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Abstract

This thesis project describes research using headspace solid phase micro-extraction with
gas chromatography (HS-SPME GC-MS) as an analytical tool for assessing textile fibres. It was
found that this method required a temperature of >500°C to pyrolize the textile sample. A total
of 5 minutes was determined to be the optimal time for collecting the volatile analytes.

Numerous analytes were found to be chemical markers for each of the individual textile fibres.

The chemical markers are qualitatively used to describe each textile uniquely, and it was
found that by using the chromatographic patterns, the textiles could be identified individually

and in mixtures containing two textiles.

Lastly, by accelerating the age of the textile fibres by means of heat, ultra-violet light,
and humidity, a comparison was made between the un-aged and aged fibres. It was found that

each of the techniques arose different results and in some cases new compounds.
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SUMMARY

Analysis of modern textiles can be evaluated using techniques such as infrared or Raman
spectroscopy, microscopy or pyrolysis gas chromatography mass spectrometry. However, with
each technique lies limitations and challenges (e.g. limit of detection of IR). A novel approach
for aasessing the volatile compounds evolving from textiles was developed by combining
headspace solid phase micro-extraction (HS-SPME) with gas chromatography mass
spectroscopy (GC-MS). An apparatus was constructed using a glass sample chamber which
contained a platinum coil for heating and a quartz sample vessel. The SPME apparatus sits atop
a glass sample chamber 3cm above a quartz sample vessel for collection of the volatile

compounds evolving from pyrolysis.

In chapter 2, 3 important properties related to analysis (temperature, sample size,
collection time) were studied for silk, cotton, wool, polyester, acrylic and olefin as samples. The
resulting chromatograms revealed that the optimal temperature was full pyrolysis (>500°C) of
the textiles. Full pyrolysis lead to improved signal-to-noise ratio (S/N) of the GC peaks, and
displayed the largest number of volatile compounds for each textile. The sample size used for
the experiment was 1.5mg, however, it was found for cotton, polyester, olefin and wool that they
could evolve detectable compounds at levels of <0.1mg. The sample collection time was
evaluated for the SPME sample collection at times of 1, 2, 3, 5 and 8 minutes. It was found that
at 5 minutes, the 4-methyl-2-nitro-phenol (representative compound of wool) peak displayed the
largest S/N and the largest peak counts, making 5 minutes the optimal collection time. Each
textile chromatogram provided a unigue set of compounds and respective retention times. In
order to identify the reoccurring compounds that could be used to represent each textile, a list

was compiled of structurally related textile chemical markers.
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In order to evaluate the specificity of SPME, 5 different brands of cotton were collected
and compared. It was found that the compounds used to identify cotton did not differ. However,
Bernat Handicrafter was found to pyrolyse the largest number of additional compounds not

detectable within the other cotton brands.

Upon successful analysis of textiles individually evaluating the capability of HS-SPME-
GC-MS, the analysis of blended textiles was studied (chapter 3). It was determined that the
chemical markers in each textile allowed for successful identification of mixtures containing two
different textiles. However, it was difficult to evaluate the composition of each textile based on

the relative peak area of the volatile compounds.

Chapter 4 of this thesis involved accelerated aging of textiles for identifying chemical
degradation markers. The preservation of textiles is of equal importance, as many historical
pieces that have been found in relatively good condition, will continue to degrade over time.
Three types of accelerated aging were applied consisting of heat, humidity, and ultra-violet (UV
— 365 nm) light. Wool produced new compounds 1-isocyano-2-methyl-benzene, 2-methyl-5-
nitro-benzamine, and toluene. Benzaldehyde and benzonitrile displayed increased relative peak
area consistently and could as well be used as potential degradation markers. Silk displayed an
increased relative peak area for the following compounds were benzaldehyde, cyanobenzene,
and benzylnitrile. Acrylic displayed drastic relative peak area increases with accelerated aging
for acetic acid and benzonitrile. Polyester consistently experienced increased relative peak area
for biphenyl and decreased relative peak areas for phenol and benzoic acid. Cotton displayed
unexpectedly mixed results, with and increased relative peak area for 2, 5-furandicarboxaldehyde
in the heat and humidity accelerated chromatograms, and increases for known degradation

compounds furfural and 5-methyl-2-furfural in the UV accelerated aged chromatogram. All of

11



these compounds could potentially be regarded as chemical degradation markers. Olefin was the

only textile that did not display any significant changes after becoming subject to accelerated

aging.
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Chapter 1: Introduction

1.1 Textiles

1.1a Textile Samples

Textiles are various forms of woven cloth that differ by their physical and chemical
structures. Textile fibres consist of a series of monomer units bonded to create chain polymers,
which assemble into complex structures. All textile fibres have been found to share one thing in
common; the fundamental molecules that each consists of, are long, and threadlike®. The
molecules that make up the threadlike fibres are what give each textile its unique properties. The
ability of polymer molecules to stack and fit together is important as this determines strength of a
fibre. Functional groups that are attached to the base structure may not stack well and will
therefore, make the thread more vulnerable and weak. Intermolecular forces of attraction (e.g.
van der Waals) between closely stacked molecules will form the strongest type of fibre. The size
of the polymer unit can also have an effect on the properties of the fibre’s appearance and
texture, for example smaller monomers like glucose are responsible for the makeup of cellulose
(e.g. cotton), whereas larger monomers like polyethylene terephthalate (e.g. a form of polyester)

are responsible for synthetic type fibres.

A textile fibre is described as having a length of at least one hundred times the diameter
in the form that allows it to be spun into yarn®. Fibres can be classified into two main types,
manufactured or natural®. Natural fibres originate either from an animal or plant base. Natural
fibres can further be classified into animal, vegetable, leaf, seed, and bast (phloem base) types®.
Manufactured fibres refer to any fibre that has been synthetically made or any natural fibre that
has been processed chemically (ex. polyester)?. Manufactured fibres became widely available at

the end of the 19th century with the development of viscose/rayon. This was in response to the
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increasing commercial demand for new fabrics®. Rayon is a textile form of cellulose that has
been regenerated. Viscose is form of rayon which refers to a semi-synthetic fibre where
cellulose has been treated with sodium hydroxide and carbon disulfide to create a spinnable

viscose fibre.

Manufactured fibres can be further classified as either regenerated fibres or synthetic
fibres. Regenerated fibres refer to a dissolved natural fibre that is restored through a process
called extrusion and precipitation (e.g. cellulose is dissolved and restored to become rayon). One
example of this is called the Chardonnet process where an ether/alcohol mixture is added to
cellulose nitrate (cellulose nitrate is produced by treating mulberry leaves in H,SO4 and HNO3)
and then evaporated in open air (dry spinning)*. The resulting fibre is then reconverted to
cellulose. More commonly used practices are the cuprammonium process and the viscose
process®. Synthetic fibres are formed by joining synthesized monomer units of a specific

compound into a polymer or long filamentous fibre (e.g. acrylic).

Textile
Fibres
Natural Manufactured
Protein Cellulose Regenerated Synthetic
Silk J- Wool Cotton J- Flax Rayon Lyocell Polyester H4 Nylon
Acetate Polyolefingq Spandex

Acrylic

Figure 1. Classification of commonly used textile fibres.
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1.1b Textile Classification

Textile fibres may have many classification types which include many natural and
manufactured forms. Due to the increasing ability for researchers to modify polymer structures
of textile fibres, many new categories of textiles have been created. Figure 1 lists the main
categorical breakdown of the common types of fibres that are currently produced; however, there
are many subcategories of wool, silk, polyester, nylon among others that can be further classified

into differentiating forms.

Natural Protein Fibres
Wool

Wool fibre is made up of monomer units of the protein keratin. This serves as a base
molecule in which various functional groups can be attached to keratin giving multiple types of
wool. Keratin has many sources of external animal structures such as hairs, nails, claws, horns,
feathers and hoofs. Fibrous forms of keratin are most commonly referred to as wool and come
typically, from hair. Wool stacks helically and is primarily composed of the amino acids of
glycine (10.9 mol %), leucine (7.6 mol %), glutamic acid (15.5 mol %), and serine (9.9 mol %)

which makes up the protein keratin®.

Wool fibres appeal to manufacturing industries due to their unique tenacity and fibre
curvature®. These particular properties are desirable and research into wool proteome mapping
by gel and non-gel techniques has been used to further understand wool fibres®. Understanding
how wool proteome is mapped is beneficial for designing synthetic fibres that can mimic the

properties of wool without having to spend the time and money to harvest it.
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Figure 2. Backbone structure of wool (forms helically) and silk (forms non-helically) — where for
wool R comprises most commonly of H (glycine), C4H, (leucine), C,H,COOH (glutamic acid) and
CH,OH (serine). For silk, R comprises most commonly of H (glycine), CH; (alanine), and CH,OH

(serine).

Silk

Secreted protein fibres come from insects such as the bombyx mori silkworm (silk
fibronin) and spiders (dragline silk) which are responsible for the fibre commonly named silk.
Silk protein chains will stack on top of each other and primarily contain glycine, alanine and
serine. Silk is attractive due to the features it exhibits such as breaking strength, high initial
stiffness and is easily processed’. Silk fibres however, are found in many important historic
textiles and artifacts®. Currently, silk is being extensively exploited for new material engineering

especially for biomedical applications®.

Natural Cellulose Fibres
Cotton

Cotton is the most widely used textile in the world and is harvested from the Gossypium
plant. Cotton in its natural form consists of roughly 90% cellulose which makes it highly
vulnerable to decomposition™®. The stability of interchain hydrogen bonding in cellulose allows

cotton to be a versatile textile fiber that can be used for a wide range of clothing applications.
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Figure 3. Chemical structure of cellulose - The backbone of cotton, flax, and rayon fibres.
Flax

Flax is another example of a cellulose-based fibre and is often made into linen. Flax
contains about 70% cellulose and is derived from the stalk of the Linum Usitatissimum plant
(linseed). Flax is one of the first natural fibres to be extracted, spun and woven into textiles and
has been dated back to 5000 BC*. The large amount of hydroxyl groups in flax and cotton
results in a hydrophilic properties for natural fibres when used to reinforce hydrophobic

matrices™. Flax fibres are generally very strong and durable and have minimal elasticity.

Manufactured Regenerated Fibres
Rayons

Rayons are forms of cellulose (originating from lignin) that have been regenerated (e.g.
lyocell is one form of rayon). The definition of rayon refers to the chemical structure of
cellulose where no more than 15% of the hydrogen’s have been replaced by hydroxyl
substituents. Lignin is often hard to separate into a fibrous form, which is why purifying
methods are needed. Nitrocellulose was one of the first methods developed in the mid-
eighteenth century that treated cellulose with nitric acid. The resulting nitrocellulose however,
was extremely flammable and explosive and this resulted in a useless product as a textile but did

prove useful for explosive applications (replacing gun powder). Further research found that
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when the nitrocellulose was dissolved into ether, then alcohol, and then evaporated (alcohol and

ether), it could be spun into yarn®.

Acetate (also known as Triacetate)

A fibre forming substance that is manufactured as cellulose acetate is also commonly
described as “acetate”. The acetate refers to cellulose that has at least 92% of the hydroxyl
groups acetylated. Acetate is sometimes referred to as triacetate wherein 3 of the hydroxyl
groups on the component glucose monomers are acetylated. Cellulose acetate contains bulky
acetate groups throughout that make sterically difficult stacking. To add to steric hindrance, the
acetate group has replaced many hydroxyl groups which have previously made for a strong
stacking attraction between the molecules. The resulting acetate fabric is heat sensitive
(vulnerable to melting when ironed), delicate and has such properties as high lustre, low static
and low cost to produce. Acetate fibre is most often used to produce clothing with no creases

such as dresses.
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Figure 4. Chemical structure of cellulose acetate.

Manufactured Synthetic Fibres

Polyamide fibres
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Polyamides are polymer chains which have repeating amide groups incorporated into
their structure. Nylon is one of the most common types of polyamides that are currently used

today. One example of how synthetic polyamides are formed is by a condensation reaction in

which the linkage of the molecules occurs through the formation of amide groups. The reactant

molecules are selected to yield linear molecules of polyamide after reaction has taken place. The

linear polyamides are then spun to create nylon fibres.
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Figure 5. Chemical structure of nylon 6, 6.

Polyester fibres (Polyethylene Terephthalate)

Polyester is a polymer chain containing at least 85% (w/w) of an ester of a substituted
aromatic carboxylic acid which includes substituted terephthalate units and para substituted
hydroxybenzoate units. Polyester is made by condensing ethylene glycol with terepthtalic acid
or dimethyl terepthtalate?. The advantages of polyester are that it is UV resistant, light weight,
and versatile for blending with other types of fibres. It is useful for clothing, home furnishings,

and outdoor applications.
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Figure 6. Chemical structure of polyethylene terephthalate (an example of a polyester).
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Polyolefin fibres

Polyolefin fibers are made up of a combination (at least 85% total) of the two compounds
ethylene and propylene. One of the advantages of polyolefin is that they are very abundant.
They are a by-product from the petroleum industry which produces polypropylene as a cheap
raw material. The unique characteristics of polyolefin fibre is that it is very light, strong, stain,
static, sunlight, and odor-resistant, non-allergenic and it is very fast drying. It is found in carpets

and also used for making shrink wrap.

CHjy
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Figure 7. Ethylene(a) and Propylene(b) make up the main monomer units in polyolefin fibers.

Polyurethane fibres

Polyurethane fibres are created by the addition of urethane groups (- NHCOO -) to a
polymer. One example is the addition of butane diol with toluene di-isocyanate to form
polyurethane?. The most common type of polyurethane fabric is spandex. Spandex by definition
is a manufactured fibre that is a long chain synthetic polymer comprised of at least 85% of
segmented polyurethane®. Spandex is well known for the fibre elasticity and ability to stretch
multiple times the fibre’s length. Spandex is particularly comfortable and can be used for

clothing or underwear.
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Figure 8. Chemical structure of a polyurethane backbone structure.

1.1c Current Techniques for Analysing Textiles

There are numerous techniques used for studying textiles either quantitatively or
qualitatively. Some are used for identifying dyes within the textile (e.g. high performance liquid
chromatography) while others are used to study the fibre itself (e.g. pyrolysis mass
spectrometry). Other analysis techniques rely on the physical properties of textile fibres such as
tensile strength tests. Each technique has its own advantages and disadvantages for studying
textile fibres and the drawback of one technique could be the advantage of another and vice

VErsa.

Microscopy

Historically, one of the most common techniques for examining textiles is microscopy.
There are various forms of optical microscopy (OM) that can be used including fluorescence
microscopy (FM), polarized light microscopy (PLM), stereomicroscope (SM), or scanning

electron microscopy (SEM).

In some cases with textile fibres, sample preparation such as specific cutting techniques
may be applied or the addition of an adhering compound to help the sample stay on the slide.

This can lead to higher quality images specifically for yarns, fibres and fabrics (e.g. denim or
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faux fur)'2. For identification of textile fibres using microscopy, the most common preparation
techniques are longitudinal and cross-sectional. Longitudinal preparation involves placing a
fibre lengthwise with each end dipped in either cellulose acetate or cellulose nitrate to adhere to a
glass microscope slide*?. Cross section preparation technique involves immobilizing fibres in
supporting material and then cutting the fibres into small sections that are perpendicular to their

longitudinal axis (~15 um)lz.

Routine analysis is most common for blend level determinations, flaw analysis and quality
assurance that require fast preparation techniques*®. When dealing with historical textiles, their
preservation is of upmost importance. When this is the case, then a more sensitive approach for

handling may be applied such as grinding?.

