and may have a more globular
conformation. This may lead to the sample interacting more strongly with the
column, which would increase the retention time of the silk and change the peak
shape.
Although longer incubation in LiSCN is likely to cause further denaturation and
some cleavage of the chain, it was not possible as part of this study to determine
the exact effect leading to these changes. To eliminate these effects the kinetics
and accelerated ageing samples were all run in triplicate. For the older historic
materials these changes were not observed (see Figure 9.2). This may arise
because the silk chains have already been broken down in to smaller lengths due
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to silk deterioration arising whilst on display. However for the smaller historic
samples the amount of material was more critical.
For a number of the historic objects the micro-samples taken were very small in
size, often no more than a millimetre of thread or just a fine powder. This strongly
affected the absorbance recorded by the detector, in milliabsorbance units (mAU).
For small samples the peak height was often less than 50 mAU (see Figure 9.2)
compared with 350 mAU in Figure 9.1 or over 1000 mAU for unaged silk. This
affects the peak area which is then integrated by the software to calculate the
molecular weight.

Figure 9.2 – low absorbance for sample nlaps4
For some samples the silk fragment was so small that there was barely a bump in
the baseline. Although the points between which to draw the baseline can be
selected the software actually positions it and it cannot be manually repositioned
by the user. The same is true for the start and finish points for the peak
integration, which can be specified but the software determines the peak area.
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Although in Figure 9.2 there is still a clear, but small, peak above the baseline in
some cases the bump and position of the baseline led to very high molecular
weights. For example in Figure 9.3 (sample nlaps1) the calculated M w was ~707
kDa, however the previous run was ~84 kDa and the final run ~268 kDa. These
changes seem to arise primarily from the positioning of the baseline for very small
intensity peaks.

Figure 9.3 – small peak for sample nlaps1
For the kinetics and accelerated ageing samples the large sample size allowed at
least 0.6 mg of silk to be used for HPSEC giving concentrated samples and
sufficient volume for a number of reruns if recalibration of the column was required.
However for the historic micro-samples very few were large enough to be weighed
and for those which were, measured around 0.1 mg. Due to the small size these
were dissolved in 0.2 ml of LiSCN. Although this allowed HPSEC analysis there
was rarely enough sample to allow more than three runs and in one case (nlaps3)
the duplicate reruns had no silk peak at all. The English Heritage samples have
been downloaded using the same standard method file and corrected for the
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LiSCN peak, as described in chapter eight. However there has been no further
scaling of the data between batches as it was not possible to compare the same
sample before and after calibration.

English Heritage Collection HPSEC Results
The differences between the initial run and later reruns are one of the reasons for
the high standard deviations seen in M w in Figure 9.4. In general the average M w
values for the historic micro-samples are below 250 kDa, although the samples
range from 100 kDa to 550 kDa. Despite the variety of display environments there
are no clear differences between the properties in Figure 9.4. As has been shown
by MODHT dyeing processes have an effect on the condition of the silk before
ageing occurs. So the similar silk condition across all the properties, despite
differences in age, may be related to previous processing methods, the effects of
which are difficult to determine.
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Figure 9.4 – M w results summary of English Heritage micro-samples
(Audley End House: blue; Apsley House: green; Brodsworth Hall: yellow; Fulford Store:
orange; Osborne House: red; Ranger’s House: pink)

248

On average the samples taken from Brodsworth Hall had a higher molecular
weight than those from the associated store, Fulford or the other properties. This
might be expected comparing the house with its store, as objects in storage are
likely to be unsuitable for display due to their fragile condition or previous damage.
However Brodsworth Hall would not be expected to have the best condition silks
based on their visual appearance. However difficulties when sampling meant
some obviously deteriorated silks were not included. For example a very limited
number of samples came from wall silk at Brodsworth Hall, as this had been
conserved and is now covered by net. This made it very difficult to sample, unless
a fibre or thread was protruding out of the net. As a consequence the results for
Brodsworth Hall may be slightly skewed towards the better condition objects which
had received less invasive or no conservation treatments and so could be sampled
for HPSEC analysis.
To determine the impact of previous processing methods on the silk, the HPSEC
results were compared with those from the XRF (chapter three). However there
was no apparent correlation between the condition measured by HPSEC and the
elements identified in the silk. For the samples from Fulford the lowest molecular
weight was for a sample identified as containing sulfur (nlful9). However the
highest molecular weight was for nlful5 which contained silicon, phosphorus and tin
and is likely to be weighted. As neither of the objects have known dates, it is
difficult to determine whether the poorer condition of the silk relates to the age of
the material or another cause such as its processing. The highest molecular
weight sample from Osborne House was also found to contain tin. A number of the
weighted samples did not dissolve in LiSCN, but those which did, generally were
very friable and powdery. Therefore it seems unlikely that samples identified as
containing tin, and in relatively poor condition, should have the highest molecular
weight. This may be the result of the metal ion bonding between chains and
possibly affecting the conformation of the protein or its interactions with the
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column. However as weighted silks were not the main focus of the research this
was not investigated further.
For an individual HPSEC result it is difficult to draw conclusions without other data
to provide comparisons. For the historic objects this could include taking a number
of samples from the same object (such as the Burrell tapestry discussed in chapter
five) or from a number of similar objects (e.g. a number of chairs upholstered in the
same fabric) to compare the condition between a set of samples. Selecting the
same colour thread (for the tapestry) or the same fabric also limits the impact of
processing effects, as these are likely to be the same for the same thread or fabric.
Within a large collection comparisons are difficult due to the unknown processing
methods and their likely impact on the initial condition of the silk before ageing
occurs. As well as the effects of different ageing conditions and display
environments on the silk condition. However the molecular weight could be used
as a benchmark for comparison with subsequent analysis, although this would
require further invasive sampling of objects. Alternatively the results could be used
to identify the chemical condition of textiles within a collection and prioritise
interventive conservation treatments for the most deteriorated objects.
Although the number of objects from which it was possible to take more than one
sample was limited, some comparisons were possible. For most artefacts where a
number of differently coloured threads could be sampled there was a significant
variation between the M w of the samples. This included a tassel in store at Fulford
[90006838] where the red sample (nlful18) was half the molecular weight of the
gold sample (nlful17). Although the red samples were not always the lowest
molecular weight. The silk skeins [79704568] in the Swiss Cottage Museum at
Osborne House had a range of M w values from 200 kDa for the blue sample to 393
kDa for the red sample. The differences for the variously coloured samples might
be expected from the results of MODHT which showed dyeing had an effect on the
condition of silk.
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In some cases however the colour of the sample seemed to make little difference.
Analysis of a cushion [90009023] in store at Fulford showed a relatively narrow
range of M w from 195 kDa to 215 kDa for the pink, cream and gold samples.
Similarly sometimes two samples taken from different areas of the same object
(and the same coloured panel of silk) had much wider variation. For example, the
portiere curtain braid fragments [90007051/53/63/67] from Brodsworth Hall had a
difference of ~200 kDa between the lowest and highest M w samples. Although
different curtains of the same design, these can be assumed to have been
processed in the same manner, so the large difference must arise from the variety
of display environments within Brodsworth Hall. The results further highlights how
the unknown history of an object, be it the processing methods used during
manufacture, or the varying display conditions, can have an effect but be difficult to
determine.
As part of the accelerated ageing experiments it was not possible to study the
effects of pollution. However Brodsworth Hall is likely to have had high historic
sulfur dioxide (SO 2 ) levels from nearby industry. The deposition of SO 2 may lead
to the formation of sulfurous acid with moisture in the objects and the high humidity
levels at this property. As acids are reported to cause damage to silk, 2 this historic
pollution may have led to acid deterioration of the collection at Brodsworth Hall.
However as seen in Figure 9.4 the M w values for samples taken from Brodsworth
Hall are slightly higher on average, compared to the other properties. This would
indicate the historic pollution has been lower than anticipated or had little effect on
the condition of the silk artefacts.
Apsley House is situated on a busy roundabout in central London and there are
currently high external levels of particulates arising from the traffic. The number of
these found inside is minimised by ensuring windows are kept closed and are well
sealed. However these particulates are known to be very greasy and difficult to
remove from upholstery. There are two ways in which this could lead to increased
deterioration. The first being the particulate attracting moisture and enhancing the
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moisture content of the silk. As higher humidities (and the presence of salt) have
been shown to lead to greater silk deterioration, it is possible this may also
enhance the rate of damage. The second possible method would arise from
abrasion of the silk when cleaning to remove the particulates. However the M w
results show the silk at Apsley House is also in relatively good condition.
There are some interesting comparisons noted between the HPSEC results and
the condition of the objects within the collection. There are eight samples with low
M w (below 150 kDa), which all come from samples identified as in poor condition.
This includes silk velvet chair upholstery with missing pile and splits (nlran3) in
Figure 9.5. Figure 9.6 shows deteriorated wall silk around a light switch (nlaps4)
with exposed wefts revealing the padding material beneath. There were also
samples from a highly deteriorated curtain (nlaeh7) and tieback (nlaeh9) in store at
Audley End House, as well as seat pads (nlran5 and nlran6), bedspread fringing
(nlosb11) and an almost completely disintegrated silk cabinet front (nlful9) at
Brodsworth Hall (see Figure 9.7). Although these samples do not come from the
oldest artefacts in the collections, in fact most of the samples come from 19th
century objects. The poor condition of the silk on these objects may be a result of
processing techniques used, rather than the age of the material.

Figure 9.5 – chair seat (nlran3)

Figure 9.6 – deteriorated wall silk in the

showing missing silk velvet pile

Waterloo Gallery at Apsley House
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A number of the highest molecular weight samples (M w greater than 400 kDa)
seem to come from samples which visually appeared deteriorated. The most
noticeably deteriorated examples were fragments from the portiere curtains
(nlbro14 and nlbro18) and shattered wall silk (nlbro2) at Brodsworth Hall, in Figure
9.8. There was also a sample of wall silk from the Waterloo Gallery at Apsley
House (nlaps3), which is in stark contrast to the sample, nlaps4, which had one of
the lowest molecular weights. For a number of the samples giving exceptionally
high M w the sample size was very small and formed bumps in the baseline. This
seems to affect the determination of the peak area and therefore the molecular
weight. So although the HPSEC results can highlight some of the most
deteriorated samples with low M w values, there are also samples which were
deteriorated but give high M w values, demonstrating the limited interpretation of the
results.

Figure 9.7 – silk fronted cabinet

Figure 9.8 – wall silk in the South Hall

[90006945] at Brodsworth Hall

at Brodsworth Hall

Figure 9.9 shows the Napoleonic standard which was sampled for the red thread,
the area of previous damage where the sample was removed from can be seen at
the top right corner. There are a large number of these Napoleonic standards at
Apsley House and the condition reports for most of them say they are in poor
condition. However this seems to arise from the fading of the standards, as seen
in the turned over corner of Figure 9.9, and the heavy tarnishing of the silver
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threads. Despite the condition report comments the standards were very difficult to
sample due to the good condition of the silk, with the exception of the area of
damage shown.

Figure 9.9 – L’Empereur Napoleon au Department de L’Orme tricolor
[WM.1654N-1948] from Apsley House
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Although it was only possible to take one sample of each colour from the
standards, the HPSEC results for these samples all gave M w results greater than
250 kDa. This shows, in contrast to the reported condition of the object, the silk
was actually in good condition, as observed when sampling. This shows an
interesting aspect of conservation reports: the object is described as being in poor
condition due to fading of the textile, regardless of the actual condition of the
substrate. When explaining this research it has often been necessary to highlight
the difference in the reactions occurring. Although light is known to cause fading of
textiles that does not necessarily mean the silk substrate is also being damaged.
In reassessing the causes of silk deterioration, fading reactions have been omitted
by using undyed plain silk allowing the changes to the silk to be studied in isolation.
Of the samples with the lowest molecular weights, only one has had major
conservation intervention. The matching cabinets at Brodsworth Hall in the library
and north corridor have both been conserved and the remaining silk is now held in
place by a net layer between the silk and brass grill. The sample from these
cabinets (nlful9) was a fragment removed during this conservation process. The
curtain and tieback (nlaeh7 and nlaeh9) from Audley End House are kept in
storage due to their poor condition. However the other objects with the lowest
measured molecular weights are on display and might be suitable for future
interventive conservation.
For the samples with high molecular weights some of these samples had been
removed during conservation, for example the portiere curtains (nlbro14 and
nlbro18) and the removed section of silk from the library fire-screen (nlaeh12).
Some other objects had been conserved (nlbro2 from wall silk at Brodsworth Hall)
or were in storage due to their poor condition (nlosb14). It is possible the small
size of these samples and the associated problems with the processing software
mean these have been wrongly assigned high molecular weights. The oldest
sample, from a 14th century reliquary bag on display at Ranger’s House, had a high
molecular weight, although this was also difficult to sample due to the good
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condition of the silk. The results indicate that processing techniques used to treat
the silks may affect the condition to a greater extent than the date of the object.