Scanning electron microscopy (SEM) has been used for fibre analysis for over 20 years™.
Scanning electron microscopy can provide a very high definition view with minimal sample
required (5-10 mm in length)** *°. Fibre identification, treatment validation, and forensic
analyses are a few applications where SEM can be applied. Wilson et al. used SEM-EDX
(Energy-dispersive X-ray spectroscopy) for the validation of model iron-tannate dyed textiles™.
Energy-dispersive X-ray spectroscopy can be used for elemental analysis of a sample by
applying an X-ray beam and measuring the energy from the elemental emission. Scanning
electron microscopy EDX was used to scan historical textiles to determine the presence of iron
dyes. Once Fe was identified in the textiles, it was found that the Fe-tannate dyes increased
surface acidity from tannic acid on the textile and made it more brittle*®. In forensic analysis,

Pelton proposed SEM as a method to distinguish the cause of textile fibre fractures.*®

22



For ancient samples that are often deteriorated, SEM and OM are used with a variety of
other analytical techniques for identification of the fibre. Liu et al applied high performance
liquid chromatography with photodiode detection, OM, SEM, and Fourier transform infrared
spectroscopy (FT-IR) to identify ancient textiles from Yingpan, Xinjiang™. SEM was used to
determine longitude outline characteristics and the cross section strip shape was described using
OM which was used for identifying ancient silk'. Using multiple techniques makes it possible
to identify both modern and ancient fibres. Physical damage and artificial counterfeits often
make the textile fibres identification very difficult’®>. Damaged textile fibres can produce
hindered measurements (e.g. cross sectional distance or surface analysis) which are used for
identification. This results in a textile fibre that is difficult to examine as there will no longer be

a match with reference measurements.

Vibrational Spectroscopy (Raman and Infrared)

Infrared spectroscopy (IR) is used in forensic science as an identification method for
textile fibres’. Infrared spectroscopy can be applied to a variety of areas for textile analysis
such as characterization of age markers, routine industrial applications, and quality control.
Infrared spectroscopy relies on the bonding structure of a compound for identification and this
can be used to distinguish the cellulosic, proteinaceous and regenerated natural fibres and the
many different types of synthetic fibres®. Infrared spectroscopy does have its own disadvantages.
Infrared spectroscopy for the use of identifying textiles can be a lengthy process as you are
piecing together the compound by identifying the individual transmittance peaks obtained in the
IR spectrum (the peaks are not specific and refer to functional groups which must be pieced
together by the researcher). This type of spectroscopy utilizes both stretching and bending

vibrations for analysis. Different bonds may absorb within similar ranges (stretching and
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bending), which can produce overlapping peaks making it difficult to identify each bond type
within the compound of interest. For example an overlap can occur between a strong, broad O-H
where stretching occurs between 3200-3650cm™, while amine stretching N-H (2°) is much
weaker and absorbs between 3300-3400cm™. Overlapping peaks can cause IR spectroscopy to
be a difficult technique on its own for textile identification, and often may require other methods
to verify the identity of fibres. Lowe et al. used the combination of ATR-FT-IR with GC-MS to
determine lipid decomposition by-products in buried textiles'®. When using these techniques for
analysis it was determined that FT-IR was more of a qualitative method for determining the
degradation effects of buried textiles, and GC-MS was more quantitative, sensitive and accurate

for identifying the lipid decomposition by-products of the buried textile samples™.

Infrared (IR) spectroscopy has also been utilized as a method for the qualitative
decomposition analysis of aged silk fabric**?%. The fibronin that makes up the greater part of
silk has been used as a key compound that displays yellowing with age. Koperska et al. applied
IR spectroscopy to fibronin deterioration and aging to characterize degradation markers of silk™.
Structural changes in wool fibre keratin have been evaluated after being treated with orthosilic
acid using FT-IR and Raman spectroscopy®. Infrared spectroscopy was found to be particularly

useful for monitoring disulphide bonds within the keratin structure®.

Infrared spectroscopy is a method that can be effective for routine analysis such as
quality control in textile factories to maximize quality and efficiency. Chung et al. used FT-IR
to develop a method for the routine analysis of cotton after it has gone through the scouring
process. The presence of wax/pectin that remains on the fabric after scouring can be identified

using FT-1R*,
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Raman spectroscopy is also a vibrational spectroscopy technique that depends on the
light scattering caused by bond vibrations of a sample. Raman spectroscopy can be more useful
for analysing a polymer chain than infrared spectroscopy because the polymer backbone bonds
do not have large dipole moments (IR requires dipole moments) owing to the repetitious
identical functional groups®®. A common benefit that both IR and Raman spectroscopy share is
that they are non-destructive techniques and may require little to no sample preparation when
analysing textile fibres. This is particularly useful for the analysis of artifacts and valuable
objects. Andreev et al. analysed historical textiles using near IR Raman spectroscopy to
determine the dyes and natural substances within plants that are used for dyeing textiles (e.g.
Xanthone dyes)?®. Dyes are often associated with specific textiles and may contain information
that is specific to the fibre. Indigo, Turmeric, Pomegranate, and Kamala are a few examples of
dyes that have geographical significance for historical textiles?”. Dyes used in historical textiles
can be isolated to specific geographical regions based on the culture of that region, and
availability of the ingredients used to make them. The limited availability of animal sources of
dyestuffs and the difficulty of extracting and producing the dyestuffs from these sources explains

why they have been so highly valued during certain periods of history®.

Surface enhanced Raman spectroscopy (SERS) is a common approach of Raman which
provides surface-sensitivity whereby it may be possible to detect single molecules®®*. The small
sample size required has led to successful identification of madder in a 25 pm sample from an
ancient Egyptian painted leather fragment®. When using SERS, the signal is enhanced when
organic molecules with large are adsorbed on atomically rough metallic substrates”. By
utilizing nano particles, the Raman analysis becomes more sensitive and limited sample is

required for analysis.
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Raman spectroscopy can be used to analyse chemical compounds or biological
compounds that reside either on the surface or intertwined in the textile fabric. Ali et al.
explored a national security application of confocal Raman microscopy for detecting explosives
on clothing such as pentaerythritol tetranitrate (PETN), trinitrotoluene (TNT), and ammonium
nitrate as well as the explosives precursor’s hexamethylenetetraamine (HMTA) and
pentaerythritol*!. Raman spectroscopy can detect these compounds so it is widely becoming
utilized by government agencies®™. Raman spectroscopy also has drug identification
applications. Ali et al. utilized Raman spectroscopy for the detection of cocaine hydrochloride in

clothing that has been contaminated with the illegal substance®.

Raman spectroscopy has also been used for microbiological applications in textiles.
Raman was applied to cotton and polyester for the identification of Escherichia coli bacteria on
the fibre surface®. Raman can be a powerful tool for identifying the presence of particular
compounds of both chemical and microbiological origin. Like IR, when using Raman for a
sample containing a combination of compounds (e.g. fibre mixture) it can result in difficulty for

the identification of each individual textile due to the lack of sensitivity.

Atomic Spectroscopy

Inductively coupled plasma mass spectrometry (ICP-MS) is a method of analysis
associated with aged textiles. ICP-MS is more specifically used to identify metals woven into
fibres, sequins, or in chemical compounds used as dyes™. Gold, Ag, Cu, and their combinations
or alloys in ancient times were used as decorative pieces that were woven into textiles®*. More
recently ICP-MS was used to determine trace metals that are of environmental concern in textiles
(e.g. Crand Cd). Textiles can take up such metals during the production, dying process, storage,

and from the surrounding environment. Pranaityté et al. created a method for extracting trace
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heavy metals Cd, Cr, Cu, Ni and Pb from textiles using aqueous 0.07 mol/l HCI solution®. Each
metal was found to be extractable to some extent, but because each differs in physical and/or
chemical binding capacity to the textile, they were not all equal in concentration (mg/kg)®>. This
method was not particularly useful for Cd with extractable levels below the detectable limit, Cr

and Ni ranged from 15-20%, Cu and Pb were 60%%.

Atomic absorption spectroscopy (AAS) is another method described for identifying metal
components in textiles by dissolving the fiber prior to analysis®*. X-ray fluorescence (XRF)
spectroscopy is also a powerful tool for determining elements present in a particular sample.
Ide-Ektessabi et al. and Wilson et al. used XRF for the analysis of historical textiles to determine
their elemental composition non-destructively, and found they contained Fe, Ca, Ti, Cu, Pb, Zn,

As, Rb, K and Au®*¥.

Separation Methods

Separation methods are techniques analytical chemists use for determining what
compounds may be in a sample. A separation of these compounds is performed by many
different ways depending on the sample type. For example, volatile samples are well suited for
gas chromatography (GC) and liquid samples would be ideal for high-performance liquid
chromatography (HPLC). When using separation methods there is a mobile phase and a
stationary phase. The mobile phase refers to the mobility of the sample with the carrier gas
through the column. The column can be comprised of a solid or liquid inner coating, each of
which interacts with the sample. This interaction between the compound and the column inner
coating is referred to as the stationary phase. The interaction of the mobile sample travelling
through the stationary column will separate the compounds based on their partition coefficient

between mobile and stationary phases, which causes the compounds to reach the detector at
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different times (aka retention time). Many factors affect the compounds retention times
including but not limited to column type, temperature, mobile phase reagent/carrier gas or

detector type.

Gas chromatography is a particularly useful tool for textile analysis as it is a useful
technique that provides information on the sample composition. One stipulation with this
technique is that the sample must be volatilized, creating a time consuming preparation phase.

Thus, textile fibres cannot be directly analysed using MS unless it has been pyrolysed for GC.

Pyrolysis gas chromatography (PyGC) is a method that can be used for textile analysis.
This approach uses a heater element that attaches to the inlet of the GC to pyrolyse the sample
prior to injection. The pyrolyser consists of a platinum wire or quartz tube that heats the sample
to temperatures >600°C in order to decompose the sample. The pyrolysed sample is then directly
sent into the column where the GC separates the compounds produced. Pyrolysis gas
chromatography is used to gather chromatographic information of the pyrolysis compounds in
order to determine the composition or structure of the original sample®. Pyrolysis GC is part of
a broader class of analysis called thermo-analytical methods. Thermo-analytical methods are

especially useful for characterizing insoluble polymers (e.g. cross-linked materials)®® *°.

Synthetic polymers and natural fibres have also been analysed using PyGC with success>®**,
Causin et al. proposed a method for the analysis of colorless acrylic fibres using PyGC-MS to
differentiate fibres with similar morphology*®. However, it has been found that major drawbacks
lie with the PyGC, low reproducibility and the effects that inorganic fillers (as they cannot be

separated) have on pyrolysis. The more complex inorganic fillers are made, the more complex

the pyrolysis becomes resulting in a GC chromatogram that can be difficult to deicpher***. For
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acrylic, a method has been developed to determine whether reactive co-monomer and/or amino

resin are present in the acrylic copolymers*.

Catalysts are often used to aid in the pyrolyzation process by decreasing the reaction
temperature or reaction time. By doing so, certain compounds are unable to volatilize and others
may even be promoted. For example, Yamada et al. applied imidazole catalysts to decrease the
reaction temperature and increase the speed at which the reaction occurs for characterizing epoxy
resins*’. Screening out the compounds that are not of interest can make the analysis more
reproducible and easier for identification. This process can also contribute to removing
overlapping peaks that can be caused from unwanted compounds. Another example of this was
the work done by Takekoshi et al. who combined NaOH with wool prior to analysis to further
promote the production of volatile compounds from the amino acid residues in wool protein®?.
Compared with conventional non-catalyzed PyGC, the alkali-catalyzed PyGC was found to
greatly improve the detection limit of wool fibre and make it possible to analyze very minute

samples of wool fibre (0.2 mg)*2.

Pyrolysis GC-MS is a method that can be used for identification, as well as the thermal
processes that occur from decomposition. Zhu et al. was able to determine that there are three
stages of the pyrolysis of cellulose (initial pyrolysis stage, main pyrolysis stage and char
pyrolysis stage)*!. This information is particularly useful for identifying cotton using pyrolysis
techniques. Most pyrolysis compounds are produced from cotton in the main pyrolysis stage*’.
This means that in order to achieve the optimal pyrolysis compounds, a temperature of 300-
380°C must be reached for cotton. This technique has also been introduced for qualitative
determination of banned aromatic amines released from azo dyes on textiles*®. Pyrolysis GC

can be especially useful in cases where other methods (e.g. microscopy, FT-IR) cannot be
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successfully used because samples may have experienced partial pyrolysis prior to analysis (e.g.
synthetic fibre at a crime scene of a house fire)*. Gas chromatography is more efficient when
fragments with low molecular weight are introduced to the GC column. The production of high
molecular weight fragments can foul the GC detector causing interference with detecting
characteristic additive fragments®. When using a pyrolyser, it is often difficult to predict the
fragmentation due to the effects that the temperature may have on different compounds. This
can lead to large fragments (>550amu) entering the GC column. Larger fragments often have
higher boiling points and do not break down into a gas within the column. This can cause the

column to become backed up producing irregular flow and hindering future runs.

High performance liquid chromatography (HPLC) is another analytical tool that can be
used for textile analysis. This technique is useful for analyzing samples that cannot be run using
a GC-MS because of their chemical form because of large molecular weight or volatility. Dyes
are often associated with HPLC and textile analysis and can be detected at the <1 mg/g fibre or
fabric®. In order to analyse the dyes within the fibres, extraction techniques must be used. The
vigorous conditions of extraction cause hydrolysis of the glycosides, particularly of the yellow

flavonoid dyes, and therefore, reduce the information content of the analysis®,

High performance liquid chromatography is particularly useful for identifying dyes in
historical textiles like red cochineal dye, which was used in many historical pieces*. It has also
been used for the characterization of dyestuff in 16—-17"-Century Ottoman Silk Brocades™.
Surowiec et al used HPLC for the analysis of 17" century textiles recovered from peat bogs to

determine if any dyes remained and if so what their origin was™".
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1.1d Solid Phase Micro-extraction Gas Chromatography Mass Spectrometry (SPME GC-MS)

Solid phase micro-extraction (SPME) is a sampling method that was first invented in the
early 1990°s by Professor Janusz Pawliszyn from the University of Waterloo®®. Since then
SPME has been used in a wide range of applications including the analysis of old books, food
chemistry, water waste water, and forensic science. Solid phase micro-extraction itself requires
little maintenance and makes for a clean, fast process with no hazardous waste. Itisa
solventless technique that requires no reagents or additional chemicals. Solid phase micro-
extraction is an extraction method that combines sampling, compound isolation and equilibration
in one step®®. It was developed to facilitate rapid sample preparation and is an alternative to
traditional methods for separating target analytes from a complex matrix>>. Solid phase micro-
extraction is a technique that can determine very low concentrations of analyte. The portable
SPME-GC can detect semi-volatile concentrations in the parts per billion (ppb) to parts per

trillion (ppt) range® *°.

Solid phase micro-extraction consists of a fused silica fibre that is contained within
syringe needle. The fibre can be exposed to the sample containing the analyte of interest by
pressing the top of the syringe. The analytes adsorb to the fused silica fibre and once an
equilibrium is reached (2-30 minutes)®’. The fibre is retracted within the apparatus and can be

analysed using GC-MS analysis at a later time.

Each fused silica fibre is often coated with a polymer that helps adsorb the analyte of
interest. For liquid coatings, there is a linear correlation between the amount of analyte adsorbed

and the analyte concentration®” °;
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KV,

n=
KsVs + Vs

n = mass of analyte adsorbed by coating

Co = initial concentration of analyte in sample

Ky = partition coefficient for analyte between coating and sample matrix
V¢ = volume of coating

Vs = volume of sample

There are many different coatings that can be chosen depending on the target analyte of
interest (Table 1). Solid phase micro-extraction consists of a fibre that is coated with either a
polar or non-polar compound such as polydimethylsiloxane (PDMS). The coating that is
attached to the SPME fibre bonds with the target molecules through van der Waals and hydrogen
bonding. This holds the target molecules in place until heat is applied to release them from the

coated fibre.

Table 1. Examples of SPME coatings and their intended analytes of interest®” >,

Coating Type Coating size Analytes of interest
100um/ non bonded -Volatiles
Polydimethysiloxane (PDMS) 30um/ non bonded -Nonpolar semivolatiles
-Moderately polar to nonpolar
7um/ bonded semivolatiles
Polydimethylsiloxane/Divinylbenzene 65um / partially crosslinked -Polar volatiles
(PDMs/DVB) 60um / partially crosslinked -General purpose (for HPLC only)
Polydimethylsiloxane/Carboxen
(PDMS/Carboxen) 75um / partially crosslinked -Trace level volatiles
Carbowax/Divinylbenzene (CW/DVB) 65um / partially crosslinked -Polar analytes
Carbowax/Templated Resin (CW/TPR) 50um / partially crosslinked -Surfactants (for HPLC only)
Polyacrylate 85um / partially crosslinked -Polar semivolatiles
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Two collection methods have been introduced for SPME. For the first method, the fibre
can be directly immersed in a sample for collection (DI-SPME/In vivo SPME). This method is
most often associated with liquid samples. In the case of analysing volatile compounds, the
second method is more suitable whereby the SPME fibre is placed above the sample in the

headspace region (HS-SPME).

Solid phase micro-extraction provides a clean, non-hazardous, and inexpensive means of
analysis. When SPME is coupled with GC-MS it is a powerful tool that can be used for
analysing textiles. Currently, HS-SPME has been used for identifying degradation compounds.
Headspace SPME GC-MS has been found as a viable technique for quantitative and qualitative
analysis of volatile degradation products in paper>®®%. Headspace SPME has been applied to
textile clothing samples in a successful attempt to identifying volatile organic carbon compounds
evolving from the clothing®. Solid phase micro-extraction is a versatile technique that can be
used in other areas of textile research. For example, Lisovac et al. analysed sheep wool for
volatile organic carbon compounds using HS-SPME to determine the odour differences®.
Essentially any liquid or gaseous sample with a target analyte applicable to the SPME coating
can be analysed, including water and wastewater, pharmaceuticals, pesticides, or food products.
Hu et al. used HS-SPME to analyse organophosphate pesticides found in cotton® and Wang et al
used in vivo SPME to determine various contaminants in wastewater effluent and their

bioaccumulation effects on exposed fish™.

GC-MS is highly sensitive technique that requires a very small sample (<0.5mL). With
HS-SPME the pyrolysis occurs in a sealed vessel or container separate from the GC itself. Py-
GC-MS has a pyrolyser attached to the top of the injection port, so the sample is directly sent

into port once pyrolysed. For SPME, the potential problems with fouling the GC detector are

33



avoided, and only volatile compounds are collected. After each collection using the SPME
apparatus, the injection port temperature that causes the compounds to dissociate from the fibre
acts as a cleaning process. The SPME apparatus can immediately be used for another collection
with essentially no maintenance. Once the SPME apparatus has been placed into the injection
port, the GC-MS analysis works the same way as previously described with Py-GC-MS. With
HS-SPME GC-MS, there is less chance of producing non-target analyte peaks as the coating will
adsorb only the designated analyte types. This will produce a cleaner chromatogram in
comparison to direct pyrolysis, making it easier to identify target analytes. Another advantage of
this technique is that the collection and analysis are separate. Therefore, the collection can occur

in a different location than the analysis.
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1.2 Research Objectives

The first objective of this research is to develop methodology for identifying textile fibres
from volatile compounds evolved from textile objects by applying HS-SPME. The compounds
examined are in the form of a gaseous mixture, and are identified by the GC-MS. Properties
associated with the method were evaluated by effects of each had on the resulting
chromatographic pattern. These properties refer to the temperature, the sample size, and
collection time. Determining the effects each has on the chromatogram can be seen by
identifying the compounds associated with each textile and monitoring any changes with the

volatile compounds within the chromatogram.

The second objective was to evaluate the capability of HS-SPME GC-MS for studying
blended textile samples. By varying the composition quantities for each of the individual
textiles within a blend, it will represent the ability for the method to assess the effects on the
properties of individual textiles in higher or lower concentration. Three combinations of

composition quantities were used: 50%/50%, 25%/75%, 75%/25%.

The third and final objective was to use HS-SPME GC-MS to identify changes in the
volatile compounds that evolve in aged samples. The application of SPME GC-MS to aged
textiles can possibly be used to identify chemical markers of degradation. This could be useful
for determining the age of the textile, and provide information on ways to preserve textiles in the
future. The accelerated aging processes used will include humidity, ultraviolet light (UV), and
heat. This will be applied to mimic the conditions a naturally aged textile will undergo within a
given time period. The textiles used for these experiments were polyester, cotton, wool, acrylic,

silk, and olefin.
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1.3 Experimental

1.3a Sample Preparation

For un-aged samples, each textile was separately placed in a desiccator for a period of 24
hours prior to analysis. Textile samples were weighed using a 5 decimal point balance (Mettler
Toledo XP 105). Once the samples were weighed, they were analysed within the same day (in

most cases within a period of 2 hours). Table 1 provides a list of the textile samples used.

Table 2. Textile sample origin, purity and manufacturer.

Textile Manufacturer Origin
100% Polyester Red Heart Turkey
100% Acrylic Red Heart Turkey
100% Cotton Bernat Handicrafter Canada
100% Wool Johnstons of Elgin Scotland
100% Silk Unknown Canada
100% Olefin Unknown Canada

1.3b Method Protocol

Before any textiles were analysed, a sample blank was collected in order to ensure there
are no contaminants contributing to the textile collection. The cleaning process involves
immersing the glass sample tube in a 50 % (w/v) HCI solution for a minimum of 1 hour. The
glass sample tube is removed and scrubbed with a brush using copious amounts of distilled water
to rinse and left to dry. The quartz cup cleaning process involves using a brush to scrub the
cuvette and also applying tweezers to scrape down any residue that is left. Extreme heat 600-
700°C was applied to the cup to drive off any leftover material that cannot be removed using

tweezers. Cleaning occurs every time the apparatus will be used for collection. Once cleaned,
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the sample blank can be collected. The sample blank involves running the full method aside
from the sample preparation, as there is no sample. Upon collection, SPME can be placed in the
GC-MS inlet for chromatographic analysis. When no compounds evolve within the

chromatogram of the sample blank, the textile samples can be analysed.

1.3c Instrumentation

Headspace Solid Phase Micro-Extraction (HS-SPME)

The volatile compounds collected from each sample were achieved using a 100 um
polydimethylsiloxane (PDMS) SPME fibre from Supelco (57300-U) (Fig. 10). The SPME fibre
was conditioned prior to use at a temperature of 250°C for 30 minutes as instructed by the
Supelco user manual. During the collection stage, the exposed SPME fibre collects analytes
inside a glass tube sampling apparatus which contains a platinum coil where the quartz sample
cup sits (see Fig.11). The platinum coil is connected to a Variac autotransformer (Staco Energy
Products Output 0-120/140 V), which controls the output of current. The output of current will
increase or decrease the amount of heat created from the resistance of the platinum coil. The
quartz cup with the sample inside heats up and the volatile gases will evolve. The SPME fibre

extends to 3 cm above the quartz sample cup for collection.

Figure 9. HS-SPME 100 pm polydimethylsiloxane (PDMS) SPME fibre.
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Figure 10. Sample chamber containing the platinum coil wrapped around a quartz sample vessel.

Gas Chromatography Mass Spectrometry (GC-MS)
The instrument used was the Agilent Technologies 7890A GC-MS System. The SPME

fibre was manually inserted into the injection port for each run. The column used was an HP-
5MS (30m x 250pum X 0.25pum) column with a stationary phase of 5% phenyl-
methylpolysiloxane using He as the carrier gas. The ion source was 230°C for all scans and was
performed on electron ionization mode. The MS scan range was set from 50 to 550 m/z. The
oven program for determining the optimal temperature for SPME collection experiment was
performed starting at 70°C for 2 minutes, then increasing 7°C/min up to 200°C and held for 1
minute. The oven program for all other analysis began at 40°C and increased 5°C/minute up to
270°C and held at that temperature for 5 minutes. This program method was referred to as
‘ZED2INLET250.M’. The total time for the temperature program was 61 minutes. The column
used was kept at a flow rate of 1.2mL/min at a pressure of 9.1psi with a total flow of 39.723cm/s.

The hold time was 1.2 minutes at a constant flow and the post run was performed at a rate of
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2mL/min. The inlet had a heater with a temperature of 250°C, pressure of 9.1 psi, and a total
flow of 24.2 mL/min, with the septum purge flow at 3mL/min. NIST 2008 9" edition (Wiley

Registry®) was used as an additional level of conformation for the identity of compounds.
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Chapter 2: Feasibility of Analysing Textiles for Identification using SPME
GC-MS

Chapter 2 explores the properties of using pyrolysis sampling and HS-SPME GC-MS for
detecting unique chromatographic patterns. The properties that are associated with the method
such as temperature, sample size, collection time, chemical markers, and textile source

comparison will be assessed.

2.1 Temperature Optimization

The temperature was investigated to determine the effects if any it has on the peak counts
and shape and if there was any relationship between this and the volatility of compounds. At
different temperatures it is not known if there will be competition among volatile compounds for
adsorption sites on the SPME coating. Additionally, factors such as temperature and pH of the
surrounding environment can affect the PDMS coated fibre’s ability to extract compounds®’.
Therefore, it is possible that different pyrolysis temperatures could produce different volatile

compounds.

In these experiments the temperature intervals were increased from 120°C to full
pyrolysis (>500°C). The heat from the platinum coil that is applied to the quartz sample vessel
differs slightly from the top to the bottom. This is due to the apparatus having an insulated
sealant to hold the coil in place (causing a slightly lower temperature at the bottom of the quartz
vessel) and to prevent the heat from being distributed in unwanted places. The temperature was
measured using an IR thermometer with K-type thermocouple (Omega OS730K) in order to
accommodate to the small size of the sampling apparatus. “Full pyrolysis” for this experiment is

described as the temperature of (>500°C).

40



The signal to noise ratio(S/N) will be used to calculate the peak changes if any. The
signal to noise ratio is an accurate method for calculating changes in chromatographic peaks that
may not be visible. The S/N also accounts for elevated signals, which can occur from time to
time depending on the instrument. The S/N is calculated® by determining the average counts of
a signal or peak (n) and dividing that by the standard deviation of the noise (c). The noise can

vary from run to run so it was calculated separately for each chromatogram analysed.

S .
— ratio =
N

SRS

Olefin

Starting with olefin, temperature settings from 120°C were applied to determine the
effects of temperature on the volatile compounds that are released from the textile. Four

temperature intervals were used for olefin and the results are displayed in Figure 13:
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Figure 11. Effects of pyrolysis temperature on the number of compounds released from olefin fibre
(a) Temperature setting 1 (Top of crucible: 190-200°C Bottom of crucible: 120-130°C) (b) Temperature
setting 2 (Top of crucible: 260-270°C Bottom of crucible: 190-200°C) (c) Temperature setting 3 (Top of
crucible: 290-300°C Bottom of crucible: 230-240°C) (d) Temperature setting 4 (Full pyrolysis >500°C)

Olefin displayed the largest number of compounds at the highest temperature (>500°C
full pyrolysis). At 120°C, there were no visible peaks that can be detected from the baseline in
the chromatogram. At 190°C, the first sign of compounds with a total of 5 peaks. From 230°C
to >500°C a very distinguishable set of chromatographic patterns containing multiple compounds
can be seen. Peaks 1-5 are displayed consistently through Fig. 11(b), 11(c) and 11(d) (190°C to

>500°C).
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Figure 12. Chemical structure of volatile compounds collected from olefin (see appendix for mass
spectrum). (a) 2-methylbutyl-cyclopentane (b) 1, 1-dimethyl-2-propylcyclohexane

The compounds correlating to the labelled peaks in Fig. 11 are 2-methylbutyl-
cyclopentane (1), 7-methyl-1-undecene (2), 1, 2-diethyl-1-methylcyclohexane (3), 3, 3, 5-

trimethylcyclohexanol (4), and 1, 1-dimethyl-2-propylcyclohexane (5).

The compounds displayed generally consist of simple alkyl chains with minimal
branching which can be attributed to the simple structure of olefin. These compounds are related
to the temperature at which they are being released (e.g. 3, 3, 5-trimethylcyclohexanol has a
boiling point of 198°C ®%). The base compounds that describe peaks (1), (2), (3) and (5) are
undecene (~192°C), cyclohexane (~80°C) and cyclopentane (~50°C) which fall within the
temperatures analysed. It is surprising that there was a not higher count in the first
chromatogram for the compounds that were lower than 100°C. The compound 1, 1-dimethyl-2-
propylcyclohexane increased in counts significantly each temperature interval from 67203 counts
at 120°C to 7669862 counts at >500°C. The increase in peak counts has also occurred with 3, 3,
5-trimethylcyclohexanol with increasing temperature (120°C to 230°C) from 73409 counts to
3375488 counts. However, for 3, 3, 5-trimethylcyclohexanol at a temperature of >500°C, the
counts decreased by 37% for a value of 2070196 counts. The reason for the decrease in counts at

a higher temperature for 3, 3, 5-trimethylcyclohexanol could be due to increased fragmentation
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at higher temperatures causing the compound to break down and give higher counts to smaller
compounds. Ultimately, peak compound counts reaches a maximum, and as 3, 3, 5-
trimethylcyclohexanol has proven, the increase in temperature is does not directly correlate to

increased counts.

The S/N was 24.75 for 7-methyl-1-undecene in Fig. 11(b), and for 11(c) and 11(d) the
S/N increased to 201.5 and 193.5 respectively. Olefin completely melted and began effervescing
during the heating stage of analysis. The first temperature setting which was also the lowest,
only partially melted the sample during heating. This can relate to the compounds and their
respective counts, the lowest temperature experienced the least abundant compounds while the
full pyrolysis experienced the most. At higher temperatures (>500°C) olefin appears to fragment
into numerous compounds in comparison to lower temperatures where less compounds are

detected.

Cotton

Cotton has three stages of pyrolysis: initial, main, and char decomposition*’. To
maximize the volatile compounds being released from the cotton, the temperature intervals were
set according to the stages of pyrolysis. The initial pyrolysis stage of cotton occurs between 0-
300°C, main stage 300-400°C and char decomposition >400°C*. The results for cotton are

displayed in the following Fig. 13:
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Figure 13. Effects of pyrolysis temperature on the number of compounds released from cotton fibre

(a) Temperature setting 1 (Top of crucible: 190-200°C Bottom of crucible: 120-130°C) (b) Temperature

setting 2 (Top of crucible: 290-300°C Bottom of crucible: 230-240°C) (c) Temperature setting 3 (Top of

crucible: 340-350°C Bottom of crucible: 260-267°C) (d) Temperature setting 4 (Full pyrolysis >500°C)

The peak patterns in the cotton chromatograms were different from the olefin

chromatograms. Figure 13(a) displayed peaks 1-4 which are marked throughout the cotton

chromatograms as they appear. A total of 12 peaks were displayed in Fig. 13(d) the full

pyrolysis of cotton (4 original and 8 additional peaks). The compounds responsible for each of

the following peaks are 5-methyl-2-furfural (1), 1-methylcyclooctene (2), cyclooctane (3), and
dodecanal (4). The compound 5-methyl-2-furfural (1) increases substantially during full

pyrolysis which could be attributed to the burning stages of cotton and the higher boiling point

(~188°C).
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Figure 14. Chemical structure of volatile compounds collected from cotton (see appendix for mass
spectrum). (a) Dodecanal (b) 5-methyl-2-furfural

It appears that 5-methyl-2-furfural favors higher temperatures for combustion. The
counts increased from 101976 to 496037 from 340 to >500°C. From 190 to >500°C, cyclooctane
varies in counts from 217430 to 213651 respectively, with a maximum of 407049 counts at
340°C. Methylcyclooctene and dodecanal doubled in counts from 190 to >500°C as 98129

counts to 194457 counts and 88753 counts to 190814 counts respectively.