Comparison of Results with Published Data
The results from the English Heritage collection have been compared with those
published from the MODHT project. As mentioned above the historic samples
analysed for MODHT were much more deteriorated than the artificially light aged
samples. For the historic samples M w values in the region of 10 – 40 kDa are
reported compared with 40 – 90 kDa for the artificial aged samples. In comparison
the English Heritage historic samples are generally between 150 – 250 kDa and
the Burrell tapestry samples were around 175 – 225 kDa. There is obviously a
large difference in the scale of the results between the analysis performed for this
research and that undertaken for MODHT.
There is also an obvious reason for the large difference in the scale of results from
the two projects. The calibration for MODHT reports fully dissociated protein
standards and so the molecular weights included in the calibration files are
significantly lower than those used for this research. As the same sample has not
been run on each system it is not possible to determine whether the same
molecular weight would be determined regardless of the difference in the
calibration files. For example unaged silk had M w values around ~200 kDa in the
thermally aged experiments and this may also be the value found using the
MODHT HPSEC system. However if the calibration file is significantly different but
the retention time is similar between the two systems then the unaged sample may
give M w values closer to 100 kDa.
A further difference between the two systems is the best fit curves used for the
standards’ molecular weights, used to determine the calibration. For the system
used in this research a quadratic curve was used throughout, however MODHT
tended to use a cubic line of best fit. This often gives better R2 values, indicating a

256

better fit of the variation of the data, however there are only five data points in the
calibration file. For this reason it was recommended by the software engineer that
the highest order curve used should be a quadratic equation, 3 unless further data
points were included.
The SEC set up calibration file (for the method silk251108) can be seen in Figure
9.10, which shows the quadratic line of best fit through the data points. The value
for blue dextran is recorded (see table in Figure 9.10) but this point is not used
(empty red square in graph) to determine the molecular weight as the sample is
totally excluded by the column. This also shows the overlap between β-amylase
(molecular weight of 200 kDa) and albumin (198 kDa) in the graph and with the
same retention time in the table. As only five data points are available, to avoid
overfitting the data and therefore affecting the calculated molecular weights,
quadratic equations were used for the calibration. This is likely to affect how the
different software calculates the molecular weight of samples.

Figure 9.10 – SEC set up calibration
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The two HPSEC systems have used the same columns, column oven temperature,
detector wavelength and eluents as well as preparing the silk samples using the
same method. Therefore the reason why one system would fully dissociate the
calibration standards (which also came from the same source), and the other
system records the oligomers, is unclear. However the dynamic light scattering
(DLS) experiments (chapter five) confirmed globular, undissociated proteins are
observed on the HPSEC system used for this research. It is probable that the
HPSEC set up is system specific, particularly as both the HPLC and software used
for this project came from different manufacturers to those used in the MODHT
research.

Comparison of Results with Ageing Experiments
Figure 9.11 compares the HPSEC results for the historic samples (red, orange and
yellow) with the light (green) and thermal (blue) accelerated ageing results. The
M w of the majority of the historic samples is between those recorded for the light
and thermally aged samples. Generally the light aged samples are ~200 kDa
higher in molecular weight than the thermally aged samples. The difference
between the samples possibly arises from the use of different columns to analyse
the data sets.
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Figure 9.11 – M w comparison of English Heritage and accelerated ageing
samples x axis is number of samples (thermal ageing: blue ♦; light ageing: green ■;
Audley End House: red ■; Apsley House: orange ▲; Brodsworth Hall: yellow ♦; Fulford
Store: yellow ◊; Osborne House: orange Δ; Ranger’s House: red □)

The first column was used to analyse the English Heritage historic samples and
those taken from the Burrell tapestry, as well as the initial kinetics experiments.
The second column analysed the light accelerated ageing samples with a small
number of the rerun English Heritage samples and some kinetics samples aged at
50 °C. The final column was used to analyse the remaining kinetics samples and
the thermally aged samples. When the columns are compared there are some
differences but the majority of samples fall within the same 100 kDa to 400 kDa
range. The only samples that are noticeably outside this are the thermally aged
samples, a large number of which are below 100 kDa. However the kinetics
samples analysed afterwards are above 100 kDa which implies the columns are
similar in performance.
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A large number of the thermally aged samples have lower molecular weights than
the historic samples. Although there is a possibility this arises from the different
columns used to analyse the samples, it is unlikely. Therefore this result implies
the thermal accelerated ageing has led to a significant increase in the rate of silk
deterioration. Most of the historic silk samples taken from the English Heritage
collection are over 100 years old. This suggests the thermal accelerated ageing
has led to a far greater increase in the rate than the 33 times predicted by the
kinetics study. However to confirm this would require further research in to the
kinetics of silk deterioration.

Conclusions
Although HPSEC is a destructive technique, the samples required are very small (<
0.5 mg) in comparison to other techniques. However the smallest micro-samples
(< 0.1 mg) gave such small absorbance peaks in the HPSEC detector that the
software struggled to place a baseline, which affected the peak area and therefore
the calculation of the molecular weight. HPSEC can provide information on the
condition of silk, but is probably most useful to compare a number of similar
coloured samples from a large object (e.g. tapestries) or to compare sets of objects
such as chair upholstery.
As discussed above (and in chapter eight) the HPSEC results are influenced by the
equipment set up and performance. There are also limitations when trying to
compare large numbers of samples which have been run in different batches as
the molecular weight values are often not comparable in scale, despite calibrating
the column. The differences in the calibration used for this research, and for
MODHT have also been discussed and the changes mean the results cannot be
compared. This highlights that the results of HPSEC for silk are system specific.
Analysis of the English Heritage micro-samples has shown these have similar
molecular weights to the artificially aged samples. The thermally accelerated
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ageing samples had lower molecular weights than the majority of the historic
samples which implies the rate of silk deterioration has been increased more than
the 33 times suggested from the kinetics study. The results indicate humidity is
more important than has previously been thought for silk deterioration reactions.
The effect on the English Heritage collection, and other collections’ silk artefacts,
and methods to reduce the rate of deterioration is discussed further in chapter ten.
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Chapter 10 – Application of Results to Preventive
Conservation
The critical factors for silk deterioration, based on the experimental
results have been identified and are presented in this chapter. The
mitigation of these conditions along with the impact on other
artefacts on display in conjunction with silk are discussed. The
results have been used to make a number of preventive
conservation recommendations. An overview of the use of
lifetimes in conservation is presented with the determination of an
end point for silk based on the experiments undertaken. The end
point has been used to create a silk deterioration curve and
isoperms for silk degradation and case study objects are
considered to demonstrate how these tools might be used by
conservators.
The accelerated ageing results revealed UV radiation increases the silk
deterioration caused by light ageing. However in comparison to the thermal ageing
the silk is relatively unchanged by light ageing. The thermal ageing experiments
demonstrated that increasing humidity levels dramatically increases the rate of silk
deterioration. The presence of salt on the silk samples further increased the
deterioration seen, particularly for samples aged at 30% RH. These results can be
used to make suggestions for improved preventive conservation to increase the
longevity of silk on display in historic houses.
As well as optimising the preventive conservation it is also desirable to quantify the
magnitude of the improvements that might be possible. An understanding of how
much improvement could be achieved, may help justify additional resources to
improve the preventive conservation and display environments. By linking the
current condition of the silk, and its approximate age, with the accelerated ageing
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results it may be possible to determine the size of possible improvements with
changes to the display. The limitations of the HPSEC results, as already
discussed, may reduce the possibility to predict the condition for the microsamples. However correlation between the results will be tentatively made to
suggest the possible applications of the experimental results presented so far.

Critical Factors for Silk Deterioration
The accelerated ageing results indicate that humidity is more important for silk
deterioration than previously thought. Light has generally been identified as the
most important factor for silk deterioration. 1,2,3 For preventive conservation in
historic houses where silk is displayed this means light levels are controlled to limit
exposure to a maximum of 50 lux. This is most commonly done using an annual
cumulative exposure, applying the reciprocal principle, 4 as it is difficult to reduce
natural light levels to 50 lux. However as well as being difficult to achieve within
historic houses, low light levels also make it difficult to view detail and colour
differences on objects, particularly for older visitors. 5 Comments from visitors
frequently refer to the darkness of the displays and so increasing light levels would
also improve the visitor experience.
One of the probable reasons light has been reported as the most deteriorating
factor for silk, is the fading of textiles. Light has been shown to cause fading of
dyes, 6,7 and so control of light levels is still required. Further research might look
at the rate of fading for textiles which have already suffered extensive light
exposure and have faded considerably. In these cases any further changes in
colour may be negligible with increased light exposure, which might enable
increased display light levels if the silk substrate will not be damaged. The
accelerated ageing results have shown there is little difference in the rate of silk
deterioration between samples aged at 50 lux and those aged at 200 lux.
Therefore increases in the display light levels are unlikely to cause a great change
to the rate of silk deterioration. The research has shown UV radiation further
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increased silk deterioration, which has also been reported in the literature. 8 This
highlights the benefits of UV absorbing film currently used on the windows within
the historic houses studied.
There are a number of complicating factors which may prevent changes to RH
levels from occurring or limit the extent to which it can be applied. Historic house
displays nearly always contain mixed materials within the same room, showing the
house as it would have been (or is perceived to have been) when lived in. This
affects how the display environment can be controlled as there are often a number
of materials for which the ideal display environment is different to those of the other
objects. Therefore the environmental parameters can be a compromise of all the
different objects’ specifications. Before any potential changes can be made to the
display conditions, it is necessary to consider the impact this would have on the
rest of the collection. This is also true of light; however the silk textiles are often
identified as the most light-sensitive objects within a display.
Within the rest of the collection items which are thought to be particularly
susceptible to low RH levels include wood, especially veneers and marquetry.
Within historic houses furniture can form a large part of the collections and
changes can be particularly visible as lifting veneers create cracks or missing
areas of decoration. However for a large number of materials common to both
museum and historic house collections, there has been little research on the
optimal environmental conditions for display. Many organic materials are
susceptible to mould growth and display below 70% RH is recommended to
prevent mould. 9 Therefore very high RH levels are often mitigated, although there
is little knowledge on whether mould can reoccur on objects at lower RH levels if
previous damage has taken place.
The most comprehensive studies on the effects of humidity have been research on
metals. 10,11,12,13 Generally these studies find low RH levels are optimal to prevent
corrosion and for some displays (such as individual cases of archaeological iron) it
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can be possible to maintain these environments. However the lack of research on
the impact of humidity for most materials within collections limits the ability to
decide on the best display environment. So although this research has indicated
high humidity levels are most damaging for silk, further work would be needed to
understand the impact of humidity on other materials. Traditionally the middle RH
region from 50% to 65% RH has been suggested as most suitable for the display
of organic objects. 14 Interestingly as more organic materials are studied the
benefits of lower RH environments is becoming clearer, for discussion see
Michalski. 15 Further work is required to understand whether embrittlement at low
RH levels occurs for a range of organic materials. However the change in moisture
content of silk is reported to be small between 35% and 55% RH, 16 with a rapid
decrease below 30% RH. Therefore above 30% RH the embrittlement of silk is
unlikely to be a problem.
A further limitation on the reduction of RH levels is the buildings themselves.
Within the historic houses studied the temperature is usually used to control the
humidity. This is particularly apparent in the winter when the low RH levels lead to
low temperatures, as heating further dries out the air. In the summer the RH is
usually high but as the temperature is already high, it cannot usually be increased
to dry the air. Some properties, such as Ranger’s House are using cooling
equipment in the summer due to the high temperatures. However lowering the
temperature will further increase the RH unless dehumidification also occurs. The
use of increased temperatures to reduce the humidity could be problematic as the
low activation energy for silk deterioration (determined in chapter six) indicates that
the rate of deterioration doubles with a 10 °C increase in temperature. Therefore
increases in temperature would increase the deterioration even if the humidity is
decreased. This has also been reported for some other organic materials with
similar activation energies, such as amorphous polyester, by Michalski.
In some properties the humidity is increased in winter using additional humidifiers
or reduced in summer with dehumidifiers. However aesthetically these can look
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out of place within historic interiors and are often resisted by curators. There can
be further impacts on the building from using humidifiers or dehumidifiers. For
example Mecklenburg demonstrated that additional humidification at Smithsonian
Institution’s Hirshhorn Museum led to moisture condensing in the masonry at low
external temperatures. 17 This can have further implications for salt movement and
could lead to efflorescence which may further deteriorate textiles on display.
Humidity control often requires consultation with buildings managers and engineers
to ensure damage is not being created by adding or removing additional moisture.
Monitoring behind tapestries at English Heritage recorded higher humidity
microclimates, especially when placed against colder external walls. As higher
humidity levels have been shown to accelerate silk deterioration the mitigation of
these microclimates is likely to be beneficial to the longevity of the textile. When
displaying large scale textiles it may be useful to include thermal buffering layers
behind to reduce the temperature difference and therefore minimise the RH levels
and variation. Alternatively barrier layers may be considered, these would also
prevent salt migration into textiles should salt efflorescence occur. Large textiles
could be placed on internal walls, were the temperature difference is likely to be
less. However, the positioning of objects within properties is often limited by the
size or historic location of an artefact. Therefore the possibility to change the
position of an object based on the optimal display environment is decreased.

Preventive Conservation Recommendations
From the research undertaken for this project, the following preventive
conservation recommendations can be made:
1. Reduce RH levels (to a minimum of 30%, as less deterioration was
observed below 50% RH)
2. Reduce temperature (10 °C decrease doubles lifetime)
3. Remove UV radiation from all light sources
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4. Faded silk textiles can be displayed above 50 lux if the dye is unlikely to
fade further
5. Mitigate high humidity microclimates behind large scale textiles (such as
tapestries)
6. Prevent salt contamination of textiles (for example from efflorescence)

Use of Lifetimes in Conservation
Within collections the age of an object is often known, but its condition and how
much longer it can be displayed can be unclear. These details can inform
decisions on changes to the display environments and help prioritise interventive
conservation treatments. In recent years the use of object lifetimes has become
more common within conservation.,18,19,20 The lifetime of an object normally refers
to the length of time which it can be displayed for, or used, e.g. documents in
archives, or the length of time a coating provides protection to an object. Although
given numerical values this is a method of ranking the condition of an object, or
performance of a coating, rather than an absolute figure for the lifetime.
Using lifetime values as a guide can provide comparisons between objects to
prioritise treatments or between environments to select the most suitable storage
or display rooms. This reflects the dual nature of lifetimes, as they are usually
predicted from ageing experiments on model materials based on display
conditions. Within collections the display environment rather than the object is
monitored and this is used to make predictions on the object’s lifetime. Often these
predictions are based on different materials to those of the objects being studied.
For example Climate Notebook® calculates the Time-Weighted Preservation Index
(TWPI) based on environmental monitoring data, using the experimentally
measured response of cellulose acetate film to different environments.
The benefit of lifetimes is they provide a measure of the deterioration. However
the accuracy of the predictions can be reduced as they are often based on the
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response of different materials. The lifetime predictions for a variety of materials
could be improved by including further data for the environmental effects on
deterioration, but research is this area is limited. A further use of this concept is
isoperms which are lines of equal permanence at different environmental
conditions. Initially developed by Sebera for paper, 21 the change in permanence at
different environmental conditions could be compared. Sebera’s paper isoperms
use an arbitrary value of 1 for the permanence at 21 °C and 50% RH. The plot
then shows the increase in the deterioration rate (as a decrease in the
permanence) or vice versa with the lines of equal permanence. However isoperms
are limited to the effects of temperature and humidity on the lifetime of an object
and do not include any data on the effects of light ageing or pollutants.
Sebera’s isoperms were plotted from theory as the experimental data required was
unavailable. However improvements in the understanding of paper deterioration
have led to criticism of the original isoperms. 22 For paper a number of factors
including the original source of the cellulose and other additives or contaminants
present can also have an effect on the predicted lifetime. Isoperms have also been
determined for cellulose acetate, which have been plotted from experimental data.
Instead of using a permanence value of 1, these isoperms use the predicted time
in years for triacetate film to reach 0.5 acidity at constant conditions a . In this case
the end point is reached after 50 years at 20 °C and 45% RH. 23 The change in
permanence is recorded as the increase in time to reach this end point. For a
number of ageing studies on film the end points relate to the end of a useful
lifetime, i.e. when the film can no longer be used in a projector. There are a large
number of possible measures of deterioration used in these studies, which all give
different projected end points. 24 However each measure provides similar
comparisons of the effect of conditions on the lifetime of objects.

a

0.5 acidity is the point at which triacetate film deterioration becomes autocatalytic and is reported
as base acidity mL 0.1N NaOH/g, which is determined by dissolving 1 g of the film in a methylene
chloride-ethyl alcohol mixture and titrating the solution with 0.1 N sodium hydroxide with an indicator
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For the TWPI the end point for acetate film is used, similar to the acetate isoperms
the preservation index (PI) equals 50 years for display at 20 °C and 45% RH. At
each data interval for the environmental monitoring the PI is calculated (see Figure
10.1). This is then weighted across the time interval to take into consideration the
greater deterioration occurring under higher temperature and higher humidity
conditions compared to better display environments. Figure 10.1 shows how
seasonal changes in display conditions at Audley End House affect the TWPI
values, demonstrating that cooler, drier conditions are preferable (higher TWPI
values) as this increases the predicted lifetime for cellulose acetate film. Figure
10.2 shows the simple comparison of each room as a bar chart, with a guide to the
ageing rate on the left y axis. This indicates the majority of ground floor rooms at
Audley End House have a moderate ageing rate.

Figure 10.1 – seasonal fluctuations in the TWPI value for ground floor
rooms at Audley End House
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Figure 10.2 – TWPI values for the ground floor rooms at Audley End House
In comparing the display environments in English Heritage (chapter two) the TWPI
for each property was determined. Although there was little difference between the
properties Brodsworth Hall (TWPI = 50.7) had a marginally higher value than
Ranger’s House (TWPI = 50.3) with Apsley House (TWPI = 45.4) and Audley End
House (TWPI = 45.5) the lowest. The highest TWPI value at Brodsworth Hall
matches the slightly higher HPSEC results for the historic micro-samples taken
from this property. Similar to the TWPI values there is little difference between the
HPSEC results for samples taken from each property.
Although there have not been exact predictions of the end point for silk’s display
lifetime there are some indications within the literature. For example France
suggests “The end of the useful life of a textile usually relates to the loss of
mechanical properties associated with its function”. 25 For example, the end point
for tapestries might occur when it can no longer support its own weight. However
the point at which these failures occur were not specified. Recent work on
tapestries has indicated a correlation between the elongation of the sample and its
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weight-averaged molecular weight (M w ). This indicates the samples had no
elongation at approximately 15,000 Daltons. 26 Work by Richardson and Garside
used the elastic limit of silk as a measure of damage. 27 These form useful starting
points to consider when deciding the end point for the experiments in this research.

Determining the End Point
To calculate a lifetime, and use it as a measure for the possible improvements with
changes to the display environment, an end point for silk is required. In reality for
objects on display there is likely to be an aesthetic, as well as a condition
assessment for the lifetime end point. However the aesthetic impact is difficult to
gauge for the accelerated ageing samples as they were plain silk. Although this
yellows (as seen in chapter seven) the fading of dyes is likely to influence the
perception of objects’ display lifetime more than the initial silk deterioration. With
further silk deterioration and the appearance of splits in the fabric, the appearance
of the substrate silk is likely to become more important. The choice of an end point
is also complicated by the type of object. For example a reproduction wall silk,
even if over 50 years old, is likely to be removed and replaced if in poor condition.
But a silk object, such as a dress of the same period, would be preserved even if
the silk was in a poor condition.
The end point was selected using both the accelerated ageing results and the age
of the sampled artefacts in the English Heritage collection. To understand the
correlation between the accelerated ageing results M w was plotted against the
maximum load (see Figure 10.3). This shows there is little change in the tensile
strength of the samples after light ageing (green and aqua data points) but there is
an increase in M w as reported in chapter eight. In comparison the thermally aged
samples (blue data points) show a dramatic decrease in tensile strength with
decreasing M w .
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An approximate (R2 = 0.64) logarithmic curve can be fitted through all the data
points which bisects the x axis at 30 kDa. However the end point is likely to occur
before the tensile strength has completely diminished. Results from MODHT
indicated at zero elongation M w would equal 15 kDa, compared to 30 kDa reported
here. However as reported in chapter nine the results from this research and
MODHT are not directly comparable due to the difference in calibration files. This
means the molecular weight results from MODHT are much lower in scale, as seen
for the value at zero elongation.
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Figure 10.3 – weight-averaged molecular weight and tensile strength results
for accelerated ageing samples (unaged: dark blue; 0% RH: blue; 30% RH: mid blue;
40% RH: light blue; 50% RH: pale blue; 60% RH: ice blue; 75% RH: periwinkle blue; 100%
RH: cornflower blue; 30L50l: dark aqua; 30L200l: aqua; 50L50l: turquoise; 50L200l: light
aqua; 50UV50l: light green; 50UV200l: bright green; 75L50l: mid green; 75L200l: green)

Silk objects are likely to require some strength to remain on display, even if a low
strength becomes an indication that interventive conservation treatment is

272

required. Therefore an end point of 0 N seemed unrealistic. When handling the
accelerated ageing samples for analysis, those with tensile strength results below
40 N were often very deteriorated and difficult to test without damaging. Therefore
40 N was selected as the end point; from the approximate curve fitted to the data in
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Figure 10.3 this gives an M w of ~50 kDa.
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Figure 10.4 – comparison of accelerated ageing HPSEC and tensile testing
results (M w load: dark blue ♦; M n load: dark green ■; M p load: red ▲; M w extension: blue

♦; M n extension: green ■; M p extension: orange ▲)
To understand how these end point values related to the other accelerated ageing
results, the various measures of molecular weight were plotted against the tensile
strength and extension at break values for the thermal ageing samples (see Figure
10.4). It can be seen a tensile strength of 40 N is approximately equal to an
extension at break of 2 mm. In comparison at 40 N, M n is approximately 30 kDa
and M p is around 40 kDa. Having a range of measures as the end point for silk on
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display allows research using measures other than M w and tensile strength to be
compared with these results in the future.
From the accelerated ageing experimental results, an end point of 40 N and ~50
kDa had been selected. However how long might a silk on open display last and
what condition, or molecular weight, would be expected? To answer this question
the age of each historic micro-sample and the HPSEC results were plotted, see
Figure 10.5. The accelerated ageing samples and their equivalent display time
were also included for comparison. Approximate ages of the micro-samples have
been determined based on the object records. The records often state a rather
wide date range, for example, second quarter of the 19th century. In order to plot
Figure 10.5 a single mid-point was selected for these data ranges, so for the
example given the date would be 1837 and the age would be 172 years.
As previously discussed, the M w of the English Heritage micro-samples have
higher values than the majority of the thermally accelerated ageing samples. This
can be clearly seen in comparing the blue and green data points for the
accelerated ageing samples with the red, orange and yellow points for the historic
samples in Figure 10.5. Along with the analytical end point values, it is useful to
have an approximate display lifetime of an object. This gives an easily understood
measure with which to compare how changes to the display environment might
affect the display lifetime of an object, either increasing or decreasing it. This can
then be used to make informed decisions about changes to the display conditions.
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Figure 10.5 – age of English Heritage micro-samples against HPSEC results
(unaged: dark blue; 0% RH: blue; 30% RH: mid blue; 40% RH: light blue; 50% RH: pale
blue; 60% RH: ice blue; 75% RH: periwinkle blue; 100% RH: cornflower blue; 30L50l: dark
aqua; 30L200l: aqua; 50L50l: turquoise; 50L200l: light aqua; 50UV50l: light green;
50UV200l: bright green; 75L50l: mid green; 75L200l: green; Audley End House: red ■;
Apsley House: orange ▲; Brodsworth Hall: yellow ♦; Fulford Store: yellow ◊; Osborne
House: orange Δ; Ranger’s House: red □)

To determine the end point, in terms of display lifetime, the age of the English
Heritage collection was used. This value would then be compared with the
analytically determined values. With the exception of the reliquary bag from the
Wernher Collection at Ranger’s House (~650 years), there are no samples beyond
250 years in Figure 10.5. The age of the samples is approximate however despite
this Figure 10.5 indicated a suitable end point in terms of display lifetime was 250
years. Although the historic samples, even after 250 years, have higher M w values
than 50 kDa, this value seemed to best relate to the collections age.
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This gave three values as measures of the end point for silk on open display. As
the majority of experimental results have given exponential decay curves this was
used to relate the three values to each other. Figure 10.6 shows the theoretical
deterioration curve with an unaged sample having a tensile strength of 160 N and
M w of 200 kDa. At the end point of 250 years the tensile strength has decreased
to 40 N and the M w to 50 kDa. The accelerated ageing results have then been
overlaid on this curve (which can be seen in Figure 10.7) using the measured
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Figure 10.6 – theoretical silk deterioration curve
When the accelerated ageing data is overlaid on the theoretical silk deterioration
curve (red data points in Figure 10.7) the light ageing data is clustered around 160
N. However the thermal ageing data points are spread along the deterioration
curve, this would indicate the large variation in the deterioration caused during the
ageing has led to a wide range of predicted display lifetimes. As the thermal
ageing data points are not all located below 50 years display lifetime, Figure 10.7
indicates that the accelerated ageing has led to greater deterioration than the 33
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times increase in rate predicted by the kinetics experiments. For the values below
40 N, giving predicted ages greater than 250 years, the samples have been aged
at high humidity levels for long time intervals. This demonstrates how damaging
high humidity might be, dramatically increasing the predicted display lifetime of the
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Figure 10.7 – accelerated ageing results overlaid on the silk deterioration
curve
Although Figure 10.7 can be used to predict the display lifetime of the accelerated
ageing samples, it does not convey how long a sample might be displayed for if the
display environment is changed. The silk deterioration curve in Figures 10.6 and
10.7 can be used to map where a sample is in the ageing process and how long it
might have remaining. The effect of changes to a sample on the ageing profile
cannot be determined from this silk deterioration curve. In order to predict the
effect of changing the display environment, the data has been used to plot
isoperms for silk deterioration.
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Isoperms can be used to plot the effect of changing environmental conditions on
the deterioration of a material, here silk. Figure 10.8 plots the isoperms for silk
deterioration using the data from the kinetics experiments (E a = 50 kJ mol-1) and
the end point values so at 20 °C and 50% RH, silk will last approximately 250
years. The theoretical curve in Figures 10.6 and 10.7 is roughly approximate to the
ageing curve labelled 250 years in Figure 10.8. Figure 10.8 has been plotted
similar to Sebera’s isoperms for paper using the theoretical equations. This
assumes the effect of RH is the same at all temperatures however the data is
limited for a full range of RH values at 80 °C only. Therefore Figure 10.8 is a first
approximation and the true effect of RH on the rate of silk deterioration would
require further investigation. Further experimental work could dramatically improve
the understanding of silk deterioration at a wider range of temperature and
humidity conditions and better predict the likely deterioration.
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278

As an example of how Figure 10.8 could be used, at 75% RH and 24 °C, the
predicted lifetime for silk is 125 years. If the environmental display conditions are
reduced to 50% RH and 20 °C the lifetime increases to 250 years. A further
decrease to 35% RH and 15 °C would increase the lifetime to 500 years. This
demonstrates a similar principle to the cycling of TWPI values between winter and
summer conditions (see Figure 10.1). Higher summer temperatures and
humidities are more damaging than low winter RH levels and temperatures.