The S/N was the largest during full pyrolysis occurring at 36.54 min for peak (1). The
optimal temperature was deemed to be full pyrolysis. This was based on the number of peaks
that were displayed during full pyrolysis and the S/N. It was observed during the full pyrolysis

heating stage, cotton sample completely burned.

Wool

The chromatographic patterns for wool did not differ greatly with different temperatures.
At 190°C there were 4 peaks displayed which increased to a total of 7 peaks at >500°C. The
compounds responsible for peaks 1-4 are as follows benzaldehyde (1), 2-nitro-phenol (2),

benzenepropanenitrile (3), and 4-methyl-2-nitrophenol (4).
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Figure 15. Effects of pyrolysis temperature on the number of compounds released from wool fibre
(a) Temperature setting 1 (Top of crucible: 260-270°C Bottom of crucible: 190-200°C) (b) Temperature
setting 2 (Top of crucible: 340-350°C Bottom of crucible: 260-267°C) (c) Temperature setting 3 (Top of
crucible: 390-400°C Bottom of crucible: 290-300°C) (d) Temperature setting 4 (Full pyrolysis >500°C)

Each compound (1-4) increased as the temperature increased for wool. Benzaldehyde

doubled from 190->500°C with an increase of 82251 counts to 167615 counts, while compounds

2-nitro-phenol, benzenepropanenitrile, and 4-methyl-2-nitrophenol increased nearly fivefold.
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Figure 16. Chemical structure of volatile compounds collected from wool (see appendix for mass
spectrum). (a) 4-methyl-2-nitrophenol (b) Benzenepropanenitrile

The compounds that are displayed for peaks 1-4 contain a number of functional groups
(e.g. nitrile, nitro, aldehyde, and phenol) which correlates to the amino acid composition of wool.
The S/N increased for 2-nitro-phenol from 13.53 in Fig. 15(a) to 43.62 in Fig. 15(d). The wool
sample itself did not change much visibly while it was being heated. In every trial regardless of

the applied temperature, the wool sample appeared charred once heated.

Polyester

Polyester did not display any distinguishable peaks from 190-200°C. However, between
270 and 280°C a total of 7 peaks were discovered and from 290 to 300°C a total of 9 peaks.

When temperatures reached >500°C, the number of peaks doubled to 18 total peaks.

Polyester is made up of ester functional groups and it was found that the volatile
compounds released are structurally related. The compounds in the chromatographic pattern are
as follows phenol(1), acetophenone(2), 1-phenyl-1,2-propanedione(3), benzoic acid(4), 4-
methylbenzamide(5), 1—(4-ethylphenyl)-ethanone(6), 3-phenyl-2-propenal(7), biphenyl(8), 4-
methyl-2,6-dihydroxyquinoline(9). Each higher temperature interval increased the counts for

each compound. The compounds were undetectable before 270°C which correlates with the
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boiling point of compounds released such as benzoic acid (249°C) and biphenyl (255°C), among
others. The largest increase in counts occurs between the temperature range of 290 to >500°C,
where in some cases the counts increased fivefold (1-phenyl-1,2-propanedione 1127449 counts

to 5202391 counts) and six fold (benzoic acid 102254 counts to 665005 counts).

5000000 5000000
4500000 4500000
4000000 4000000
3500000 3500000
& 3000000 ¢ 3000000
S 2500000 B 2500000
2 2000000 2 2000000
1500000 1500000
1000000 1000000
500000 A 500000 1 2 &
0 0 ===
0 5 10 15 20 0 5 10 15 20
Time (min Time (min
(a) (min) (b) (min)
5000000 5000000 3 8
4500000 4500000
4000000 4000000
3500000 3500000
€ 3000000 & 3000000
S 2500000 S 2500000
3 2000000 é 2000000
1500000 3 1500000 2 7
1000000 | o 1000000 . \‘ . 1 8 i
500000 1 2 la 5 6 l 500000 [LJ 1 \ I ’
o | 1 0
0 5 10 15 20 0 5 10 15 20
Time (min Time (min
(C) {min) ( d) (min)

Figure 17. Effects of pyrolysis temperature on the number of compounds released from polyester
fibre (a) Temperature setting 1 (Top of crucible: 260-270°C Bottom of crucible: 190-200°C) (b)
Temperature setting 2 (Top of crucible: 350-360°C Bottom of crucible: 270-280°C) (c) Temperature
setting 3 (Top of crucible: 390-400°C Bottom of crucible: 290-300°C) (d) Temperature setting 4 (Full
pyrolysis >500°C)
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The compounds detected consist of a variety of aldehydes, carboxylic acids, ketones,
alcohols and phenyl groups. These functional groups can be attributed to the recombination of
the polyester structure. However, 4-methylbenzamide and 4-methyl-2, 6-dihydroxyquinoline

H
0] N

N HO N
X

G

OH

@ (b) CHy

Figure 18. Chemical structure of volatile compounds collected from polyester (see appendix for
mass spectrum). (a) 4-methylbenzamide (b) 4-methyl-2,6-dihydroxyquinoline

are nitrogen containing compounds and it is possible their occurrence is due to an impurity. Full
pyrolysis had the largest counts for each peak as well as the highest S/N of 37.28 for peak (9)

compared to 26.70 in Fig. 17(c).

Acrylic

In comparison to the other textile chromatograms, acrylic was the most difficult for
compound identification (while using the same GC heating program). At a temperature between
190 to 200°C, a total of 4 peaks were displayed increasing to 7 peaks when the temperature
increased to 230 to 240°C and 11 peaks when further increased to >500°C. The compounds
responsible for peaks 1-4 are as follows 4-methylbenzonitrile (1), O-ethylbenzonitrile (2), 3, 4-1,
3-benzenedicarbonitrile (3), 2-dodecanol (4). All 4 compounds increased in counts from the

lowest temperature interval to full pyrolysis. 4-methylbenzonitrile
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Figure 19. Chemical structure of volatile compounds collected from acrylic (see appendix for mass
spectrum). (a) 4-methylbenzonitrile (b) O-ethylbenzonitrile

displayed the largest increase from 73884 counts at 120-130°C to 483272 counts at a temperature
of >500°C. The remaining compounds O-ethylbenzonitrile, 3,4-1,3-benzenedicarbonitrile, 2-
dodecanol increased from 76961 to 187431 counts, 65572 to 155133 counts, and 59127 to

138566 counts respectively for the temperature range of 120 to 130°C and >500°C.
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Figure 20. Effects of pyrolysis temperature on the number of compounds released from acrylic
fibre (a) Temperature setting 1 (Top of crucible: 190-200°C Bottom of crucible: 120-130°C) (b)
Temperature setting 2 (Top of crucible: 260-270°C Bottom of crucible: 190-200°C) (c) Temperature
setting 3 (Top of crucible: 290-300°C Bottom of crucible: 230-240°C) (d) Temperature setting 4 (Full
pyrolysis >500°C)

Acrylonitrile contains a triple bonded nitrile group which is likely to produce compounds
structurally related to, or containing a nitrile functional group. The compound 2-dodecanol is an
unexpected peak found in the chromatogram because unlike the acrylic structure, 2-dodecanol
contains no nitrile based functional groups. However, it can be concluded that the source of 2-
dodecanol is possibly due to its usage as a softening agent for textiles during the manufacturing
process®. Figure 20(d) had the largest peak counts and the largest S/N of 35.53 for 4-

methylbenzonitrile.
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2.1a Conclusions of Temperature Optimization

Each textile displayed the largest counts and S/N for their respective peaks during full
pyrolysis with the exception of olefin. The S/N is only one approach that can be used to describe
the change of each compound and their respective peak, but it is not the only factor involved
when determining the optimal temperature. The optimal temperature can also be chosen based
on the peaks that are reproducible at that temperature and the presence of compounds that are of
interest. Compounds that are deemed important should be related to the chemical structure of the
textile in such a way that it can be deciphered from the original textile structure. Based on the
S/N of each of the textile temperature intervals and the compounds that were structurally related
(numbered peaks) that displayed reproducibility, the optimal temperature is the full pyrolysis
temperature (>500°C). A unique representation of peaks is displayed with different retention

times for each textile chromatographic pattern.

For these experiments, the oven temperature program of the GC started at 70°C (hold for
2 min) with an increase of 7°C/min up to 200°C (hold 1 min). Some of the peaks in the
chromatograms were broad (e.g. cotton peak 1). Therefore, for the rest of this project the initial
oven temperature used was 40°C (hold 2 min) with an increase of 5°C/min up to 270°C (hold 5

min).
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Table 3. S/N of textile peaks for each temperature interval (signal n=23, noise n=535).

Temperature S/IN

Textile Interval Peak # ratio
Olefin 190-200°C 2 12.98
260-270°C 24.75
290-300°C 201.5
>500°C 193.5
Cotton 190-200°C 1 13.56
290-300°C 14.01
340-350°C 16.48
>500°C 36.54
Wool 260-270°C 2 13.53
340-350°C 33.77
390-400°C 35.34
>500°C 43.62
Polyester 260-270°C 9 13.69
340-350°C 13.67
390-400°C 26.70
>500°C 37.28
Acrylic 190-200°C 1 1.07
260-270°C 14.31
290-300°C 31.47
>500°C 35.53

2.2 Determination of SPME Collection Time

The analysis of textiles using SPME requires a defined collection time in order to achieve
the optimal compound selection. The collection time is defined as the amount of time it takes to
achieve relative equilibrium with the analytes. As there are multiple compounds within each
chromatogram, any of the textile chromatograms can be used for determining the optimal
collection time. However, 4-methyl-2-nitro-phenol from wool was chosen to represent of the

group. Time intervals of 1, 2, 3, 4, 5 and 8 minutes were collected using 1.5 mg of wool that has
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been heated to >500°C. The heating time was consistently set to two minutes, and the collection

time was started after the heating stage.
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Figure 21. Determination of SPME collection time (a) S/N vs. Collection time (b) Counts/Signal vs.
Collection time

The S/N in Fig. 21(a) represents that at 4(S/N=1603) and 5(S/N=1599) minutes of

collection, 4-methyl-2-nitro-phenol has achieved the greatest signal in regards to the noise

55



produced in that chromatogram. A maximum or leveling out affect appears to have occurred for
the adsorption on the SPME of this compound. Furthermore, at 8 minutes the S/N decreases.
This suggests that if SPME is exposed for too long, compounds may desorb or become displaced
by less volatile compounds. In Fig. 21(b) the largest counts occurs at 5 minutes. At 8 minutes in
Fig. 21(b), the counts decrease much like the S/N in Fig. 21(a). In both cases of the data
presented in Fig. 21, the 5 minute collection time is the optimal collection time. Other literature
has suggested collection times of 100s when analysing for polycyclic aromatic hydrocarbons

(PAHS) evolving from pyrolysis of biomass®.

2.3 Sample Size

Sample size is important when dealing with valuable textiles. The sample size required
to produce a chromatographic pattern that best represents the textile of analysis is important for
identification. Too little sample can produce a chromatographic pattern that may not be
detectable. The goal of this part of the experiment is to assess the relationship and effects
between sample size and the textile’s correlating peaks. This method is destructive, so ideally
the least amount of sample that is required would be ideal. Sample sizes ranging from 1.5-
0.02mg (3-0.2 cm in length respectively) for wool, cotton, olefin and polyester are displayed in

the following figures below.

Wool

Wool was the first textile sample collected at the following sample sizes of 1.5, 1, 0.25,

and 0.02 mg with a temperature (T) >500°C:
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Figure 22. Effects of mass on the compounds released from wool (a) 1.5mg wool (b) 1.0 mg wool (c)
0.25 mg wool (d) 0.02 mg wool

The resulting analysis for wool displayed peaks in the lowest sample size of 0.02 mg.
The compounds responsible for each peak are as follows benzene (1), phenol (2), benzonitrile
(3), and benzoic acid (4). Each of the compounds had an increasing relative peak area as the
sample size decreased. The quantity of peaks decreased from 1.5mg to 0.02 mg of sample which
can result in an increased relative peak area for the remaining peaks. The S/N decreased from
543.0 (1.5mg) to 155.08 (0.02 mg) which is important to note. For a small mass of 0.02 mg the
S/IN is still relatively large, suggesting that these compounds can be detected at even smaller
sample masses. As a result, the four compounds found in 0.02 mg of sample, could be used as

chemical markers for identifying wool. However, there are more compounds that can be used as
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compound markers at larger sample sizes such as 1.5 mg which will be described in the next

section.

Cotton

The sample sizes for each chromatogram displayed a different number of peaks. The
chromatogram containing a sample size of 0.02 mg (Fig.23c) displayed the fewest number of
peaks and counts for each peak, while the 1.5 mg chromatogram (Fig.23a) displayed the largest
number of peaks and as well as, the largest peak counts. The compounds responsible for each

peak are as follows, 2(H)-furan-3-one (1), 2-furanmethanol (2), phenol (3), and dodecanal (4).
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Figure 23. Effects of mass on the compounds released from cotton (a) 1.5 mg cotton (b) 0.08 mg
cotton (c) 0.02 mg cotton

2(H)-furan-3-one (1) displayed a relative peak area of 5.06% (1.5 mg) which increased

nearly threefold to 15.54% for 0.02 mg. 2-Furanmethanol (2) displayed a relative peak area of
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3.40%, 2.61%, and 7.70% for 1.5, 0.08, 0.02 mg respectively. The dodecanal relative peak area
decreased with increasing sample for 1.5, 0.08, and 0.02 mg respectively. The relative peak area
for phenol (3) did not change drastically between each sample size for each chromatogram. The
relative peak area for phenol (3) is 8.07%, 7.68%, and 5.66% for 1.5, 0.08, and 0.02 mg. The
S/N decreased from 220.7 (1.5 mg) to 12.42 (0.02 mg), which signifies that cotton may not be

detectable at masses of <0.02 mg.

Olefin

Of all of the textiles, olefin provided the largest number of peaks at the lowest sample
mass of 0.02mg. The S/N of 309.2 was the largest for 0.1mg, and decreased to 71.59 for 0.02
mg. It was expected that the largest sample size of 1.5mg would have the greatest S/N; however

this was not the case.
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Figure 24. Effects of mass on the compounds released from olefin (a) 1.5 mg olefin (b) 0.1 mg olefin
(c) 0.02 mg olefin

The three peaks that were chosen as the most distinguishable at the 0.02 mg sample size
consisting of cyclohexyl formate(1), 1,1-dimethyl-2-cyclopropane(2), (+)-3,3-
dimethylnopinone(3). Each compound was consistently identified throughout the multiple
sample sizes with relative peak areas for 0.02mg of 6.04%, 7.17% and 8.38% for cyclohexyl
formate(1), 1,1-dimethyl-2-cyclopropane(2), and (+)-3,3-dimethylnopinone(3) respectively. The
large relative peak areas for the three compounds identified for olefin along with a relatively

large S/N at 0.02 mg, makes olefin a good candidate for detection at <0.02 mg.
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Polyester

Polyester had the cleanest chromatograms for each sample size by having the most

distinguishable peaks in comparison to the background signal noise. At a sample mass of 0.02

mg the S/N was 354.5.
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Figure 25. Effects of mass on the compounds released from polyester (a) 1.5 mg polyester (b) 0.05 mg

polyester (c) 0.02 mg polyester

The compounds responsible for each peak are phenol (1), ethylbenzene (2), biphenyl (3),

and dibenzofuran (4). The relative peak area for phenol (1) increased with decreasing sample

size from 7.43%, 11.64%, and 31.46% for 1.5, 0.05, 0.02 mg respectively. Ethylbenzene(2)

displayed opposite results from phenol (1) as it decreased with decreasing sample size from

20.62%, 17.43%, and 13.07% for 1.5, 0.05 and 0.02 mg respectively. Biphenyl (3) displayed

similar results to ethylbenzene (2) with relative peak areas of 42.31%, 19.07%, and 12.69% for
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1.5, 0.05, and 0.02 mg respectively. Dibenzofuran (4) displayed similar results to phenol (1)

with relative peak areas of 2.00%, 4.08%, and 7.15% for 1.5, 0.05, and 0.02 mg respectively.

In summary, each textile displayed detectable compounds when 0.02 mg of sample was
used. Individually, the smallest sample size allowed was based on recognition of the
chromatogram and the ability of the software to represent the mass spectrum for each peak.
Polyester, cotton, wool, and olefin all provided a distinguishable chromatographic pattern at 0.02
mg of sample size. This was the minimum sample size that was tested for these four textiles, but
based on the chromatographic patterns, the S/N and the counts of each peak, it could be possible
to correctly identify the textiles using a sample size of <0.02 mg. The relative peak area for each
peak in the textile chromatograms differed based on the compound. For some compounds the
relative peak area increased with increasing sample size (e.g. ethylbenzenein polyester), while
some compounds decreased with increasing sample size (e.g. 2-furanmethanol in cotton). It was
observed that a greater number of peaks found when 1.5 mg of sample was used in comparison
to the sample sizes of 1- 0.02 mg. The more compounds that are used for identification, the
easier the identification will become (especially when the sample contains blends). Therefore, it

would be ideal to use a sample size of 1.5 mg if possible for identifying textiles.

2.4 ldentifying Chemical Markers

Chemical markers refer to specific compounds that are identifiable consistently within
each textile fibre. The purpose of identifying compound markers is to represent each unique
textile chromatographic pattern with more information that proves that they indeed differ. For
each textile, finding peaks in the respective chromatographic pattern that are compounds

structurally related to that textile, is what determines the differences between unknown textiles
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and ability to be identified. Each textile is structurally different and based off of that structural

difference the chromatographic pattern should also display structural differences. In the previous

section, it was determined that the temperature of >500°C (full pyrolysis) of each compound

would be used for the remainder of the experiments. Figure 26 shows each textile and their

chromatographic pattern with the following labelled peaks:
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Figure 26. Chromatograms of pyrolysed textile fibres (T>500°C) (a) 100% Cotton (b) 100% Acrylic
(c) 100% Wool (d) 100% Polyester (e) 100% Silk (f) 100% Olefin

The chromatograms are useful for distinguishing different textiles but do not indicate
structure. In some cases peaks that have the same retention time, may have different compounds
associated with them. To confirm that they are real, a mass spectrum was acquired for each
peak. The fragmentation was occasionally analysed to confirm the expected structure that was
detected. The peaks in each chromatographic pattern are also compared to software used for
identification. The following Table 4 displays each compound representing the numbered peaks

in each chromatographic pattern.
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Table 4. Pyrolysis of textiles cotton, acrylic, wool, polyester, silk, and olefin and the corresponding
compounds released from performing HS-SPME with GC-MS (see appendix for mass spectrum).

(See Fig. 28)
Cotton Polyester
Peak (time) Compound Peak (time) Compound
1 2.69 Propanoic Acid 1 2.35 Benzene
2 5.05 2(H)-furan-3-one 2 15.91 Phenol
3 6.55 Furfural 3 19.21 1-Phenyl ethanone
4 14.75 5-Methyl Furfural 4 21.77 Ethylbenzene
5 15.91 Phenol 5 23.08 Benzoic acid
6 18.96 2-Methyl-phenol 6 28.95 Biphenyl
7 19.74 Orcinol 7 32.38 Dibenzofuran
8 24.85 2 (3H) - Benzofuranone 8 33.64 3-Methyliden-2,3,4,5-
9 26.20 1-Indanone Tetrahydro-1-
Benzoxazepin-one
Acrylic
1 1.86 2-Methyl-2-Propenenitrile Silk
2 6.22 Hexamethyl-Cyclotrisiloxane 1 1.74  Nitroethane
3 15.70 Benzonitrile 2 14.44 Benzaldehyde
4 19.01 Succinoinitrile 3 15.70 Cyanobenzene
5 19.51 Hexenedinitrile 4 19.71 2-Methyl-5-Methylthiophene
6 20.11 Hexenedinitrile 5 21.54 2-Nitro-phenol
7 23.71 3,5-Dimethyl-Benzonitrile 6 21.89 Benzylnitrile
8 25.87 1,2-Benzendicarbonitrile 7 25.10 Hydrocinnamonitrile
9 28.55 5-Methyl Isophthalonitrile 8 25.25 4-Methyl-2-Nitro-phenol
9 27.91 (+-)-Myrtine
Wool
1 21.56 2-Nitro-Phenol Olefin
2 21.90 Benzylnitrile 1 4.14  Methyl-Benzene
3 25.12 Hydrocinnamonitrile 2 6.99 2,4-Dimethylheptane
4 25.26 4-Methyl-2-Nitro-Phenol 3 19.85, 20.01 4-Methyl-2-Undecene
5 25.35 4-Methyl-2-Nitro-Phenol 4 21.58 1,1,4,4-Tetramethyl-
6 27.93 N, N-Dimethyl-4- cyclohexane
Nitroaniline 5 22.36 4,8-Dimethyl-1,7-Nonadiene
7 28.12 4-Nitro-Benzoic acid 6 26.48 1,2,3,5-Tetramethyl-

cyclohexane

7 27.04, 27.278 Propagyl octyl ether

8 27.51 4-lsopropyl-1,3-Cyclo-
hexanedione

9 28.26 1,1,3,5-Tetramethyl-
cyclohexane

10 28.97 Pentylcyclohexane
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2.5 Textile Brand Comparison

In addition to previous experiments, part of assessing the properties associated with this
method was to test the reproducibility of HS-SPME GC-MS. By comparing multiple brands of
the same textile (cotton), this experiment will determine whether this method can consistently
identify the textile regardless of brand type. Five cotton brands were chosen from different
manufacturers to assess the reproducibility of the volatile compounds evolved among different
sources. The brands of cotton used for this experiment are as follows: Bernat Handicrafter,

Paton Grace, J+P cotton, DMC and Anchor.
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Figure 27. Brand comparison of the pyrolysis of cotton. Listed from top to bottom - Bernat
Handicrafter, Paton Grace, J+P, DMC, Anchor

When comparing the different brands of cotton, the compounds that evolved from
pyrolysed cotton were consistent but varied in counts. Bernat Handicrafter displays the most
abundant peaks, while J+P cotton is the opposite with very low abundant peaks. All the brands
share the same chemical markers and the respective retention times (as previously determined in

section 2.3). One example is furfural (6.553 min), which is visible in each chromatogram but
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does not consistently share counts between brands (Bernat Handicrafter 10614 counts, J+P
cotton 5186 counts). The results suggest that HS-SPME GC-MS can decipher textile brands
based on their chromatograms. Although the chromatograms include the same volatile
compounds used for identification, these compounds can vary in counts based on the textile

brand.

2.6 Fourier Transform Infrared Spectroscopy (FT-IR) Investigations

Fourier Transform IR spectroscopy has been widely studied across a range of analytical
applications and has been applied to textiles. However, Fourier transform infrared spectroscopy
is often used as a supplementary method for qualitative purposes when identifying textiles'®?> ",
The applications of FT-IR with textiles can be shown industrially for fast characterization of the

cotton fabric scouring process by examination of C—H stretching region at 2800-3000 cm™?*. It

can be used to determine structural changes in wool®

as well as identify natural fibres
(especially for silk)™. Six silk degradation estimators have also been found using FT-IR with

validation methods™®.

2.6a Experimental

Each textile sample was dried in a desiccator prior to analysis for a minimum of 24 hours.
The samples (5mg) were cut into very small fragments using a razor blade and ground with
potassium bromide (100mg) to create a pellet for analysis. The pellet was pressed using a Welch
1400 DuoSeal vacuum pump. The analysis was performed with the Varian 1000 FT-IR

instrument from 400-4000nm for 32 scans per sample.
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2.6b FT-IR Results and Discussion

The following textiles cotton, acrylic, wool, polyester and olefin were the samples used

for FT-IR analysis and are displayed in the following Figure 28:
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Figure 28. The analysis of various textiles using mid-infrared spectroscopy (a) Cotton (b) Acrylic (c)
Wool (d) Polyester (e) Olefin

69



Cotton consists primarily of cellulose which contains numerous O-H bonds. A large
transmittance in the 3400 cm™ range is due to the O-H stretch in cellulose. Visually the
spectrums all appear to be unique and differ with their wavelength transmittance as expected.
Cotton contains many C-O stretching bonds which are absorbed in the 1100cm™ range. Due to
the varying conformations of the C-O bonding within the structure of cellulose, the positive
stretching bands can range from 900-1200 cm™ ™. There is a very sharp absorbance occurring at
2240 cm™ which is consistent with nitrile stretching for acrylic’t. Wool primarily consists of an
amino acid structure that can have various bonds contained within it. Displayed in Figure 28(c)
there is a small O-H peak at 3400 cm™ as wool experiences a positive band at 3418 cm™ 2. A
small peak for wool also occurred within the C-N region ~1200cm™ and N-H region of 1600cm”
! The transmittances are fairly weak for some textiles like acrylic and wool and can be unclear
due to reflection. It is difficult to identify specific peaks which can be a contributing factor of
the limitations when using this method for identifying textiles. The polyester spectrum has a
large peak spanning from 1600cm™ to 1700cm™ which is the region of absorption for stretching
C=0 and stretching C=C bonds. This coincides with the ester functionality (C-O) bands that can
be found at 1718 and 1252 cm™ with a doublet at 1126 and 1099 cm™ ”. Polyester also
experiences aromatic positive bands at 3054, 1615, 1578, 1505, 1021, and 725 cm™ . Olefin is
made up of simple alkane chains which are most prominent at 3300cm™ and 700 cm™. However
the methylene group in particular can vary from 720-820 cm™, depending on the number of
continuous methylene groups’. The methyl group positive bands can be displayed between 930-
980 cm™ and that is dependent on the number of continuous propylene groups’™. There are
smaller peaks in the 1400cm™ region which are also due to the C-H bond vibrations within

olefins chemical structure. As IR demonstrates, it is possible to acquire different spectra for each

70



textile compound. However, it is difficult to clearly identify which textile is present merely from
the spectra produced by IR. Infrared spectroscopy lacks the specificity for identifying textiles
directly, and must rely on the vibration and stretching of functional groups to help piece together

the textile compound structure.

2.6¢ FT-IR brand comparison

Unlike HS-SPME GC-MS, when different brands of the same textile were compared using
FT-IR, it was not possible to identify them from one another based on the spectrums as shown in

Fig. 31.

71



%T
%T

3400 2400 1400 400 3400 2400 1400 400
Wavenumber (cm) Wavenumber (cm™)
(@) (b)
'—
g ES
3400 2400 1400 400 3400 2400 1400 400
Wavenumber (cm?) Wavenumber (cm?)
(c) (d)
.
ES
3400 2400 1400 400

Wavenumber (cm?)

(€)

Figure 29. FT-IR analysis of 5 cotton brands. (a) Anchor (b) DMC (c) J+P (d) Bernat Handicrafter ()
Paton

The structure of cotton from brand to brand typically will not change. Since FT-IR relies
on the structure for identification and analysis of the stretching/bending bonds, it will become
very difficult to decipher sources or brands of the same textile. In each of the 5 brands of cotton,
the 3400 cm™ O-H stretch is clearly displayed as well as the C-O stretching in the 900-1200cm™

range as previously described. However, there is one noticeable difference between Anchor and
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DMC cotton that is either undetectable or very weak in the other brands of cotton. Most
prominently displayed in DMC cotton is a short broad peak occurring from 2300-2400 cm™.
This peak is most likely caused by the stretching of O=C=0. This is an unlikely bond for cotton
to have as it did not appear in other cotton spectrums within the literature. The contamination
can most likely be attributed to carbon dioxide stretching occurring either within the background,

as a dye or coloring agent.

2.6d FT-IR analysis of accelerated aged wool
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Figure 30. FT-IR comparative analysis of non-aged and humid aged wool. (a) non-aged wool (b)
humid aged wool

The comparative analysis for wool between non-aged and aged produced similar results.
The aged textile was relatively more efficient to analyze due to the frail and brittle nature of the
textile after the aging process. This produced a sample that could easily be pelletized with KBr
(The difference can be seen between the two spectrums transmittance). As previously noted,
there is a peak within the 2300-2400 cm™ that can be described as an impurity. The
transmittance within the aged spectrum was much cleaner than the non-aged spectrum. In both
spectrums the O-H stretch can be found in the 3400 cm™; peaks contributing to the identification

of wool can also be found in the C-N region ~1200cm™ and N-H region of 1600cm™. This

73



experiment confirms the qualitative and sensitivity limitations that FT-IR can achieve. Structural
changes in wool and degradation markers in silk fibronin have been found in other research with
the use of other analytical methods in addition to IR* %, Although useful for identification of
textiles, FT-IR was not found to be able to distinguish aged and un-aged textiles, as well as

source identification.
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Chapter 3: Analysis of Textile Mixtures

When analysing textile blends, there could be two, three or even four types of textiles
woven into a piece of clothing or material. This is why it is important to test the feasibility of
SPME GC-MS to identify textiles in a mixture/blended sample. ldentifying potential
interferences or new compound combinations for textile blends is important for testing the
feasibility of this method. This also provides a way to potentially push SPME GC-MS to the

limits of its capabilities for identification of textiles.

This phase of this study was to determine the effects of mixed textile samples with
different mass ratios. The mass ratios of 1:1, 1:3 and 3:1 were prepared with a total mass of 1.5
mg and pyrolysed at a temperature of >500°C. The purpose of changing the mass ratios is to
determine if one particular textile within the mixture has an influence on the compounds

produced.