Case Study Lifetimes
The theoretical silk deterioration curve in Figure 10.6 can be used with analytical
results (either tensile strength or M w ) to estimate the display lifetime of the object.
This can then be compared with the objects actual age to understand the impact of
current display conditions. The effects of changes to the display conditions can be
predicted from the isoperms in Figure 10.8 and used to demonstrate the effect on
the display lifetime. Although the use of the HPSEC data is limited due to the
challenges described in the previous chapters, to demonstrate the use of the
isoperms, an object from the English Heritage collection sampled as part of this
research has been included as an example.
Figure 10.9 shows the reproduction wall silk from the striped drawing room at
Apsley House. This was installed in 1994 and so has been on display for 15 years,
if a display lifetime under the current conditions of 250 years is used, this would
imply a remaining 235 years on open display. Improvements to the display
conditions to double the lifetime would then lead to a possible 470 years on
display. The HPSEC results for the red silk from this linen silk weave (nlaps10)
had an M w of 170 kDa. This M w would indicate approximately 135 N of tensile
strength remaining, or from the line of best fit through the experimental data 114 N.
This would imply the display lifetime of the sample is somewhere between 31 and
62 years rather than its actual age of 15 years. Staining of the wall silk can be
seen in Figure 10.9, which may imply the silk has deteriorated faster than its actual
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age would predict. Further work would be required to verify the HPSEC results
and the condition of the silk. But the determination of the point at which a sample
is on the silk deterioration curve could help inform decisions on display and give a
further understanding of the effects of the current display environment.

Figure 10.9 – reproduction wall silk in Striped Drawing Room at Apsley
House
The TWPI value for the Striped Drawing Room is 41 years, Apsley House is
warmer with less variation (21 ± 4 °C) than most display environments studied
during this research, it is also drier (40 ± 15% RH). Generally higher TWPI values
are predicted if the temperature and humidity are lower. This is similar to the
research presented here, which has indicated higher humidity levels and higher
temperatures both lead to increased silk deterioration.
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Conclusions
To reduce the rate of silk deterioration the following preventive conservation
measures could be applied: reducing RH levels below 50% RH (to a minimum of
30% RH), reducing the temperature, excluding UV radiation from all light sources,
mitigating high humidity microclimates behind large scale textiles and preventing
salt contamination of silk artefacts. For silk objects, display at 200 lux rather than
50 lux is unlikely to damage the silk and may be appropriate for faded textiles
where the dye is not likely to fade further.
From the experimental results a theoretical silk deterioration curve has been
plotted which relates the age of the object to its tensile strength and molecular
weight. Currently there are some problems with the use of this to predict the
condition of the historic micro-samples due to the variability of the HPSEC data.
However further work may allow this to more accurately predict the current
condition of silk samples from analytical results. The theoretical silk deterioration
curve has been further developed to plot isoperms for silk deterioration. This gives
an indication of how analytical results can be applied within conservation to give
useful tools for conservators. Unfortunately due to the limited data on the effect of
RH at a variety of temperatures, this currently does not accurately reflect the
impact of RH on silk deterioration. Isoperms are limited as they only include the
effects of temperature and RH and the impact of light exposure or pollutants are
excluded. Presently this is a limitation of the technique and currently there are few
methods within preventive conservation that include both temperature and humidity
and light or pollutant effects.
These preventive conservation tools have been developed using experimental
results from the analysis of model materials. In order to use the theoretical silk
deterioration curve to predict the condition of an object a micro-sample would be
required to provide comparative data. However HPSEC is both an invasive and
destructive technique, although requiring very small amounts of silk. It would be
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preferable to have a means of comparison using a non-invasive and nondestructive technique to provide condition analysis for silk artefacts without
sampling. The use of near-infrared (NIR) spectroscopy to provide this data is
discussed and a model developed and tested in the next chapters.
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Chapter 11 – Near-Infrared Spectroscopy and Multivariate
Analysis
The principles of near-infrared (NIR) spectroscopy and multivariate
analysis (MVA) and their use within conservation are presented.
The chapter reports the parameters used and the trial models
created to determine if these methods could be applied to the
experimental results. NIR spectroscopy has the advantage of
being both non-destructive and non-invasive and the potential to
predict the condition of silk is discussed. The final MVA model for
testing in situ is reported and the limitations with regard to the
HPSEC data highlighted.
Although the accelerated ageing results can be compared with the samples taken
from the English Heritage collection (chapter nine), this is limited to the small
number of objects which could be sampled. It would be preferable to compare the
laboratory results with objects without requiring samples, then information about
more of the collection and its condition could be obtained. One technique which
has been proposed for this purpose is near-infrared (NIR) spectroscopy. 1,2
NIR absorption leads to anharmonic bond vibrations, the largest of which involve
the lightest element, hydrogen. Therefore NIR spectra are dominated by X-H
absorptions where X is commonly carbon, nitrogen or oxygen. The complexity of
the combination and overtone bands of materials in NIR spectroscopy makes it
hard to interpret NIR spectra and assign individual peaks to specific chemical
interactions, unlike in mid-infrared (MIR) spectroscopy. 3 However similar to MIR
spectroscopy, the spectra produced are characteristic and can be used for
identification of compounds or materials, as long as there is a suitable reference
database. 4

285

As described in chapter four, NIR spectroscopy can be used rapidly and noninvasively 5,6 (with a fibre optic probe), which is leading to its increased use in the
heritage field. 7 NIR spectroscopy can be used to identify small differences and
changes in materials during production or processing, see review by Workman. 8
However the data for each spectrum is relatively large (4001 variables for the work
presented here) and in order to compare a large number of spectra, a method of
looking at large data sets quickly is required. This can also highlight small changes
in the spectra which are subtle enough to be missed by visual observation.

j

X
i
Figure 11.1 – X matrix
With two or three variables the values can be plotted on Cartesian axes and any
patterns are visible. As the number of variables increases it becomes more
complicated to visualise and therefore to determine any correlations within the
results. Multivariate data analysis (MVA) provides a method with which to highlight
correlations within large data sets. MVA uses matrix algebra forming an X matrix
(see Figure 11.1) of i rows (here the number of spectra) and j columns (spectra
variables, here wavenumbers). MVA can demonstrate any changes occurring
within the large dataset and the key wavenumbers for the variations. However one
of the potential problems of using MVA is an over reliance on the model without
actually looking at the NIR spectra or understanding whether the differences
modelled are real.
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Figure 11.2 – scores and loadings matrices
In order to see the changes within the data, Principal Component Analysis (PCA)
has first been applied. This calculates a new coordinate system to show where
correlations are in the data. 9 PCA transforms the X matrix into two smaller
matrices the scores & loadings (see Figure 11.2). The scores demonstrate the
position of samples along each component of the model and can be used to
determine patterns or differences in the samples. The first principal component
(PC) is the new axis describing the greatest variance in the data (the red line in
Figure 11.3). The second PC is orthogonal to the first and describes the next
largest amount of variance, this continues until all the data has been modelled.

z
y
x

Figure 11.3 – plot of the first principal component (red line) in Cartesian
space
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The loadings demonstrate how much each variable contributes to the components
of the model, so if the loading is small for the 1st PC, it is not accounted for by that
PC. These represent the cosine of the angle of the new PC from the original axes
so closer the PC is to original axis, the greater the contribution, e.g. θ = 0, cosθ =
1, or the reverse θ = 180, cosθ = -1. If the PC is at right angles then the variable
has no effect (θ = 90, cosθ = 0). The loadings plots for NIR spectra can be used to
highlight the wavelengths of particular interest (see Figure 11.4) and determine if
noise rather than spectral information is being modelled.

Figure 11.4 – loadings plot for kinetics samples (note for loadings plots the Xvariables are the x column numbers rather than the spectral wavenumbers)
PCA is also important to identify any possible outliers within the data set, as these
can skew the PCs and effect how successfully the model describes the data.
Whether a sample is an outlier or an extreme sample needs special consideration.
If an extreme sample is omitted as an outlier this effects how future samples with
similar properties are modelled and whether they are accurately predicted or not.
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Partial Least Squares (PLS) Regression relates a y variable to variations in the x
variables and can be used to predict the y variables based on measured values of
x. For example when a spectroscopic technique (NIR) is to be used instead of a
more time consuming or invasive lab analysis (or in case of in situ study where
samples cannot be taken). A key feature of PLS is the common scores matrix to
both the x and y matrices. However PLS predictions will not be accurate if the
experimental data used is inadequate, 10 for example if there are too few samples
or the calibration samples used are unrepresentative of the predictive ones. There
are two methods; PLS1 models a single y variable, whereas PLS2 can model
several simultaneously. PLS2 models can be quicker to calculate however the

Error of prediction

estimates are often worse than those from individual PLS1 models.

Underfitting

Modelling

Overfitting

Estimation

Complexity of cal. model
Figure 11.5 – prediction error curve (redrawn from Esbensen 11 )
There are two measures of the error in the regression model. The first is the
RMSEC (root mean square error of calibration) which is a measure of the average
difference between the predicted and measured response values at the calibration
stage. Similarly the RMSEP (root mean square error of prediction) is calculated at
the prediction (or validation) stage. The prediction error has two parts, the
modelling error which generally decreases with increasing components and the
error in the regression parameters which increases with additional components.
There is normally a minimum error which occurs at the optimum number of PCs
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(see Figure 11.5). This ensures the model best fits the data but without over
modelling the noise. When using the models to make predictions one less PC was
used to avoid overfitting, i.e. if the optimum number of PCs was three, two PCs
were used for prediction. Comparison of the predicted results showed this gave
more accurate predicted values.
The use of MVA allows the NIR spectral variables to be compared alongside
results from tensile testing and HPSEC analysis. For textiles, previous studies
have used MVA for textile identification 12 and to build predictive models relating
data from destructive analytical techniques with methods of non-invasive
analysis. 13 This provides a possible way of relating research results to actual
objects without having to sample the objects but by using a non-invasive technique
such as NIR spectroscopy. To study whether it may be feasible to build a suitable
model which compares the analytical results already discussed (chapters eight to
ten) with actual objects, a trial was undertaken.
The trial used data from the kinetics study (chapter six) to determine whether this
approach may be possible. Following the trial the data from the accelerated
ageing results (chapter eight) was used to build predictive models for real objects
based on their NIR spectra (see in situ study in chapter twelve). In order to build
the models each sample from either the kinetics or accelerated ageing experiments
was analysed using NIR spectroscopy prior to HPSEC sampling and tensile
testing. The NIR spectroscopy data collection parameters and the trial models are
discussed below.