Wool/Cotton mixture

The 1:1 mass ratios as expected, displayed chemical markers from both cotton and wool
that contribute to their identification individually. The cotton related compounds 2(5H)-furan-3-
one (1), 5-methyl furfural (2), and phenol (3) was all identifiable within the mixture
chromatograms. The compounds in correlation with wool were identifiable as 2-nitro-phenol
(5), hydrocinnamonitrile (6), and 4-methyl-2-nitro-phenol (7). An additional peak with a
retention time of 19.71 minutes was identified as 4-methyl-phenol (4), which was not identified

in the individual textile chromatographic patterns.
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Figure 31. 100% Wool and 100% cotton mixtures (total mass=1.5 mg, T>500°C). Cotton peaks
displayed as 1-3, wool peaks displayed as 5-8 (a) 1:1 mass ratio (b) 1:3 wool:cotton mass ratio (c) 3:1
wool:cotton mass ratio

As the mass ratio changed, the counts of the peaks also changed for both the wool and
cotton compounds. As expected, the cotton related compounds 2(5H)-furan-3-one (1), 5-methyl
furfural (2), were all more prevalent and increased in counts in Fig. 31(b) because of the
increased mass ratio of cotton. Phenol (3) was the only compound that did not seem to be
affected by the mass ratio and the peak remained relatively consistent in counts throughout each
trial. Similarly with wool, hydrocinnamonitrile (6), 4-methyl-2-nitro-phenol (7) was affected by
the mass ratio change while 2-nitro-phenol (5) remained consistent. The compounds associated
with wool increased in counts, and an additionally indole (8) was observed with a retention time
of 26.61 minutes. Due to the N present in this compound, the appearance of it is likely

attributable to the amino acids in wool. The mass ratio correlates with the peak counts for each

76



chromatogram. When wool is greater in mass, it displays greater counts peaks and vice versa for
cotton. The additional compound 4-methyl-phenol (4) did not fluctuate throughout the mass
ratio changes much like phenol (3). It is likely that both wool and cotton could be attributing to
this compound and thus giving it consistency throughout each chromatogram. As a result, two
new compounds 4-methyl-phenol and indole were formed and the identification of wool and

cotton individually using their respective chemical markers was successful.

Cotton/Olefin mixture

The mixtures of cotton and olefin predominantly showed the expected chemical markers.
The peaks associated with cotton had very low relative peak areas and only included 5-
methylfurfural (2) and phenol (3). In the 1:1 mass ratio 5-methylfurfural (2) was found to have a
3.19% relative peak area and phenol (3) had a 4.26% relative peak area. These areas decreased to
0.47% for 5-methylfurfural (2) and 1.13% for phenol (3) when the mass ratio was adjusted in
favour of olefin. When the textile masses were changed to a 3:1 cotton:olefin ratio, the relative
peak areas increased to 8.04% for 5-methylfurfural (2) and 8.36% for phenol (3). Therefore,
although the olefin chemical markers were by and large the most predominant peaks in the

chromatograms, cotton could still be identified as being present.
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Figure 32. 100% Cotton and 100% olefin mixtures (total mass=1.5 mg, T>500°C). Cotton peaks
displayed as 2 and 3, olefin peaks displayed as 1, 4-9 (a) 1:1 mass ratio (b) 1:3 olefin:cotton mass ratio
(c) 3:1 olefin:cotton mass ratio

The compounds diagnostic for olefin, 2,4-dimethylheptene (1),4-methyl-2-undecene (4),
1,2,3,5-Tetramethylcyclohexane(5), 4,8-dimethyl-1,7-nonadiene (6), 4-isopropyl-1,3-
cyclohexanedione (7,8) and Pentylcyclohexane (9) were recorded in each mixed chromatogram.
Despite varying the mass ratios for olefin, the relative peak areas changed only slightly for the
designated chemical markers. Therefore, when analysing a mixture of olefin and cotton it may
be easier to quantify cotton using the relative peak areas as they vary with the amount of cotton
in the mixture. With olefin it may be more difficult as the peak areas do not change as much in

each mass ratio.

Cotton/Acrylic mixture

Chemical markers were observed from both cotton and acrylic in the mixture
chromatograms. When cotton was pyrolyzed with wool the counts of phenol increased but in the
presence of acrylic, phenol (3) is decreased. The compounds 5-methyl furfural (2) and 2(5H)-

furan-3-one (1) are present in the acrylic cotton mixture. The compounds 5-methyl furfural (2)
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and 2(5H)-furan-3-one (1) had relative peak areas as high as 21.34% and 22.18% respectively,

whereas the relative area of the phenol (3) peak was no greater than 7.02%.
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Figure 33. 100% Cotton and 100% acrylic mixtures (total mass=1.5 mg, T>500°C). Cotton peaks
displayed as 1-3, acrylic peaks displayed as 4-7 (a) 1:1 mass ratio (b) 1:3 cotton:acrylic mass ratio (c)
3:1 cotton:acrylic mass ratio

In each ratio (Fig.33), the most abundant peak was hexenedinitrile (5) which is due to

acrylic. The peaks that can be associated with acrylic to indicate an increase in textile ratios are

hexenedinitrile (6) and 1, 2-benzenedicarbonitrile (7). Succinonitrile (4), although present, does

not demonstrate an accurate change in mass ratios as it consistently decreases in each

chromatogram regardless of the percentage composition of the textiles. The compounds

hexenedinitrile (6) and 1, 2-benzenedicarbonitrile (7) increased in area from 40.89% to 57.78%

and 9.95% to 34.22% respectively as the acrylic ratio increased. Compounds 5-methyl furfural
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(2) and 2(5H)-furan-3-one (1) were analysed as chemical markers representing cotton in Fig. 33.
2(5H)-furan-3-one (1) was consistently observed to fluctuate with the change in cotton ratio
respectively (e.g. when the cotton percentage increased, the peak counts did as well). When the
ratio was 1:1, 2(5H)-furan-3-one (1) was found to be around 20% in relative peak area. When
the ratio is in favour of acrylic, 2(5H)-furan-3-one (1) decreased to around 10%, but when the
textile masses were changed to a 3:1 cotton:acrylic ratio, the relative peak area increased to 44%.
5-methylfufural (2) is observed to decrease in relative area from 22% to 2.15% when the ratio is
in favour of acrylic. However, 5-methylfufural (2) is observed to be around 18% when the ratio

is in favour of cotton.

Olefin/Wool mixture

The pyrolysis of the wool and olefin blend was found to contain very abundant peaks for
their respective chemical markers. Decanoic acid (1) was an unexpected peak that appeared in
this mixture because it had not been present in the individual chromatograms of olefin and wool

previously (Fig. 26).
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Figure 34. 100% Wool and 100% olefin mixtures (total mass=1.5 mg, T>500°C). Wool peaks
displayed as 1-3, and 5, olefin peaks displayed as 3, 4, and 7-9 (a) 1:1 mass ratio (b) 1:3 wool:olefin
mass ratio (c) 3:1 wool:olefin mass ratio

There were chemical markers present for both wool and olefin present in each of the
three compositions. For wool, 4-methyl-2-nitro-phenol (5) and 2-methyl-phenol (2) displayed
relatively large counts in each of the three compositions. The results for olefin analysis in the
mixture displayed an increase for 4-methyl-2-undecene (3, 4) when the ratio was increased to a
3:1 olefin:wool ratio (Fig. 34b). When the mass counts of wool increased, the three peaks
corresponding to this textile did not increase in relative peak area. 2-methyl-phenol (2)
decreases with increasing wool composition which suggests that this compound evolves due not
only to the presence of another compound, but also possibly due to the amount of the other
compound present. The counts of the olefin peaks (aside from 4-methyl-2-undecene) were not
seen to drastically decrease. Under these pyrolysis conditions, olefin will evolve similar counts
of compound even if the total amount of olefin is decreased. Wool does not display significant
changes in counts with the exception of 2-methyl-phenol which leads to the conclusion that with

the composition of olefin and wool it is possible to identify each textile within the blend.

Acrylic/Wool mixture
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The pyrolysis of wool and acrylic resulted in the identification of each textile within the
three chromatograms in Fig. 35. The following compounds were identified for acrylic

succonitrile (1), hexenedinitrile (2) (3), and 1, 2-benzenedicabonitrile (7).
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Figure 35. 100% Acrylic and 100% wool mixtures (total mass=1.5 mg, T>500°C). Acrylic peaks
displayed as 1-3, and 7, cotton peaks displayed as 4-6 (a) 1:1 mass ratio (b) 1:3 wool:acrylic mass ratio

(c) 3:1 wool:acrylic mass ratio

For wool, the following compounds were identified benzylnitrile (4),
hydrocinnamonitrile (5), and 4-methyl-2-nitro-phenol (6). When the mass ratio was changed in
favor of acrylic (Fig. 35(b)), all the chemical markers for wool decreased in relative peak area,
while only 1, 2-benzendicarbonitrile (7) was shown to slightly increase. When the ratio was

changed in favor of wool, benzylnitrile (4), hydrocinnamonitrile (5), and 4-methyl-2-nitro-
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phenol (6) all increased in relative peak area. The relative peak area for succonitrile (1) and

hexenedinitrile (2)(3) decreased, while 1,2-benzenedicabonitrile (7) was relatively unchanged.

Olefin/Acrylic mixture

The olefin and acrylic mixture displayed results as expected for most compounds. The
peaks corresponding to 4-isopropyl-1, 3-cyclohexanedione (6, 7), and pentylcyclohexane (8)
decreased in relative peak area when the mass of olefin was decreased. These compounds were

not observed to increase in relative peak area in the 1:1 mass ratio or with increased olefin mass.
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Figure 36. 100% Acrylic and 100% olefin mixtures (total mass=1.5 mg, T>500°C). Acrylic peaks
displayed as 2, 4 and 5, olefin peaks displayed as 1,3 and 6-8 (a) 1:1 mass ratio (b) 3:1 acrylic:olefin
mass ratio (c) 1:3 acrylic:olefin mass ratio
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Other compounds 2, 4-dimethylheptene (1), 4-methyl-2-undecene (3), and 4, 8-dimethyl-
1, 7-nonadiene (4) did not change significantly with changing the ratio. An increase in the mass
of acrylic gave an increase in the relative peak area of 2-methylene-pentanedinitrile (2).
However, the relative peak area of 2-methylene-pentanedinitrile (2) was not seen to decrease
significantly when the ratio was changed from 1:1 to 1:3 in favour of olefin. The peaks
corresponding to succinonitrile and 1, 2-benzenedicarbonitrile (not labeled, between peak 6 and
7) are not seen to increase or decrease in relative peak area significantly. This suggests that the
amount of olefin that may volatilize will not increase after a certain point because the acrylic
peaks are not seen to decrease relative to an increase in olefin. Therefore, there is maximum
amount of olefin that may be measured. This also suggests that quantitative analysis would be a

challenge for olefin.

3.1 Textile Mixture Conclusions

This section of the experiment demonstrated that two textiles in a mixture with different
composition percentages can be identified. However, olefin was more time consuming as it was
difficult to identify chemical markers due to the number of volatile compounds it evolves.

It was determined that the counts and relative peak area could not be directly associated
with the increased composition of each textile for every given chemical marker. Phenol was
present in multiple chromatograms each involving wool or cotton and the composition had no
consistent effect on the counts or relative peak area and would not be considered as an
identifying compound for mixture analysis of textiles. For cotton, 5-methyl furfural was the one
compound that consistently correlated with the increase/decrease of the percent composition.
The wool compounds that displayed the most consistent correlation with increasing/decreasing
percent composition were hydrocinnamonitrile and 4-methyl-2-nitrophenol. For acrylic, the
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compounds hexenedinitrile and 1, 2-benzenedicabonitrile was correlated with the
increase/decrease of the relative peak area and the percent composition of cotton. However,
when acrylic was mixed with wool, 1, 2-benzenedicabonitrile displayed an increased correlation
with acrylic percent composition but had decreased correlation with the relative peak area.
During the acrylic/wool mixture analysis it was also found that succonitrile and hexenedinitrile
had a decreased correlation with the relative peak area and the percent composition of acrylic but
did not show an increased correlation. The olefin compounds that were detected displayed little
to no significant relative peak area change when the percent composition was
increased/decreased. This was unexpected as olefin produced some of the most abundant peaks.
When olefin was combined with wool, 4-methyl-2-undecene displayed a correlated
increase/decrease with the corresponding percent composition of olefin. Decanoic acid was a
new compound found within the wool/olefin mixture that was not displayed in either the wool or
olefin chromatograms.  The introduction of decanoic acid that appeared in the wool/olefin
mixture presents the possibility of other textiles (not included in this experiment) to pyrolyse
differently causing new compounds to evolve. Textiles that were blended with olefin were
difficult to distinguish individually especially with cotton and acrylic. This limits the
quantitative abilities of using the SPME GC-MS method on textiles. It is also possible that the

textiles combined with olefin contribute to aiding pyrolysis.
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Chapter 4: Chemical Markers of Accelerated Aged Textiles

Researchers find it difficult to analyse aged textiles as they are often in a poor state of
conservation due to the environment of exposure over time®. Over time textiles will degrade
and in some cases start to become discolored. Silk for example, loses its appealing properties
like strength and lustre. It can also become brittle and yellow which makes it difficult to handle,
exhibit, and use'®. Silk fibres are found in many important historic textiles and artifacts®. The
compounds responsible for this can be a combination of external and internal factors. For
example, the environment that the textile is exposed to (e.g. chemicals in the surrounding
atmosphere), can contribute to ‘weathering’. Weathering is described as wearing away or
changing the appearance, and/or texture due to long exposure to the air. This over time can
cause degradation to occur, and polymer chains to become weak and fragile and break down into
smaller polymer chains (Ex. Cotton). The rehabilitation process for historic textiles can be
greater understood if knowledge on what has degraded them in the first place is known. The
compounds responsible for degradation can lead to information on how to treat the textiles so

they no longer degrade or at least slow the process down.

For this experiment, textiles are aged at an accelerated rate using controlled conditions®.
Aging textiles manually can be done at an accelerated rate using humidity, heat and ultraviolet
light (UV). The purpose of this is to mimic the effects of the degradation process and identify
the compounds responsible. A comparison will be made using different sources of controlled
conditions and time exposure to them. For example, Zhang et al. applied dry thermal ageing,
high humidity thermal ageing, and light ageing to silk to measure the amino acid content before

and after accelerated aging®.
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4.1 Experimental

Heat Aging

Heat aged samples were contained in sealed glass vials and placed in a Precision
Economy oven at a temperature of 80°C for a period of 90 days. After 90 days, the samples were
left at room temperature in the same sealed container to cool down. Once the vial was room
temperature (22°C) the sample was transferred to a 20mL scintillation vial and placed in the
desiccator for a minimum of 24 hours. Once put in the desiccator the heat aged sample was

prepared the same as previous un-aged samples.

Humidity Aging

Humidity aged samples were placed in scintillation vials and 3 drops of de-ionized water
was added to mimic 80% humidity. The sample containing vials were placed in the oven at 80°C
for time periods of 5, 15, 40 and 62 days. In order to decrease pressure within the containers,
once every week the pressure was released by loosening the top slightly so the air could escape.
The top was then screwed back tightly to prevent water vapor from escaping. This had to be
done in order to prevent the vial caps from cracking under pressure, and causing water loss from
the vial. Upon the completion of the aging process, the vial was then removed from the oven and
left to equilibrate temperature with the room. When the vial cooled to room temperature (22°C)
it was then transferred to a 20mL scintillation vial and placed in a desiccator for a minimum of

24 hours.
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Ultraviolet light Aging

Ultraviolet light (UV) aged samples were placed on a watch glass and centered under the
UV light (at room temperature - 22°C). Ultraviolet light was emitted using a Black-ray B100AP
(100W bulb) high intensity UV lamp (365nm long wave UV source) (Fig. 37). The samples
were exposed for 24, 48, 72, and 96 hour intervals. Once the time interval had elapsed, the
sample was placed in a 20mL scintillation vial and put in the desiccator for a minimum of 24
hours. Once in the desiccator, the UV aged sample was prepared the same as previous non-aged

samples.

Figure 37. The aging process using UV light from Black-ray B100AP (100W bulb) high intensity
UV lamp (365nm long wave UV source).

4.2 Heat Accelerated Aging of Textiles

The compounds that differ within the heat accelerated aged textiles can be used for
further investigation into preservation methods or treatment of degraded textiles. The analysis

will compare non-aged textiles with heat accelerated aged textiles for any difference in the
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compounds that are evolved and any changes within the compounds that have already been
identified in previous chapters. Cotton, wool, polyester, olefin and acrylic were the textiles of

interest for this experiment.

Cotton

Cellulose, the main component of cotton has been studied for degradation compounds
previously. Gaspar et al. also used SPME for determining degradation compounds found in
cotton/linen rag and wood pulp produced paper that was naturally aged’’. The commonly
known degradation compounds discovered for cellulose (Figure 40) are furfural, 5-methyl
furfural, linear aldehydes, linear hydrocarbons and acetic acid which are products of acid

60, 62, 77-82

catalysed hydrolysis
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Figure 39. Acid-catalyzed hydrolysis of xylose to furfural as a result of aging®.



Additional compounds such as vanillan and guaiacol have been associated with
degradation components of lignin and not directly related to cotton degradation®. Lipid
oxidation from fatty acids on paper is another form of degradation which leads to the creation of

hydroperoxides®.
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Figure 40. Degradation compounds of cellulose (a) Furfural (b) 5-methyl furfural (c) Decane: an
example of a linear hydrocarbon (d) Heptanal: an example of a linear aldehyde (e) Acetic acid

It was expected that there would be an increase in counts and relative peak area in the
heat accelerated aged chromatogram for the degradation compounds of cellulose. However, this
was not the case, furfural (4) displayed a decreased relative peak area after heat accelerated aging
had occurred from 13.92% to 4.82%. 5-methyl furfural (8) also displayed a decrease in relative

peak area from 15.28% to 6.57% between non-aged and aged trials.
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Figure 41. Heat accelerated aging of 100%o cotton (a) Un-aged cotton (b) Heat aged cotton (90 days at
80°C)

Acetic acid (1) did not increase significantly in the heat accelerated aged chromatogram
having a relative peak area of 1.44% compared to 0.97% in the non-heat accelerated aging
chromatogram. The compound 2(5H)-furanone (6) had a distinguishable relative peak area
increase from the un-aged to the heat accelerated aged chromatograms from 2.11% to 10.23%.
The most distinguishable peak that occurred in the heat accelerated aging was 2, 5-
furandicarboxaldehyde (10) which had a relative peak area of 12.90%. Compounds that were
undetectable within the un-aged chromatogram but appeared in the heat accelerated aged
chromatogram are propanoic acid (2) (3) and 5-methyl-2(3H)-furanone (7). Other compounds
had relatively no change in relative peak area in the heat accelerated aged chromatogram than the
un-aged chromatogram such as 2-furanmethanol (5) (2.23% to 1.25%), and cyclohexane (9)

(2.15% to 0.55%).

Wool

Aged wool is often associated with yellowing, which becomes more visible over time.
The appearance of wool after the 90 days of heating was a very light yellow color compared to

the original white color it had previous.

93



3000000 3000000

2500000 2500000
S 2000000 € 2000000
S 1500000 2 1500000
é 1000000 2 é 1000000 1
500000 500000 3
0 i B 0 P 7 EU.LL._.J_
0 0 20 30 40 0 10 20 30 40
Time (min) Time (min)
(@) (b)

Figure 42. Heat accelerated aging of 100% wool (a) Un-aged wool (b) Heat aged wool (90 days at
80°C)

There were multiple new compounds that arose within the heat accelerated aged
chromatogram which included benzaldehyde (4), benzonitrile (5), phenol (6), 3-
pyridinecarbonitrile (7), 1H-pyrrole-3-carbonitrile (8), and quinoline (9). It may be possible that
multiple compounds are responsible for the yellowing of wool or they could be a result of heat
accelerated aging without causing a yellowing effect. The compound 2-nitrophenol (1)
displayed an increased relative peak area in the heat accelerated aged chromatogram from
10.05% to 13.01%. The large peak consisting of 4-methyl-2-nitrophenol (2) displayed a
decreased relative peak area as well as 3-nitro-benzoic acid (3) from the non-aged chromatogram
to the heat accelerated aged chromatogram from 57.88% to 44.00% and 5.10% to 2.66%

respectively.

Woolen textiles are often found to be the most fragile, as they cannot be preserved as
well as other historical and archaeological artifacts’. Irradiation of wool produces
hydroperoxide, which may lead to phenoxy radicals from phenol or hydroxlating other aromatic
compounds®. a-ketocarboxyllic acids may be formed by tyrosine(ex. dopa, dityrosine) and

related species from tryptophan(ex. hydroxytryptophan, cacrbolines and they are responsible for
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yellowing in wool®*®. Peroxynitrite may also contribute to photoyellowing of wool and is

caused by the reaction of nitric oxide with superoxide®.

Polyester

There are no known reported degradation compounds for polyester as a textile and very
little research on heat accelerated aging of polyester. Therefore, it is not known whether there
will be little if any difference between aged and un-aged chromatograms. The results are

displayed in the following Fig. 43:
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Figure 43. Heat accelerated aging of 100% polyester (a) Un-aged polyester (b) Heat aged polyester (90
days at 80°C)

Polyester did not display different compounds or peaks between the non-aged
chromatogram and the heat accelerated aged chromatogram. There was however, a difference
between the two chromatograms with the existing compounds and their relative peak areas.
Phenol (1) and benzoic acid (4) displayed a large decrease from the non-aged chromatogram to
the heat accelerated aged chromatogram with relative peak areas of 21.31% to 7.29% and 7.62%
to 2.72% respectively. Compounds that displayed an increased relative peak area include 1-
phenyl ethanone (2), and biphenyl (5) which increased from 9.66% to 11.51% and 18.56% to
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32.48% respectively. 1,2 propandione (3) remained relatively unchanged in relative peak area
for the un-aged chromatogram to the heat accelerated aged chromatogram having relative peak
areas of 29.49% and 29.79% for each. Due to the similar chemical structure of benzoic acid and
phenol, it is possible that they are the result of the breakdown of biphenyl. If this is indeed the
case, the heat accelerated aged chromatogram would be a clear indication that the biphenyl does
not break down as easily after experiencing a heated environment. It has been found for
polyester foams that formation of alcohol and acid raw products can be detected during natural
and artificial aging®’. However, this was not found to be consistent for heat accelerated aging of

polyester fibres.

Olefin

Olefin was the only textile that displayed relatively no changes in relative peak area
(<2.15%) for any of the compounds between the un-aged chromatogram and the heat accelerated
aged chromatogram. This was expected as similar results occurred when olefin was blended
with other textiles. The compounds did not change and their respective peaks counts did not

significantly change.
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Figure 44. Heat accelerated aging of 100%o olefin (a) Un-aged olefin (b) Heat aged olefin (90 days at
80°C)

There were also no new compounds that arose due to the heat accelerated aging process

that were detectable. The relative peak areas can be found within the following Table 5:

Table 5. Un-aged chromatogram comparison with the heat accelerated aged chromatogram for the
relative peak areas of olefin compounds.

Un- Heat
Peak Compound aged(%) aged(%)
1 2,4-dimethyl-1-heptene 3.30 3.76
2 4-methyl-2-undecane 5.12 5.57
3 4-methyl-2-undecane 3.10 3.35
4 4,8-dimethyl-1,7nonadiene 5.98 6.45
5 1,2,3,5-tetramethylcyclohexane 2.60 2.54
6 propargyl octyl ether 21.65 19.52
4-isopropyl-1,3-
7 cyclohexandione 15.86 14.54
8 Pentacyclohexane 9.38 8.15

Acrylic

Acrylic displayed many peaks that increased between the un-aged chromatogram and the
heat accelerated aged chromatogram. The following compounds succinonitrile (3) and
hexenedinitrile (4) all displayed increased relative peak areas of 2.84% to 6.25% and 18.42% to

35.65% respectively (un-aged chromatogram to heat accelerated aged chromatogram).
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Figure 45. Heat accelerated aging of 100% acrylic (a) Un-aged acrylic (b) Heat aged acrylic (90 days
at 80°C)

The following compounds hexenedinitrile (5) and 5-methylisophthalonitrile (7) displayed
decreased relative peak areas of 16.69% to 14.16%, and 3.51% to 1.78% respectively (un-aged
chromatogram to heat accelerated aged chromatogram). Hexamethyl-cyclotrisiloxane (1)
(8.75% relative peak area) was the only compound that was detected in the un-aged
chromatogram and not found in the aged chromatogram. It is uncertain what would directly
affect this compound to become undetectable within the aged chromatogram but it is known that
with some fabrics, poly-dimethylsiloxane (PDMS) polymers have been used as a finishing
agent®. Hexamethyl-cyclotrisiloxane could be a compound used for acrylic as a finishing agent

that once undergoes accelerated aging, may become inert or non-volatile.

There is currently limited literature on acrylic fibre degradation compounds. However,
there have been studies regarding polyacrylamide and polyacrylonitrile. Polyacrylonitrile is a
liquid compound that is used in making acrylic fibres. Polyacrylamide is similar in structure to
acrylic but contains an additional amide substituent. The degradation compounds acetonitrile,
acrylonitrile, propionitrile, methacrylonitrile and isobutyronitrile were found for both
polyacrylamide and polyacrylonitrile®™. Although these compounds were not found within the

acrylic fibre aged chromatograms, there were similarly, nitrile based compounds that emerged.
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4.3 Humidity Accelerated Aging of Textiles

It is known that textile exposure to a humidified environment can cause structural
changes within the fibre by processes such as hydrolysis®®. Hydrolysis causes the breakdown of
a compound using water causing bonds to be cleaved and replaced. Accelerated aging can be
implemented by imitating a humidified environment for the textile to reside. This experiment
will mimic 80% relative humidity at 80°C as an environment because the effects of accelerated
ageing are more pronounced in higher relative humidity conditions’®. Temperature of the
surrounding environment can be a factor when using humidity as an accelerated aging process.
The temperature range from 20°C-150°C has been used for heating™® ®. The textiles investigated

in this part of the experiment were silk, acrylic, wool and cotton.

Silk

The appearance of silk after it was humidified was rather yellowed in color and had
distinguishable frailness as compared to the un-aged silk. Visually, it appeared that the
accelerated humidified aging has caused a decrease in overall counts of the volatile compounds

that have been released.
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Figure 46. Humidity accelerated aging of 100%o silk (a) Un-aged silk (b) Humidity aged silk (62 days
at 80°C)

It was found that XRD analyses of silk fibronin shows the growing tendency of random
coil concentration, a decreasing trend in amorphous a-helix and crystalline 3 -sheet counts in
fibroin samples exposed to very harsh aging conditions including in O,, volatile organic carbons
(VOCs) and humidity at 150°C for 14 days®®. With the increased p-sheet counts it is expected
that the compounds that favour this conformation would be in higher concentration as compared
the o -helix confirmation. Despite the decrease in peak counts from non-aged to humidity aged,
multiple peaks displayed an increase in relative peak area. Nitroethane(1), benzaldehyde (2),
cyanobenzene (3), and benzylnitrile (6) all displayed increases in relative peak area of >80%.
The following compounds did not display much change in relative peak area in comparison to
the other peaks (<25%) and they consisted of 2-methyl-5-methylthiophene (4), 2-nitro-phenol
(5), and hydrocinnamonitrile (7). The compound 4-methyl-2-nitro-phenol (8) displayed a large
decrease in relative peak area from 35.97% to 11.10%. The compound (+-)-myrtine (9) was
undetectable within the accelerated aged chromatogram. Large fluctuations for relative peak
areas of the compounds evolving from silk could be related to the increased conformation of the

B-sheet within the fibronin. These compounds that have increased may favor this conformation
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and the outliers (+-)-myrtine (9) and 4-methyl-2-nitro-phenol (8) may favor the a-helix for
evolving during the heating process. This would make the compounds for silk with the
exception of 2-methyl-5-methylthiophene (4), 2-nitro-phenol (5), hydrocinnamonitrile (7), and

(+-)-myrtine (9), good candidates for degradation markers.

Silk is primarily made up of amino acids forming proteins sericin and fibroin. Sericin
gum is often removed during current production practices but for historical textiles, it was either
partially removed or not at all?’. Sericin protects the silk from damage but can show signs of
photoyellowing with age?. Photochemical studies on silk and wool mainly focus on reactions
producing cysteic acid and aromatic amino acids like tyrosine and tryptophan. Because wool
and silk are similar in composition, it is possible that they may share some of the same

degradation compound derivatives from tyrosine and tryptophan.

Acrylic

The results for the accelerated humidity aged acrylic physically displayed a yellowing of
the fibre. The chromatographic spectrum for the accelerated humidity aged acrylic did not
display any new compounds that were detectable but did demonstrate a change with the existing

compounds and their presence.
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Figure 47. Humidity accelerated aging of 100%o acrylic (a) Un-aged acrylic (b) Humidity aged acrylic
(62 days at 80°C)

Acetic acid (A) increased drastically in relative peak area from 1.03% to 13.84% for un-
aged to accelerated humidity aged respectively. The structure of acrylic does not directly
provide information for a degradation pathway, but in the presence of water and air it may have
caused acetic acid to be increasingly produced over time. Acetic acid (which has been known to
be caused by hydrolysis) could also be used as a candidate for identifying aged acrylic. The
compounds that displayed a decrease in relative peak area from un-aged to accelerated humidity
aged chromatograms are hexamethyl-cyclotrisiloxane (1), hexenedinitrile (4), 1, 2-
benzenedicarbonitrile (6), and 5-methylisophthalonitrile (7) which decreased from 8.75% to
4.18%, 18.42% to 13.73%, 8.44% to 1.93%, and 3.51% to 0.78% respectively. The compounds
1, 2-benzenedicarbonitrile (6) and 5-methylisophthalonitrile (7) were nearly undetectable in the
accelerated humidity aged chromatogram and these compounds could be used for decreasing
degradation chemical markers. The compound that displayed an increased relative peak area
from un-aged to accelerated humidity aged chromatograms was succinonitrile (3), which
increased from 2.84% to 8.80%. Succinonitrile (3) displayed an increase in relative peak area
and could potentially be used as chemical markers for degradation. The compound

hexenedinitrile is responsible for two peaks (4) and (5), one of which decreases and one which
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increases. It is possible that the two hexenedinitrile peaks are stable and tend to fluctuate with
their given retention times and thus, would not be a good candidate for a chemical degradation

marker.

Wool

The most prominent effect that the humidified aging had on wool was the strong odour
that was released once the wool was taken out of the humidified sample chamber. Lisovac et al
found that a variety of volatile compounds, including sulphur-containing compounds, were
emitted with their concentration increasing with temperature and humidity in most cases®*.
Sulphur containing compounds like H,S have been known to give off a strong odour. Wool
displayed the most distinguishable color change of all the textiles used for aging by turning dark

brown and becoming brittle upon touch.
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Figure 48. Humidity accelerated aging of 100% wool (a) Un-aged wool (b) Humidity aged wool (62
days at 80°C)
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Figure 49. Accelerated humidity aged wool over a period of 62 days at 80°C, 80% relative humidity.
Wool had one compound that appeared in the accelerated humidity aged chromatogram

that did not appear in any other chromatogram that wool was used in. Toluene (T) appeared at

4.121 min with the largest relative peak area of the new compounds of 6.70%. Toluene has been

observed in other research as a pyrolysis product degrading from phenylalanine in wool*%.