Experimental Details
A number of tests were performed to determine the optimum parameters for
collecting NIR spectra. This included selecting the number of scans used to
acquire each spectrum (4, 32, 64 and 256), the position and orientation angle of
the probe on the silk strip, the number of layers and the positioning of reflecting
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aluminium foil behind the sample. Increasing the scan number from 4 to 32
dramatically reduces the noise in the 9000-12000 cm-1 region (see Figure 11.6).
With a further increase to 64 scans there is a slight improvement in the noise
around 4000 cm-1. However above 64 scans made no improvement from 64 scans
but substantially increased the collection time, therefore 64 scans will be used to
acquire NIR spectra.
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Figure 11.6 – effect of increasing scan numbers for silk test samples
(4 scans: blue; 32 scans: red; 64 scans: green; 256 scans: pink)

Placing reflecting aluminium foil behind the sample had little effect on the
spectrum, except at very low scan numbers. The position of the probe on the
sample made no noticeable difference, although the orientation angle affected the
intensity of a number of peaks. To ensure consistent results all spectra were
recorded with the probe oriented parallel to the warp direction. Increasing the
number of layers gave a slight improvement in the signal to noise to ratio (see
Figure 11.7). However this work was preparation for the in situ study (chapter
twelve) where for most samples it would not be possible to record the spectra of
more than one layer, hence a single layer was used throughout.
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Figure 11.7 – effect of additional layers of silk on NIR spectrum
(1 layer: blue; 2 layers: purple; 3 layers: green; 4 layers: gold; 5 layers: red)

NIR spectra have been collected using a Perkin Elmer Spectrum One Fouriertransform near infrared spectrometer (FT-NIR) with an Axiom fibre optic probe
scanning between 4000-12000 cm-1 with a resolution of 8 cm-1 and a scan
accumulation of 64. The background reference was Spectralon® . All data was
collected in absorbance at 22 ± 2 °C and 52 ± 5% RH. Baseline corrections and
spectra averaging were carried out in Thermo Galactic Grams AI version 8.
Additional spectral pre-processing and MVA analysis was performed with Camo
Technologies Inc. The Unscrambler® version 9.7 software.
For each trial PCA was performed first to identify any clustering within samples and
possible separation of data sets (e.g. between light and thermally aged samples).
This highlighted the important variables (wavenumbers) and allowed the effect of
spectral transformations to be studied along with the identification and removal of
outliers. Models were built using the full cross validation method, which removes
each sample one at a time and fits it to the model as a new sample. This method
measures the difference between the actual and projected values. After
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performing PCA, the tensile testing and HPSEC results were compared with the
models using PLS.
A number of spectral pre-processing methods were trialled to determine the effect
on the data and the optimal processing methods to build the predictive model. The
methods examined were mean-centring, multiplicative scatter correction (MSC),
standard normal variate (SNV) and Norris gap function with both the first and
second derivative spectra and varying gap sizes. The processing and impact of
each method on the data is discussed further below.
Mean-centring transforms the data by subtracting the average of the column from
each value in that column. This makes all the results interpretable in terms of
variation around the mean and centres the data round the origin. Generally this is
pre-selected as standard when building models in the Unscrambler software;
however in all models this was unselected unless testing the effect of meancentring on the model. In the PCA models mean-centring had little effect on the
scores plots beyond centring them however the effect on the PLS1 models was
substantial and are discussed further within each of the data sets.
Multiplicative Scatter Correction (MSC) was developed to remove the amplification
and offsetting effects caused by light scattering from uneven sample surfaces
(which often arise from particles of differing sizes but here the textile weave
structure). Applying MSC prevents light scattering rather than the chemical
signals, being modelled. MSC compares each individual spectrum with an average
spectrum. When applied to the PCA models MSC led to a diagonal trend in the
scores plots.
Standard Normal Variate (SNV) transformation is similar to MSC in that it removes
scatter effects from spectral data. However the spectrum is transformed using only
data from that spectrum and not an average of the spectral data set. This row
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transformation centres each spectrum on zero. For the PCA models built SNV
processing led to an arc in the scores plot.
Derivative spectra are commonly used to increase the resolution, revealing hidden
information such as closely overlapping peaks and reducing baseline effects.
However this also amplifies noise within the spectra and so smoothing methods
such as SNV can then subsequently be applied. The Norris-gap function is a gapsegment transformation, where the segment equals one. Two segments are
separated by a gap (the gap size can be selected in the software) and the average
of each segment is calculated. The difference between the two averages is then
used to replace the original x value. For each dataset both the first and second
derivative spectra with gap windows of 1, 5, 11, 15 and 19 were selected along
with the effect of additionally using the SNV transformation. Increasing the gap
window has the effect of smoothing the spectra, however at large gap windows
there is an increased risk that small peaks can be lost with the data smoothing. 14

Kinetics Model
For the initial trial, spectra from each of the three replicates from the kinetics
experiments (chapter six) were analysed with the NIR spectrometer and tensile
tester, then averaged in The Unscrambler software to be compared. PCA of the
NIR spectra highlighted a number of samples were outliers (for example 8050D2,
8050D4 and 8050D6 in Figure 11.8). Further investigation identified a number of
the individual samples, which had been averaged, contained salt contamination.
The effect of salt contamination can be seen in the NIR spectra (see Figure 11.9)
as an increased absorbance and spikier peaks at 5060, 5160 and 6900 cm-1. In
order to understand the problem the individual spectra rather than the averaged
replicate spectra were used to build the PCA model. This highlighted individual
samples within the replicates that were salt contaminated (see Figure 11.10). For
example sample 8050D4i is an extreme outlier in Figure 11.10 and the NIR spectra
indicated salt contamination was present in Figure 11.9.
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Figure 11.8 – scores plot of preliminary PCA model (averaged NIR spectra)
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Figure 11.9 – NIR spectra showing salt contamination of the first replicate
from sample 8050D4 (blue trace) the second and third replicate are shown for
comparison (red and green traces)

295

Figure 11.10 – scores plot of PCA model using individual spectra
Due to the salt contamination of some samples, each individual replicate was reevaluated. This included reanalysis of the NIR spectra and tensile testing data
along with a visual check for the presence of salt. Samples found to contain salt
were then removed from the data set. The remaining spectra were averaged using
GRAMS and the modelling repeated. Although this reduces the size of the data
set (105 samples compared with the initial 363 spectra), it also prevents the model
highlighting differences arising from the salt contamination rather than silk
deterioration. The averaging of the non-contaminated samples avoids over
estimation of how accurately the model predicts samples. As the full cross
validation method was used, if three replicate measurements exist then the
comparison may be overly optimistic, using averaged spectra removes this
problem. The tensile testing data has been averaged in the same way as the NIR
spectra, i.e. if replicate ii was salt contaminated the average of replicates i and iii
has been used in both sets of data. The replicate averages determined after
removing the salt contaminated samples have been used in all work reported in
previous chapters. HPSEC samples are averages of three repeated runs of a
sample taken from replicate i and so have been processed differently.
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Figure 11.11 – PCA scores plot after removing salt contaminated samples
PCA models were run with the new data to study the effects of spectral preprocessing. All models used full cross validation, with weights set to 1.0, and no
centring of the data. Initially 10 PCs were used to build each model, however in
each case the PC at which the variance formed a plateau was noted and the model
rerun with this lower value. This increased the speed of processing and avoided
modelling noise. Some samples still appeared as possible outliers, notably
2030L4, 2050L4 and 6030D6 (see lower PC2 values in Figure 11.11) and further
analysis indicates these may have small amounts of salt contamination but have
been included as it is not as apparent as with the samples which have already
been removed.
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Figure 11.12 – predicted (red) vs. measured (blue) plot for initial PLSregression model (the regression lines for both sample sets are also shown)
PLS1 regression between the NIR spectra (before pre-processing) and the tensile
testing data were used to determine the initial errors in models. A decrease in the
RMSE values was used to measure the improvement arising from a spectral preprocessing method. The initial RMSE values for both calibration and prediction
were around 30 for load data (see Figure 11.12) and 2 for extension data. Meancentring the spectra caused a large increase in the RMSE values for both load and
extension data. Possibly because mean-centring the spectra introduced a broad
peak between 10000 and 12000 cm-1 (between 3500 and 4000 x-variables in
Figure 11.13). Reducing the NIR spectrum wavenumbers included in the model
can remove this region. However there was also an increase in variance with
increasing PC’s. MSC showed a slight improvement in the RMSE values but this
was greater when SNV was used.
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Figure 11.13 – loadings plot for mean-centred NIR data using full spectrum

Figure 11.14 – loadings plot showing first derivative spectrum
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Figure 11.15 – loadings plot showing second derivative spectrum
Results after transforming the spectra with the Norris gap function show that
increasing the gap window decreases the RMSE values for spectra processed with
the 1st derivative. When the 2nd derivative was used RMSE values tended to be
higher, although with increasing gap window these decreased and the RMSEP and
RMSEC values merged. This is unsurprising as increasing the gap size has the
effect of smoothing the spectra and therefore will decrease the amount of noise
modelled. Smoothing methods are often used in combination, for example the
Norris gap derivatives with a SNV transformation.
To test whether this would be suitable, spectra were first processed using SNV and
then with the Norris gap function for both the 1st and 2nd derivative, in each case
with a gap window of 19 (see Figures 11.14 and 11.15). Both showed decreased
RMSE values, however using the 2nd derivative after SNV gave much lower RMSE
values (20 compared with 30 for the unprocessed spectra) (Figure 11.16). A
further reduction occurred when the spectral region was limited to 4400-5400 cm-1
(see Figure 11.17). In Figure 11.15 this relates to x-variables between 200 and
700 as outside this region the spectra contained few peaks and is mostly noise.
Including noise can lead to models which poorly describe the deterioration.
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Figure 11.16 – predicted vs. measured plot for model after spectral preprocessing using SNV and 2nd derivative with gap window of 19

Figure 11.17 – predicted vs. measured plot for model used in Figure 11.16 but
after pre-processing and limiting the spectral region
As the NIR spectra had already been pre-processed (above) these could be
compared using PLS1 regression with the HPSEC data. In the first instance all
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three measures of molecular weight (M w , M n and M p ) were used individually
against the NIR spectra. However in all three cases the patterns were similar,
therefore only weight-averaged molecular weight (M w ) was used for later models.
This demonstrated similar patterns to the tensile testing trial models with the lowest
RMSE values obtained using a reduced spectral region (4400-5400 cm-1) and SNV
followed by a 2nd derivative Norris gap transformation with a gap window of 19.
Figure 11.18 demonstrates that the predicted values cover a limited range (~200270 kDa) compared with the measured values (100-350 kDa). This indicates that
for HPSEC the model predictions are insufficiently precise.

Figure 11.18 – predicted vs. measured plot for molecular weight data
As the models for both the tensile testing and HPSEC results used the same
spectral pre-processing a PLS2 regression model was created using both M w and
load as the y variables. Although the RMSEC remained the same as in the model
using just M w , the RMSEP increased causing a shift in the predicted values, seen
as a separation of the red (predicted) from the blue (calibration) points in Figure
11.19, which is most noticeable at the lowest measured molecular weight values
(~100 kDa) of the model. Therefore the separate models will be used to predict
tensile testing and molecular weight results. The initial HPSEC models are poor at
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predicting the molecular weight of the calibration samples and therefore unlikely to
be suitable for further development.

Figure 11.19 – predicted vs. measured plot for PLS2 model for molecular
weight and tensile strength data
A simple test was undertaken to evaluate whether it was likely to be possible to
determine the tensile testing values from the NIR spectra. Five samples from the
accelerated ageing results were selected at random and their NIR spectra used to
predict the tensile strength results, which had already been measured. From the
five selected test samples two samples had been light aged and three heat aged.
The two light aged samples predicted values were lower than the measured values
(see Table 11.1). This is likely to arise from the limited number of light aged
samples included in the kinetics ageing, meaning these samples are not
adequately represented by the model.
Two of the three heat aged samples were predicted within the standard deviation
of the tensile testing results. The predicted tensile strength for the lowest
measured test sample (75D3) was higher than the standard deviation of the
measured value, but had a high deviation in the model. The deviation (quoted as
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the ± value in tables 11.1 and 11.2) is calculated by Unscrambler using the model
error, sample leverage and residual X-variance. Large deviations indicate the
predicted sample is different to the calibration samples. For 75D3 the deviation is
large in comparison to the predicted value and this is probably due to the much
greater deterioration seen in this sample compared to the samples aged during the
kinetics experiments.
Sample ID

Measured Maximum Load / N

Kinetics Model Prediction

50UV50l2

150.5 ± 6

142.9 ± 16

75L200l15

162.8 ± 4

143.2 ± 17

0D3

118.3 ± 8

112.6 ± 18

40D2

119.3 ± 5

119.5 ± 17

75D3

48.6 ± 7

64.7 ± 37

Table 11.1 – comparison of kinetics model predictions and measured results
As a larger amount of light ageing was undertaken for the accelerated ageing
these samples were used to build a PCA model to determine whether they could
be separated from the heat aged samples. Although there was some separation
(see Figure 11.20) with 30% RH light aged grouping in the positive PC1 and PC2
quadrant and UV aged samples in the negative PC1 and PC2 quadrant, clear
groups were not formed suggesting there are not large differences based on the
ageing method used. However the predicted values in Table 11.1 indicate it
should be possible to use NIR spectroscopy to non-invasively determine the
condition of the silk. Therefore models using the accelerated ageing data were
also produced.
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Figure 11.20 – scores plot for initial PCA model of accelerated ageing
samples

Accelerated Ageing Model
NIR spectra were recorded for each of the six replicates for each accelerated
ageing condition and then averaged in Grams. As with the kinetics model, each
model had no data centring, weights were set to 1 and full cross validation was
used. The initial PCA highlighted some samples had salt contamination, these
were: 30D3, 50D12, 60D2, 60D9, 75D1, 75D2, 75D3 and 75D6 (circled in Figure
11.20). This was verified by comparison of the unprocessed NIR spectra with
unaged silk and NIR spectra of the salts used for the saturated salt solutions.
Work focussed on the use of tensile strength measurements which had shown
greater reproducibility in the laboratory analysis. In the kinetics model the HPSEC
samples were poorly predicted by the models and so these were looked at in less
detail. The NIR spectra were processed as in the kinetics model and PLS1
regression models built with the tensile testing data. The initial PLS1 model, with
no spectral pre-processing, gave an RMSEC value of 28.5 and an RMSEP of 32.3
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(see Figure 11.21) using the maximum load results and an RMSEC of 1.53 and an
RMSEP of 1.73 for the extension at maximum load results.

Figure 11.21 – initial predicted vs. measured plot

Figure 11.22 – effect of mean-centring on predicted vs. measured plot
The use of mean-centring increased the RMSEC to 113 and the RMSEP to 115
(see Figure 11.22) with rising variance after two PCs. Although as Figure 11.22
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shows mean-centring further highlights the separation of light aged samples as
discussed above. MSC and SNV made little improvement to either RMSE value
(<0.5). Again the derivative spectra were calculated with the lowest RMSE values
for a gap window of 19 for both the first and second derivative.

Figure 11.23 – scores plot of final model
The lowest RMSE values were observed by transforming the spectra using the 1st
derivative Norris gap function with a gap window of 19 followed by SNV
transformation. In the kinetics test model SNV was applied before the derivative
spectra was calculated, however applying the transformation after the derivative
removes the noise introduced during the processing. The samples found to be salt
contaminated in the PCA were also removed. There are still two outliers seen in
Figure 11.23 (100D3 and 100D9) but these are known to be real samples and
therefore were included in the model. After reducing the spectral region to 41005100cm-1 (see Figure 11.24) to ensure noise is not being modelled an RMSEC of
18.0 and RMSEP of 19.9 with 3PCs was obtained. This was also applied to the
HPSEC results and similarly gave the best model after Norris gap 1st derivative
with a gap window of 19 and SNV transformation.
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Figure 11.24 – loadings plot of final model
The final PLS1 regression model used 3 PCs with a limited spectral region (41005100cm-1) after pre-processing the spectra using the Norris gap function (1st
derivative with a gap window of 19) followed by SNV transformation. The first PC
of the model explained 100% of the x-variance and 85% of the y-variance. This
means the first PC describes most of the variance in the data, with higher PCs
contributing little to the model. The loadings plot (Figure 11.24) shows the
significant peaks contributing to model are at 4500 cm-1 (x-variable 150), 4824 cm-1
(x-variable 315) and 4890 cm-1 (x-variable 345). Mo has identified a number of
peaks for silk in NIR spectra including 4530 cm-1 (combination of the amide A and
amide III) and 4860 cm-1 (combination of the amide A and amide II). 15 These
peaks are seen in the unprocessed and second derivative spectra and associated
loadings. However in the first derivative spectra (and Figure 11.24) these peaks
occur at zero and the significant loadings are at the turning points for the
combinations identified by Mo.
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Testing the Accelerated Ageing Model
To test the calibration model a validation set using the kinetics samples was built.
Although the RMSE values were still relatively low (RMSEC 19.14 and RMSEP
23.75) there are definite differences between the two sets of data as seen in Figure
11.25. The differences are also reflected in that for each set of samples the
minimum RMSE values were obtained with different spectral pre-processing to
build the individual models. Although the samples were cut from the same batch of
silk, this may reflect the longer and more extreme ageing experienced by the
accelerated ageing samples compared to the kinetics samples.

Figure 11.25 – predicted vs. measured plot for validation set model
To determine which model was most suited for the in situ study, the initial cross
validation model and the validation set model were used to predict the tensile
strength of five kinetics samples. These are compared in Table 11.2.
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Measured

Cross Validation

Validation Set

Maximum Load / N

Model Prediction

Model Prediction

2030D4

158.2 ± 10

140.3 ± 28

136.0 ± 29

2050L2

164.2 ± 13

142.7 ± 28

135.2 ± 30

5075D2

121.8 ± 20

132.1 ± 17

116.5 ± 21

8030D2

141.4 ± 9

141.2 ± 29

131.5 ± 32

8075D4

97.1 ± 7

89.5 ± 26

114.7 ± 34

Sample ID

Table 11.2 – comparison of accelerated ageing model predictions and
measured results
Using the validation set model the predicted values have a narrower range
(maximum difference of 20 compared with almost 70 in the measured data) and
are not ranked in the correct order. However the cross validation model, which
uses the accelerated ageing samples to predict the kinetics samples, gives closer
values to the measured results. These are ranked in the correct order although the
predicted values for 20 °C samples are slightly lower than those for the heat aged
samples. However the model is sufficiently close to the actual values to
demonstrate potential for use in situ.
For the HPSEC results similar predictions were attempted using the same five
samples in Table 11.2. However the ability of the model to predict the weightaveraged molecular weight was less successful. The measured values varied from
around 200 to 750 kDa, whereas the predicted values are between 180 and 280
kDa. This is similar to the problems observed in the kinetics model. The model
also fails to predict the samples in the correct order and so the highest measured
molecular weight is not the highest predicted value. For both the kinetics and
accelerated ageing models this problem is probably related to the difficulties
experienced when processing the HPSEC data (see chapter eight). Therefore the
molecular weight models were deemed unsuitable for further prediction using the in
situ spectra. This limits the comparison of the HPSEC results from micro-samples
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(chapter nine) to the in situ study (chapter twelve); however the results of such a
comparison are unlikely to be meaningful.

Conclusions
It has been possible to build a predictive model to determine the tensile strength of
silk samples from their NIR spectra using MVA. The predicted values, although not
the exact measured values are similar, and within the deviation of the model.
Importantly the predicted values are ranked in the correct order, so the lowest
measured tensile strength is also the lowest predicted value. This may be
important to compare the relative values of the in situ predictions.
One possibility to overcome the problems with the HPSEC software would be to
digitise the raw chromatograms to import into the MVA software for further
analysis. This would circumnavigate the need to use the molecular weight values
(M w , M n or M p ) calculated by software. As it is not possible to export the raw
chromatograms from the HPSEC software and there was insufficient time to
pursue digitisation this may be suitable for further development of the existing data.
It may also be possible to incorporate the information recorded at all wavelengths
by the HPSEC software rather than just at 280 nm, which has been used to
process the data. This may highlight other changes occurring within the samples
not seen in the chromatograms at the selected detection wavelength.
The ageing of samples without using saturated salt solutions is likely to provide
more reliable data for models leading to more accurate predictions. One weakness
of the model is that it has been built using samples of aged modern silk of the
same weave structure. The model could be made more realistic for in situ use by
testing whether other parameters such as the weave structure or silk mixed with
other materials in the weave e.g. silk warp and linen weft has an effect. The
reference set could also include coloured and weighted silk to reflect the textiles
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common to collections. If necessary these other materials could be included within
the model to enhance the ability to predict silk deterioration in situ.
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Chapter 12 – In Situ Case Study
The selection of Brodsworth Hall and its collection for the in situ
case study are presented along with the characterisation of the
property’s silk collection. The in situ case study has been used to
determine the potential of the NIR / MVA model to predict the
condition of silk non-invasively. The chapter presents the results
and discusses the limitations of the model with regard to its use on
artefacts compared with model samples. Preventive measures to
prolong the lifetime of silks at Brodsworth Hall are also discussed.

The aim of the case study was to characterise the collection of silks in one English
Heritage property. The collection in the selected property was used to apply the
results from the research undertaken, for example the X-ray Fluorescence
Spectroscopy (XRF) and High Performance Size Exclusion Chromatography
(HPSEC) analysis of the micro-samples. The accelerated ageing experiments
have indicated high humidity is important for silk deterioration and the case study
tests whether changes to this may be possible and the impact this might have of
the rest of the collection. The idea of using a display lifetime as a measure of the
condition and how the current display conditions affect this has been discussed in
chapter ten. The case study will determine whether it is possible to determine
these from near-infrared (NIR) spectra and the possible improvements expected
with alterations to the environmental conditions.

As discussed in chapter three, XRF analysis can identify the presence of metallic
elements in textiles and has been shown to be applicable for in situ use. As
weighted silks are thought to have an inherent deterioration mechanism due to the
metallic elements present, their identification is of particular interest to
conservators, curators and collection managers. Knowing how many of these
textiles are in the collection, their location and condition can help prioritise
conservation treatments and improve display and storage conditions. A further aim
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of the study was to identify these textiles, as the possible number of samples will
always be limited and in situ analysis allows a much greater number of objects to
be analysed.

NIR spectroscopy can be used to look at changes in materials such as the
moisture content of silk. 1 Fluctuations in humidity in the room lead to changes in
the amount of moisture in the silk. However the moisture content has been
reported as a possible means of monitoring the condition of the silk materials within
collections, which would enable regular checks of silk collections to be made
without sampling objects. Chapter eleven has demonstrated that NIR
spectroscopy, in conjunction with multivariate analysis (MVA) can predict the
tensile strength of a test sample from its NIR spectrum. As NIR spectroscopy is a
non-invasive and non-destructive method, it would provide a way of determining
the condition of the collection without removing samples. This type of condition
monitoring would improve both our understanding of the collection and how we can
care for it; therefore a trial was undertaken to determine the feasibility of using this
method within historic houses.

Selection of Property

Surveys of each of the properties (see chapter two) had raised a number of
questions including whether the poor condition of black silks relates to the dyeing
methods and the identification of materials used to make velvets. Each of the
properties contains different materials and there are different questions associated
with each, so the choice of which to study in more depth was not obvious. The
majority of the collection, and the questions, related to three properties (Audley
End House, Brodsworth Hall and Osborne House) hence it made sense to choose
one of these. However the majority of the collection at Osborne House belongs to
the Royal Collection rather than being part of the English Heritage collection so this
was excluded.
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The collection at Audley End House, although covering a wider range of dates, is
more limited in terms of the range of objects and physical access to them. At
Brodsworth Hall a number of the textiles date from the original furnishing of the
property by Lapworths around 1863. However there are some later replacement
wall silk in the South Hall from circa 1914. Although the range of dates is quite
limited the variety of objects is much wider. At Brodsworth Hall (and the stored
collection at Fulford) silk can be found in soft furnishings, banners, upholstery and
costume. Within these objects there were a large number of velvet textiles as well
as possible weighted materials. The condition of the silk is also very variable
including very friable, powdery silks and heavily split silk as well as a mix of faded
and unfaded silks in the drawing room. This presented a greater opportunity for
the NIR spectroscopy trial and so Brodsworth Hall (see Figure 12.1) was selected
for the in situ case study.

Specific questions to be answered at Brodsworth Hall included how many of the
velvets were silk? Does the visual condition of faded and / or split silks match the
predicted condition from NIR spectroscopy and MVA? Are weighted silks present in
the collection and if so, how many? Do these weighted materials separate from
unweighted silks in MVA models? What is the composition of the metal threads in
the Brodsworth Hall collection? The study aimed to answer these questions.
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Figure 12.1 – Brodsworth Hall

There are two further advantages to Brodsworth Hall. The NIR spectrometer can
be moved around on a trolley for in situ analysis but is still quite large and
cumbersome so the lift at Brodsworth Hall to move equipment upstairs was
advantageous. Generally access to the collection at Brodsworth Hall on both the
visitor route and stores is good which allowed for a large number of objects to be
analysed. The display at Brodsworth Hall also has the greatest possibility to make
changes to the environmental controls. The majority of the silk collection is
displayed downstairs or in storage, whereas the most vulnerable of the veneered
wooden materials are upstairs. Therefore modification of RH levels, if thought
appropriate, may be possible without adversely affecting the rest of the collection
on display at this property.

Brodsworth Hall Collection

From the initial search of the object database at English Heritage (HOMS) around
300 items for Brodsworth Hall were listed as containing silk. This included a large
number of curtain tiebacks and tassels, as well as lampshades, prize ribbons,
banners, tablecloths, bed covers, as well as the more obvious upholstery and
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costume items. During the collections survey of Brodsworth Hall eighteen samples
were removed for XRF and HPSEC analysis, and nineteen from objects in the
associated stored collection at Fulford. However in some cases identification of
whether the sample was silk was required first, this was particularly true for the
velvet materials.

Samples nlful10 and nlful11 were both taken from a velvet chair [90003210] at
Fulford. Attenuated Total Reflectance (ATR) analysis showed these samples were
wool and both the EDS and XRF analysis identified sulfur, probably from the wool,
although it could potentially also come from the purple dye or pollutant
contamination. A number of other sampled velvets were also identified as wool
using ATR analysis (nlbro3 shell chair (Figure 12.2) [90009569] and nlbro8 picture
shelf under the painting of The Lawrence (Figure 12.3)). ATR analysis (see
appendix 6) identified two samples as cotton; in both cases these seemed to be
the weft fibres, as they were taken from very deteriorated silk upholstery (nlbro6
ottoman [90009624] and nlbro13 side ottoman [9003612]).

Figure 12.2 – shell chair [90009569]

Figure 12.3 – picture shelf in Dining

at Brodsworth Hall

Room at Brodsworth Hall
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After ATR analysis thirty one samples of the thirty seven micro-samples removed
were identified as silk and therefore suitable for HPSEC analysis. However, a
number of the historic samples failed to dissolve in the lithium thiocyanate solution
required to solubilise silk before HPSEC analysis. In total only twenty five samples
could be analysed by HPSEC. In general the samples which did not dissolve were
those in which tin had been identified during EDS or XRF analysis (nlful3, nlbro9,
nlbro10, nlbro12). This was not surprising as the HPSEC method is reported to be
unsuitable for weighted silk samples. 2

However there were some discrepancies where tin was identified but the sample
still dissolved (nlful1, nlful2, nlful5, nlful9). The reason for this difference is unclear
but could relate to the processing techniques by which the tin was introduced.
However the condition of the silk may be more important as the samples which
dissolved were very friable and powdery whereas those that remained insoluble
were in good condition. It is possible, in the cases where the samples dissolved,
that the silk actually formed a clear dispersion of the powdery sample, although the
HPSEC results (chapter nine) indicate molecular weights similar to other samples
which fully dissolved.

Tin had been identified in a number of the micro-samples, most of which formed
part of the costume collection. Iron was also identified in two black tassels.
Although removing the micro-samples helped identify wool and silk velvets and the
presence of metallic elements, this limited the number of samples for HPSEC
analysis. The HPSEC results show samples taken from objects on display (rather
than objects in storage) had slightly higher weight-averaged molecular weights
(M w ). This may reflect that the condition of objects in storage generally precludes
their display. However there were no clear trends observed in the HPSEC results
when compared to the visual condition of the textiles. It was hoped the NIR
spectra could be correlated with the HPSEC analysis of accelerated aged samples
to produce a model for the in situ condition of textiles. This could then be
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compared with the analysis of the micro-samples, however as the model
predictions were not satisfactory (see chapter eleven) this did not take place.

Brodsworth Hall Visit
The in situ visit to Brodsworth Hall took place over the 22nd and 23rd July 2008.
NIR spectroscopy was carried out in the following rooms, the environmental
conditions during the visit are given in brackets: South Hall (20 ± 1 °C, 63 ± 7%
RH), Billiard Room (20 ± 1 °C, 68 ± 4% RH), Drawing Room (21 ± 0.5 °C, 68 ± 1%
RH), Library (20 ± 1.5 °C, 58 ± 8% RH), North Hall ground floor (21 ± 1 °C, 60 ±
10% RH), Store (20.5 ± 1.5 °C, 63.5 ± 4.5% RH), Bedroom 8 (21 ± 1.5 °C, 61 ± 4%
RH) and the Bedroom Corridor (21 ± 1 °C, 63 ± 3% RH). XRF analysis was carried
out in the same rooms and at Fulford store on the 21st July 2008. Objects for
analysis were selected prior to the visit based on the initial collections survey
findings and results from analysis of the historic samples. The selection includes
some displayed and stored costume items, velvets which could not be sampled but
required identification, and silk upholstery and wall linings.
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Figure 12.4 – NIR spectrometer in situ at Brodsworth Hall

NIR spectra were acquired using the same equipment (see Figure 12.4) and
parameters as given in chapter eleven. XRF spectra were acquired using the
same equipment and parameters as given in chapter three.

Previous Silk Condition Studies

Deuterium exchange studies on silk have demonstrated rapid exchange of the OH
combination band at 5170 cm-1 arising from water. The intensity of this band,
measured via NIR spectroscopy, was then used to derive moisture sorption profiles
for unaged and aged silks. The moisture sorption profile is shown to change with
ageing, with differences observed depending on the ageing method. A linear
correlation is reported between the moisture content and intensity at 5170 cm-1 and
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it is further suggested this parameter could be used as a condition marker for
historic silks. A similar observation has been reported for linen 3 .

The NIR spectral sorbed moisture parameter, I(5170) is shown to decline after
ageing; with thermal ageing causing the most pronounced effect compared with
sunlight ageing 4 . This is suggested to arise from changes to the intercrystalline
amorphous regions of the silk fibroin upon ageing. The moisture parameter has
been correlated with residual strength measurements and shows a good
correlation 5 , although the amount of data scatter is also dependent on the ageing
method. However this parameter has not been used in this study as this peak was
found to be affected by peaks arising from salt contamination at similar
wavenumbers. The model used in chapter eleven limited the spectral region to
4100-5100 cm-1, excluding this wavenumber.

Further correlations between tensile testing data and NIR spectra have been found
by Richardson and Garside 6 . This demonstrates the use of NIR spectroscopy in
combination with multivariate analysis to highlight areas of stress within silk
artefacts. Although a preliminary study it is proposed that NIR spectroscopy could
be used to analyse textiles on display that are at risk of physical stresses, such as
hanging banners or costume on mannequins. This demonstrates that NIR
spectroscopy has the potential to be used to monitor both the chemical and
physical condition of silk as long as a suitable reference set was available.

Similar to the work by Richardson and Garside, the model in chapter eleven has
used NIR spectroscopy to predict the tensile strength of test samples. By
analysing objects in situ it is hoped to be able to demonstrate the potential of the
model to predict the condition of the collection, using its tensile strength.
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Analysis Results

XRF

Three sofas (one in the South Hall [90009615] and two in the Drawing Room
[90008973 and 90008974]) were analysed with XRF in various positions, all of
which identified tin, sometimes at trace levels (see Appendix 7). This suggests
either some of the upholstery has been weighted or that tin was used as the
mordant for these dyes. In modern reproduction upholstery fabrics weighted silk is
not used 7 and tin has been reported as a mordant for red dyes 8 so it may be that it
arises from a mordant rather than weighting. The absorbance recorded in situ at
Brodsworth Hall gives greater Sn/Rh ratio values (>1) compared with the model
samples (>0.4) used in chapter three, therefore it has not been possible to
compare the values to determine if silk is definitely weighted. The sofa analysed in
the South Hall also contained iron at trace levels, possibly due to also sampling an
internal structure, as with crimson silk upholstery iron is unlikely to be a mordant or
weighting agent due to the brown staining it causes. 9
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Figure 12.5 – XRF spectrum of Drawing Room sofa behind exit door (the
software autoscales the maximum peak to 90% intensity)

For the sofa behind the exit door in the Drawing Room lead was also identified
(see Figure 12.5) at trace levels, as well as the tin reported for the other sofas.
Although other elements are labelled in the spectrum, when the element to
rhodium peak area ratio is calculated the only other element present is sulfur at
trace levels. Lead was used as a weighting agent; however this was the only sofa
where lead was identified, so it may arise from another source such as dust. Lead
was also identified in the wall silk in this area. Further lead was identified in the
wall silk in the South Hall. As these panels are fixed it is not possible to determine
what is beneath, but this may arise from lead paint on the underlying wall.
However identifying the source of lead may be important due to the health and
safety implications of lead dust. 10 The majority of panels of wall silk contained no
metallic elements, although sulfur was observed in some areas.

324

Figure 12.6 – cummerbund set from

Figure 12.7 – prize ribbon [90015011]

Brodsworth Hall

from Brodsworth Hall

Metal threads can provide additional information on the status of objects, for
example if threads on the cummerbund set (Figure 12.6) were gold or gilt it would
imply greater expense than the brass threads identified. The in situ XRF facilitated
identification of a large number of the metal threads within the Brodsworth Hall
collection. Copper and zinc were identified in a number of objects, including metal
threads on objects in store and the metal grille front on the cabinet in the north
corridor [90009706]. One of these objects is a prize ribbon (see Figure 12.7), XRF
analysis identified brass threads along with tin, silicon and phosphorus, in the silk
ribbon indicating it is made from weighted silk. Results from objects at the Fulford
store only identified iron on the black tassels [90006837 and 90006838].

NIR Identification

NIR spectroscopy can also be used for identification of materials as long as there
is a sufficient database for the comparison of spectra. The identifications
presented were done by Emma Richardson using the database compiled as part of
her PhD studies, full results are listed in appendix 8. This confirmed that both the
black and cream parasol displayed on the chaise in Bedroom Eight were made of
silk as was the prize ribbon in Figure 12.7. The velvets on both the jockey chair
and carpet beneath (see Figure 12.8) were both identified as wool velvet. This in
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situ NIR spectroscopy and ATR on micro-samples from the collection identified
most of the velvets as having a wool pile, although silk velvet was found noticeably
on the picture frames in Bedroom Eight.

Figure 12.8 – velvets in the Billiard Room at Brodsworth Hall including jockey
scales [90009340]

As there is a sampling depth of approximately 1 mm with the NIR spectrometer it
was possible to identify both the padding beneath the upholstery as well as the
upper layer. For all the Drawing Room, South Hall and Top Corridor sofas and
ottomans which were analysed the upholstery (& if tested the gimp) were identified
as silk, with a cellulosic layer over the padding material (Figures 12.9 and 12.10).
Similarly the Drawing Room walls are silk lined with a cellulosic lining, in this case
the replacement cotton wall panels directly opposite the windows were not tested.
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Figure 12.9 – sofa [90008973]

Figure 12.10 – remaining crimson silk

with darker silk inside arm rest

around button in upholstery, with

(back) and missing upholstery on

exposed wefts at front

rest and back (front)

The difference between the spectra for the silk wall lining and the cellulosic
padding layer can be seen in Figure 12.11. In this case the materials are clearly
distinguishable, however sometimes further processing can be required to highlight
the spectral differences for example, whether a material is wool, silk or nylon.
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Figure 12.11 – NIR spectra of silk upholstery (red) and padding (purple)

NIR Comparison with MVA Model

The above section demonstrated it was possible to identify materials on display at
Brodsworth Hall using NIR spectroscopy. However it was also hoped to use the
NIR spectra to provide information on the tensile strength of the materials on
display. The spectra acquired in situ from Brodsworth Hall were compared with the
final model (PLS1-regression using NIR spectra limited to 4100-5100 cm-1 after
spectral pre-processing using Norris gap 1st derivative with gap window of 19 and
then SNV transformation) from the MVA work (see chapter eleven).

As already mentioned the NIR spectrometer samples to a depth of 1 mm, although
this can be useful for identification, it is likely to be problematic for prediction
purposes, as the model has been built using the pure silk from the accelerated
ageing samples. To overcome the potential that the spectra will contain more than
silk and therefore the accuracy of the predictions be affected, the selected spectra
were those which were clearly identifiable as silk with no further processing (such
as subtractions) required. Although subtraction of padding materials can leave a
spectrum which can be identified as silk, for comparison with the model these
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spectra may be less suitable due to comparison with the model silk samples.
These spectra, although obviously silk may still contain information from materials
underneath, such as padding materials, which may still affect the predictions made
by the model. However a larger number of samples, without further processing
were preferable. This limited the number of spectra to thirty nine from a possible
seventy five recorded in situ at Brodsworth Hall.

Figure 12.12 – predicted tensile strength (white line) of in situ NIR spectra
with the deviation shown as a blue bar

The thirty nine NIR spectra collected from the objects have been used to predict
the tensile strength from the model, using two principle components (see Figure
12.12). The predicted tensile strengths range from 63 N to 201 N, with a large
deviation (the blue bars above and below the predicted value in Figure 12.12).
Generally a large deviation indicates the predicted samples are substantially
different to the calibration samples and that the predicted values are likely to be
imprecise. Reinforcing this view is the fact that the unaged silk used in the
accelerated ageing experiments had a tensile strength of ~160 N and
approximately 60% of the spectra give predictions above this value. Therefore the
model predictions are too high for silk that has been, in most cases, on display for
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over 100 years. However these results can be used as a relative measure of the
silks’ tensile strength in terms of its condition.

To determine whether there was an underlying cause for the high predicted values
of tensile strength the effect of colour and metallic elements identified using XRF
was determined. As can be seen in Figure 12.13 dark colours give a rising
baseline in the NIR spectra. However the model samples between 4100-5100 cm-1
and so this area should have little impact. To test this theory the raw, uncorrected
NIR spectra were used in the model to predict the tensile strength. The predicted
values were very similar with the greatest difference being 5 N, well within the
deviation of the models. This indicated that the colour of the material analysed had
little effect on the predicted values.
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Figure 12.13 – rising baseline in NIR spectrum due to black colour of material

Metallic elements, in weighted silk or used as mordants, may also affect the NIR
spectra recorded in situ. To determine whether metallic elements impact on the
predicted tensile strength, the elements identified by the XRF were recorded next
to the predicted values. No correlation could be observed between the presence of
any particular element and the predicted tensile strength. In the NIR spectra there
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are increases in the peak intensity at 5180 and 6970 cm-1, in the weighted samples
(see Figure 12.14). However as discussed above the model uses a limited
spectral range and so these changes are unlikely to affect the predicted values.
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Figure 12.14 – effect of inorganic elements on NIR spectra
(unaged silk: red; weighted samples: blue and purple)

To further test the effect of metallic elements a PCA model of the thirty-nine NIR
spectra from Brodsworth Hall was built (see Figure 12.15). There is a slight
separation of some of the weighted samples (circled in Figure 12.15) even when
using the limited spectral range, which indicates weighting may still have a slight
effect on the predicted tensile strength values. However there is not a clear
separation of weighted from unweighted materials, so NIR spectroscopy could not
be used to identify weighted silks without further work to build suitable models.
Extension of the spectral range above 7000 cm-1 to include the broad peak around
this value in Figure 12.14 could also be beneficial for models to identify weighted
silks.
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Figure 12.15 – scores plot of in situ NIR spectra from Brodsworth Hall

Although the predicted values of tensile strength are too high, the reasons for this
do not seem to simply relate to the colour or processing of the silk. As a result the
predicted tensile strength cannot be used as exact values however it is possible to
rank the samples against each other. As discussed in chapter ten there are many
measures of lifetimes for materials, although these are not exact values they
provide a means to compare different display environments. Therefore although it
is not possible to give an actual remaining strength the values could instead be
used to scale the condition of objects.

When the predicted tensile strength values are ranked in order, it can be seen that
the lowest predicted values are for objects where the silk was visibly shattered and
in poor condition, for example the parasol silk and ribbon fragments. There are
some further trends; samples described as shattered had lower predicted strength
than those described as good or very good condition. Interestingly faded samples
generally give higher predicted values than the unfaded areas. For example the
wall next to the exit door in the Drawing Room, the faded area prediction was 170
N, whereas the unfaded area was 160 N, although as the deviation in the model is
large these are tentative observations at best. However it demonstrates the model
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could be used to compare the condition of samples and rank those which are in the
poorest condition and prioritise treatments. With further work to build a more
comprehensive model it may be possible to make improved predictions of the silks’
condition.

Possible Condition Analysis Results

Three objects have been taken as examples to demonstrate how these results
might relate to those presented in chapters’ eight to ten. The cream parasol gave
a relatively low tensile strength prediction (~84 N) which would indicate the object
is around 120 years old using the silk deterioration curve in chapter ten. The curve
would also indicate the molecular weight is approximately 105 kDa, although the
sample from this object (nlbro9) did not dissolve in lithium thiocyanate and so the
HPSEC data cannot be compared. The approximate age is roughly correct
however this object has one of the lowest predicted tensile strengths from the
model.

The curtain braid from the portiere curtains had a predicted tensile strength of 143
N, which would give an age of approximately 20 years and molecular weight of 180
kDa from the silk deterioration curve. Analysis of fragments from these curtains
[90007051/53/63/67] gave a wide range of molecular weights (268 kDa to 479 kDa)
which are much higher than the predicted molecular weight, although the object is
much older than the suggested age. This highlights the problems with both the
HPSEC results and the predicted tensile strength values. This is further
demonstrated by the predicted tensile strength of the library cabinet silk front
[90006945] which was 190 N. This is 30 N above the value for unaged silk and so
values for the condition cannot be predicted.

Currently the silk deterioration curve cannot be used with the predicted tensile
strength values as these are too high. However with further analysis of collections
and an expanded reference set the model, and therefore its predictions, could be
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improved. One of the problems of trying to correlate the age of an object with its
condition is the unknown previous display and treatments of the object.
Conservation treatments or poor display and storage conditions could affect both
the condition of the object and the analytical determination of molecular weight, for
example consolidants may affect the solubility of silk. Therefore predictions of
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Figure 12.16 – environmental monitoring data for the Drawing Room at
Brodsworth Hall in 2008 (RH: blue; temperature: red)

Potential Preventive Conservation Measures

Changes to the environment at Brodsworth Hall are likely to impact on the other
objects on display. Figure 12.16 shows the environmental monitoring data for the
Drawing Room at Brodsworth Hall during 2008, one of the rooms with a large
amount of silk. It can be seen that the humidity is relatively high, particularly
between May and October when it can reach almost 70% RH. There are two
possible methods to reduce the humidity. One would be to increase the
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temperature, however as shown by the kinetics reactions this would also increase
the rate of deterioration. For example, when the room is at 21 °C and 70% RH, to
decrease the RH to 50% would require a temperature increase of 5.5 °C. This
would increase the rate of deterioration by approximately 1.4 times, which is
equivalent to the decrease in deterioration rate caused by reducing the RH, as
reported by other authors. 11 The other method would be the use of
dehumidification however this could impact on other objects within the room such
as the piano, as well as affecting the aesthetics of the room.

Dehumidifiers can either be manually emptied or plumbed into a drain. The first
requires careful checks to ensure the tank is not full and also when emptying to
prevent spillages onto wooden floors or carpets which can create staining. The
second requires a suitable drainage point being available and a discrete position
which is still effective for dehumidifying the room. For these reasons dehumidifiers
are rarely used in display rooms at English Heritage and tend to be more suitable
for storage rooms. Analysis of the data from Brodsworth Hall indicates that the low
temperatures are more beneficial, than the deterioration from the higher humidities
(higher TWPI values are calculated for this property) and so changes may be
unnecessary.

Conclusions

The in situ XRF analysis has allowed identification of materials which could not be
sampled or underlying materials to be highlighted for example the presence of
lead. The in situ XRF also enabled the identification of a large number of metal
threads within the Brodsworth Hall collection with the majority made from brass.

The in situ NIR spectroscopy has found most of the velvets on display at
Brodsworth Hall have a wool pile. The study also provided identification of the
padding materials which could not be sampled. Both sets of results aid the
curators’ interpretation of the collection and its status based on the materials used.
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However the predictive model using the NIR spectra gave tensile strength values
which were too high for objects on display for over 100 years.

The reason for the models inaccurate predictions probably relates to the
contamination of the spectra by underlying materials such as padding. There may
also be an effect from changes to the weave structure, mixed materials used in the
weave, for example ATR identified cotton wefts in some of the silk sofa upholstery,
and previous treatments including nylon netting. However the model can be used
to rank condition of objects which matched the observed visual condition of objects
during the property survey. It may also be possible to use the predicted values as
benchmarks with which to compare later predictions from further NIR analysis.

To improve the predictions from the model, a greater variety of silks including
different weave structures and mixed fibre weaves as well as treated textiles could
give more accurate predictions of the silks’ tensile strength as a measure of its
condition. The model could also be further developed to enable the identification of
weighted silks, which is not currently possible.
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Conclusions
1. The English Heritage collection includes over 1000 objects with silk from which a
sub-set of 100 objects were selected and micro-samples taken to provide
information on the condition of the silk. Elemental analysis of the micro-samples
identified the presence of tin in around 10% of the samples indicating the
original objects may be made of weighted silk. A large number of silver and
brass metal threads were also identified as decoration on the silk textiles.
Within the English Heritage collection there are a large number of velvet objects
and identification of silk velvets was particularly difficult when in a poor
condition. Determination of the condition of the historic silk samples using
HPSEC demonstrated the accelerated ageing experiments caused similar levels
of deterioration to objects which have been naturally aged. Generally light aged
samples had slightly higher molecular weights than the historic materials
whereas the thermally aged samples were generally lower. However processing
of the results from the historic samples was affected by the very small size of
some samples, which meant the HPSEC software struggled to place a baseline
and integrate the peak area.

2. HPSEC has been used to analyse the historic micro-samples from the English
Heritage collection and the accelerated ageing samples. Although initial HPSEC
method development provided repeatable chromatograms and molecular
weights for unaged samples, problems between different runs, methods and
calibrations have occurred. Dynamic light scattering (DLS) has confirmed the
calibration standards are not denatured under the HPSEC operating conditions
used, as seen in the chromatograms. This means the HPSEC results give
higher molecular weights than reported for samples analysed during MODHT.
To overcome the problems data was corrected using the lithium thiocyanate
peak and a standard method file; however some normalisation of the data using
samples run before and after calibration was still required. HPSEC is best
suited to the analysis of a small number samples which can be run as a group,
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3. Sampling of the same thread from both the front and back of the Dudley
Armorial tapestry from the Burrell Collection has been possible. The samples
taken from the front of the tapestry were faded in comparison to the same thread
on the reverse of the tapestry. However HPSEC analysis of the small number of
yellow threads taken from the tapestry demonstrated that the condition of the
silk is similar regardless of the level of fading. This is a strong indication from
historic materials that light is not the sole cause of deterioration for silk textiles,
although this is a separate reaction to the fading which has occurred.

4. The kinetics experiments have indicated the activation energy is approximately
50 kJ mol-1 for silk deterioration. This indicates an increase in the rate of
reaction of 33 times when ageing at 80 °C, compared to a room temperature of
20 °C (taken from the average temperature at the English Heritage properties
studied). However the limited number of samples and small range of RH levels
tested could be expanded to improve the accuracy of this prediction. Similarly
improved analysis of the samples, using more sensitive techniques may also
increase the accuracy and reduce the errors in this calculation.

5. Longer term accelerated ageing experiments have been used to study silk
deterioration, using light and thermal ageing at a range of RH levels. The
experimental conditions led to some unexpected deterioration including loss of
material for samples in contact with the metal shelf in the humidity oven. The
rate of silk deterioration was also accelerated for samples which were
contaminated by the saturated salt solutions used to create the RH environment,
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6. Accelerated ageing experiments on model materials have suggested the
following preventive conservation measures would increase the lifetime of silk
on open display in historic houses: reducing the RH below 50% (to a minimum
of 30% RH), lower temperatures and exclusion of UV radiation. Environmental
monitoring behind tapestries has identified the formation of high RH
microclimates. As high RH particularly increases the rate of silk deterioration,
mitigation of these microclimates would be beneficial for the longevity of textiles.
Methods to ensure textiles are not contaminated by salt, i.e. the use of barrier
layers if hung on walls with salt efflorescence would also increase the display
lifetime of the textiles. As there is little difference between the condition of
samples after light ageing at 50 lux or 200 lux, it may be possible to increase
display light levels if the dyes are unlikely to fade any further.

7. The experimental results have been used to plot a theoretical silk deterioration
curve, which relates the age of samples, taken from the age of the historic
materials, to the molecular weight and tensile strength, taken from the
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8. The applicability of near-infrared (NIR) spectroscopy to predict the tensile
strength of model samples has been demonstrated with the use of a suitable
multivariate analysis (MVA) model. However due to the problems with the
HPSEC data, an accurate prediction of the molecular weight of samples was not
possible. The MVA model enables the accelerated ageing results obtained
using destructive analytical techniques to be compared with a non-invasive and
non-destructive method (NIR). The model was used to predict the tensile
strength of objects on display at Brodsworth Hall. Although the magnitude of the
tensile strength exceeds that for samples which have been on display for over
100 years, the samples condition could be ranked using the predictions.
Therefore the results could be used to prioritise interventive conservation
treatments or highlight where preventive conservation could be improved. NIR
spectroscopy was also used to identify some materials which could not be
sampled, particularly velvets.
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Further Work
1. Although analysis identified the presence of elements within textiles, it was more
difficult to determine the process that introduced the identified elements, i.e.
mordanting or weighting. Calibration of the XRF with textile standards could
improve the quantification of elements in silk and provide a means of
determining the previous processing a textile has undergone. This would be
useful for conservators and provide a simple way to identify materials which may
be likely to rapidly deteriorate, for example heavily weighted or bleached silks.

2. The accelerated ageing of samples has indicated that decreasing the RH
causes less deterioration. However low RH levels are generally reported to lead
to embrittlement for a range of organic materials. Analysis of textiles was
carried out in the middle RH region so samples aged in low RH environments
had equilibrated to the higher RH. It may be of interest to analyse materials at a
range of RH levels both before and after ageing to determine if embrittlement
has occurred. This would also confirm whether low RH environments (below
30% RH) may be appropriate for the display of textiles or if it would lead to
embrittlement and desiccation of the textile.

3. A number of difficulties have affected the HPSEC results. The data could be
reinterpreted by digitising the chromatograms and calculating the peak area
independently, or importing the raw chromatogram into the MVA software. This
would also improve the possibility of the MVA model to predict the molecular
weight of samples from NIR spectra. The MVA software would also be able to
analyse the full wavelength region collected during HPSEC analysis rather than
just the discrete channel at 280 nm. This may highlight other changes occurring
which are not currently observed. Another possibility would be to calibrate the
HPSEC using alternative standards, such as polystyrene, which although
different to protein standards would not be expected to dissociate and therefore
give greater confidence in the calibration files.
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4. Accelerated ageing experiments used a plain weave, modern silk as an
exemplar for the materials within the English Heritage collection. However it is
possible the critical deterioration factors and activation energies vary for
weighted silks and mixed material weave structures. For example silk velvets
often show complete loss of pile for areas exposed to light compared to
protected areas, so light deterioration might be more important for these textiles
than the plain weave silk tested. The inclusion of other materials would also
improve the ability of the MVA models to predict the condition of silk for real
objects from the NIR spectra. The prediction of the model could also be
improved by acquiring in situ spectra without sampling the materials behind, for
example padding materials on upholstered furniture. Although this would be
quite difficult, reflecting aluminium foil could be gently placed behind the silk
where splits are present in the upper silk layer.

5. A large number of the accelerated ageing samples were affected by salt
contamination during the experiments. This affects the analysis and
interpretation of the data as seen in the MVA models. Although ageing in the
humidity oven also caused unexpected loss of areas in contact with the metal
shelf, it may be possible to age the samples in the humidity oven using a
different experimental set up and prevent contamination of the silk. This would
further improve the understanding of the RH effect on silk deterioration as well
as the predictions from the MVA model.
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