The compound 2-nitrophenol (1) was the only compound that had displayed an increase
in relative peak is from 10.05% to 14.73% from un-aged to accelerated humidity aged.
Compounds 4-methyl-2-nitrophenol (2) and 3-nitro-benzoic acid (3) both decreased in relative
peak area from un-aged to accelerated humidity aging from 57.88% to 32.01% and 5.10% to
0.97% respectively. These two compounds shared the same decreasing relative peak area as the

heat accelerated aging which suggests they could be used as chemical degradation markers.

Cotton

Accelerated humidity ageing had mixed results for the compounds observed. Although

the counts for every compound increased, the relative peak area decreased for most.
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Figure 50. Humidity accelerated aging of 100%o cotton (a) Un-aged cotton (b) Humidity aged cotton
(62 days at 80°C)

The degradation compounds that have been previously discussed, acetic acid (1), furfural
(3), and 5-methyl-2-furfural(7) decreased from the un-aged to the accelerated humidity aged
chromatograms with relative peak areas of 6.11% to 2.83%, 9.45% to 5.71%, and 11.75% to
4.89% respectively. Acceleration of oxidation at humid conditions has been observed during
cellulose oxidation in the presence of water vapor'®. However, it was not observed for this
experiment for the known degradation compounds acetic acid and furfural to display increased
relative peak area. Lastly, the labelled compound that had also decreased in relative peak counts
from un-aged to accelerated humidity aged chromatogram was (2H) furan-3-one (2) (not
previously regarded as a degradation compound). The compounds that had increased in relative
peak area are 2-furanmethanol (4), 2(5H)-furanone (5), and 5-methyl-2(5H)-furanone (6) with

values of 2.54% to 8.01%, 8.27% to 13.33%, and 1.39% to 4.29% respectively.

OH ~
(@) (b) R

Figure 51. Derivatives of Furfural (a) Furanmethanol (b) 2(5h)-furanone (c) 5-methyl-2(5h)-furanone
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Although the expected degradation compounds did not show an increased relative peak
area from the un-aged to aged chromatograms, the derivatives of furfural did display increases in

relative peak area which could have been directly related to the accelerated aging of the cotton.

4.4 Ultra-Violet (UV) light Accelerated Aging of Textiles

Fibrous proteins are known to discolour from the UV portion of sunlight and this effect is
often enhanced by the addition of whitening agents that are applied to textiles®. Ultraviolet A
(UVA) accounts for roughly 95% (315nm-400nm) of the UV light and UVB is 5% (280 nm-
315nm). Textile fibres can absorb these UV rays, which (depending on the structure of the
textile fibre) can cause reactions to occur resulting in structure modification and possibly
chromophores. Wool and silk are classified as proteinaceous fibres and are expected to display
greater photoyellowing effects as they have been previously found to exhibit when exposed to
UV for a period of time®*® ®*. However, this does not discount the non proteinaceous fibres, as

they may degrade by UV light but not adequately display any photoyellowing effects.

Silk
The effects of UV accelerated aging (365 nm) were very similar to the accelerated

humidity aging in regards to the chromatographic component of the silk.
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Figure 52. Ultraviolet accelerated aging of 100%b silk (a) Un-aged silk (b) UV aged silk (96 hours)

Upon visual appearance, silk displayed minute photoyellowing within the UV accelerated
aged silk whereas the humidified sample had a bold yellowing appearance. Post pyrolysis of the
UV aged sample led to the following compounds increasing in relative peak area benzaldehyde
(2), cyanobenzene (3), and benzylnitrile (6). (+-)-Myrtine (9) was found to not be adequately

detectable by the chemstation software in the aged chromatogram.

Acrylic

Acrylic displayed similar attributes between the humidity accelerated aging and the UV
accelerated aging. Acetic acid (A) increased in relative peak area from 1.03% to 24.65% from
the un-aged to the UV accelerated aged chromatogram. This suggests that acetic acid may be a

suitable degradation chemical marker for acrylic.
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Figure 53. Ultraviolet accelerated aging of 100% acrylic (a) Un-aged acrylic (b) UV aged acrylic (96

hours)

The compounds that showed minimal change in relative peak area from un-aged to UV

accelerated aged chromatograms are: hexamethyl-cyclotrisiloxane (1) and succinonitrile (3).

Benzonitrile (2), aside from acetic acid was the only compound to display and increase in

relative peak area from un-aged to UV accelerated aged chromatograms from 2.88% to 5.20%.

Hexenedinitrile (4)(5) and 1,2-benzenedicarbonitrile (6) both displayed decreases in relative

peak area in the un-aged to UV accelerated aged chromatograms from 18.42% to 5.75%,

16.69% to 13.03% and 8.44% to 0.35% respectively. 5-methylisophthalonitrile (7) was found to

be undetectable using the in the UV accelerated aged chromatogram using the chemstation

software.

Wool

Wool keratin has a relatively high UV absorbance within the UV-B region. Compared to

other fibrous proteins such as silk fibroin and leather collagen, wool contains more photoactive

protein residues including cystine, tryptophan, tyrosine, and phenylalanine which absorb

UV/visible radiation and produce chromophores™.
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Figure 54. Ultraviolet accelerated aging of 100% wool (a) Un-aged wool (b) UV aged wool (96 hours)

Toluene (T) was a new compound that appeared with a relative peak area of 2.36% which
was not quite as high as it was in the humidified chromatogram. Two new compounds not
displayed in any of the other chromatograms but the UV aged ones were 1-isocyano-2-methyl-
benzene and 2-methyl-5-nitro-benzamine (relative peak areas of 8.30% and 3.15% respectively).
The compounds 4-methyl-2-nitro-phenol (2) and benzoic acid (3) both decreased in relative peak
counts slightly with 2-nitrophenol displaying relatively no change. Wool did not show the same
physical photoyellowing as was expected based on the other accelerated aging processes. A

slight yellowing was found on the wool sample after the 96 hour period of UV exposure.

Cotton

Cotton displayed no sign of photoyellowing after 96 hours of UV accelerated aging.
However, cotton did display the greatest change in the chromatograph among the textiles that

had been UV aged.
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Figure 55. Ultraviolet accelerated aging of 100% cotton (a) Un-aged cotton (b) UV aged cotton (96
hours)

The known cellulose degradation components furfural (3) and 5-methyl-2-furfural (7)
displayed a large increase in relative peak area from the un-aged to the UV accelerated aged
chromatogram from 9.45% to 30.49% and 11.75% to 28.41% respectively. Acetic acid was the
one known cellulose degradation compound that experienced a decrease when the un-aged and
UV accelerated aged were compared, with the relative peak area reducing from 6.11% to 1.22%.
Acetic acid is a volatile compound and it is possible that the heat produced from the UV lamp
caused it to volatilize. 2-furanmethanol (4) and 2(5H)-furanone displayed decreased relative
peak areas, while (2H)-furan-3-one displayed no relative change and 5-methyl-2(5H)-furanone

(6) was undetectable in the UV accelerated aged chromatogram.

4.4.1 Accelerated Aging Conclusions

The three accelerated aging techniques applied to the textiles, heat, humidity, and UV
each affected the textile samples chemically and physically in different ways. Physically,
humidity had the greatest effect on the textile samples by distinctively causing a yellowing of
each sample as well as a pungent odour from the wool sample. Heat also caused yellowing with
wool, cotton, and acrylic. However, it did not compare to the yellowing extent of the humidified

samples. UV had little to no effect on the photoyellowing of any of the textiles which could
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possibly be due to the lack of whitening agents used within the treatment process of textile

samples.

Olefin was the only textile sample that did not display drastic changes both physically or
chemically with the aging process. Due to the lack of effect the aging process had on the textile,

it this approach for identifying chemical age markers of olefin was considered inapplicable.

Polyester displayed large relative peak area decreases with phenol and benzoic acid and a
large increase in relative peak area of biphenyl. It is uncertain whether the combination of heat
and air causes the phenol and benzoic acid to form biphenyl creating the drastic change between
the three compounds. However, regardless of the formation, biphenyl can be used as a

degradation chemical marker as it consistently produced an increase with heat accelerated aging.

Wool produced new compounds throughout the three aging processes. Toluene was a
new compound discovered within the UV and humidity aged chromatograms and phenol was
found within the UV and heat aged chromatograms. Toluene has been found previously as a
degradation compound when using the alkali-catalyzed PyGC method*?. This could potentially
be used as an age degradation marker as well as 1-isocyano-2-methyl-benzene and 2-methyl-5-

nitro-benzamine which appeared exclusively in the UV aged chromatograms.

Silk also provided similar results between the humidity and UV aged chromatograms.
The common compounds that displayed relative peak area increases were benzaldehyde,
cyanobenzene, and benzylnitrile. Each of these compounds could be further investigated for

possible degradation chemical markers by determining the concentration of each.

The results for acrylic were successful, as was expected that the synthetic textiles would
display the least amount of change once they underwent the accelerated aging process. This was
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not the case with acrylic as the compound acetic acid displayed large increases within the
humidity and UV aged chromatograms. Benzonitrile also displayed slight increases within all
three aging chromatograms. Both acetic acid and benzonitrile are potential degradation chemical

markers.

Cotton shared the mixed results as is applied to each of the three accelerated aging
techniques. When exposed to heat accelerated aging, cotton did not display any increase for its
known degradation compounds. Only when UV accelerated aging was applied, furfural and 5-
methyl-2-furfural display large increases in relative peak counts. 2(5H)-furanone experienced
increases within the heat and humidity aged chromatograms and 2, 5-furandicarboxaldehyde

exclusively displayed a large increase in the heat aged chromatograms.

It appears that each accelerated aging method has different effects on the volatile
compounds produced. This could be directly related to the degradation pathway that each

affected compound undergoes (e.g. H,O evaporation, hydrolysis, and UV absorption).
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Conclusions

The objective of this work was to assess the application of HS-SPME GC-MS as an
analytical method for the analysis of textile objects. The research began by assessing the
experimental parameters in which the method would be performed. The effects of temperature
on the chromatographic patterns did not show any sign of volatile compounds competing for
adsorption sites on the SPME coating. It was found that at higher temperatures (>500°C), the
number of volatile compounds increased as well as the signal counts representing each one. It
was also determined when performing the temperature optimization that the SPME collection
time would need to be determined. The SPME optimal collection time using the PDMS fibre
was found to be 5 minutes. This parameter was also determined to be optimal when the S/N was
largest. A comparison between the mass of the textile and its effects on the compounds
produced was investigated. It was found that when less mass was used, the number of
compounds that evolved decreased. However, at a mass of 0.02 mg there were compounds that

could be identified and potentially used for identification of the given textile.

When determining the feasibility for identifying chemical markers, a comparison
between multiple sources of the same textile was investigated to determine consistency within
the chromatograms. By comparing 5 sources of cotton, it was found that the compounds found
within the chromatograms are identical. However, it was found that the peak counts for each
compound had varied for each source of textile. In order to establish designated compound
markers for each textile, a full pyrolysis SPME trial was performed in triplicate for each textile
fibre and a minimum of 7 reproducible compounds were chosen for each.
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It was found that when combining textiles, the chemical markers could still be identified
within the chromatogram. Due to the large number of compounds evolving, it was more difficult
to assess textiles blended with olefin. This made it challenging to identify other chemical
markers from other textile fibres within the blended mixture. In the case of olefin, a statistical
approach is recommended for data analysis (e.g. principle component analysis). In a study
previously reported on polymer resins, it was found that the simple compounds gave very busy
mass spectra®. This was the case with olefin and it is possible that the simplicity of the structure
can contribute to noise levels of the chromatogram. Peak overlap can possibly be an issue with
an abundant mixture of textiles with varying compositions in the chromatographic pattern. In
order to process these compounds for identification, chemometric techniques can be applied to
spectroscopic data. Principle component analysis (PCA) is one example of a statistical
application that is used for large data matrices such as chromatographic spectra. Cleve et al.
applied the chemometric PLS2 method to blended textiles for identification with near infrared
(NIR) spectrophotometry®. It can be used for identifying patterns calculated from variances
within large data sets that may be hard to identify using other techniques. Principal components
have been calculated for determining the identification of counterfeit and non-counterfeit drugs
in combination with HS-SPME GC-MS®. The food industry has also taken advantage of
statistical analysis with HS-SPME GC-MS by determining the state of seafood freshness using
PCA on the volatile compound profiles®. Further research with PCA and larger mixtures of

textiles may lead to the identification of multiple textiles in an unknown sample.

Heat, humidity, and UV were the techniques used for accelerated aging. Olefin was
found to have no affect from accelerated aging. Wool had the most unique find with the

appearance of toluene, which was found exclusively when wool was aged using UV. Cotton,
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acrylic, silk and polyester each were found to have increasing relative peak areas with increased
accelerated aging for certain compounds. This varied with each accelerated aging method used.
For example, silk provided consistent data between the humidity and UV aged chromatograms
while cotton was found to only produce noticeable differences in its known degradation
compounds using UV accelerated aging. The data comparison between accelerated aging
techniques was different for each textile. Noticeable differences could be found exclusively in

one technique or among multiple techniques; however, it depended on the textile.

Furthermore, the use of catalysts could be useful for aiding in the pyrolyzation process of
textiles. As previously mentioned, catalysts have been used with py-GC-MS*". In the case with
olefin, this may be a solution for removing unnecessary compounds and peaks from the
chromatogram. It may be useful for textile blends containing a large number of individual
textiles. The opposite effect may occur as well. Sodium hydroxide, Na,COj3, and NaHCO3 have
been found to improve the detection of multiple compounds when it has been applied to wool
prior to pyrolyzation®>. However, difficulty may arise as catalysts have been added within an
enclosed compartment for py-GC-MS. With the current HS-SPME GC-MS method,
modification of the sample chamber may be needed to accommodate the curing process the

textiles would have to initially perform prior to pyrolization.

The SPME apparatus provides multiple options for coatings of the graphite sampling
syringe as listed in Table 1. It may be beneficial to study the feasibility of other coatings and/or
columns for textiles. Polydimethylsiloxane (PDMS) was chosen for this experiment as it is the
most commonly used coating for volatile compounds. However, it was unknown what types of
volatile compounds would evolve. A polydimethylsiloxane/divinylbenzene (PDMS/DVB) or

polydimethylsiloxane/carboxen (PDMS/Carboxen) coating could be evaluated for this method as
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both of these are optimal for extracting polar compounds (especially phenols and carboxylic

acids)® which were found within wool, silk, polyester and cotton chromatograms.
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Appendix

The following mass spectra are associated with the compounds found in Table 4 which were
used to identify the textile fibres in this research. A confirmation of the compounds identified by
the NIST 2008 9™ edition (Wiley Registry®) database is presented.
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1,1, 4, 4-tetramethyl-cyclohexane

[rmundancy &1

15000
10000
530 70 LLig]
o 1 20 {7t gL i LA 2 02
A i i ||;b| dj'.' = 931| Ilgnm&‘a."L [Latyy ) el tae 1430 1521 1951 ;
1 1

Iniz=s & = = & " MEEEE HRa I EIRRET T TR ST "R SR MY SRR T ST "M ST T T

(C4Ho") m/z =57 g/mol
(CsHg") m/z =69 g/mol
(CeH11") m/z = 83 g/mol

(C9H17+) m/z =125 g/mol (-CHg)

Nitroethane (75 g/mol)

{abundance]

22000

20000 /\

16000

16000 N 02
14000

12000

10000
8000 el
6000

4000

Gy S0 820 gy EE‘D cio
I

1 | =g
R R R o R o A A o N A A A i R N ™ S R R N R i SR

(CH,NO,") m/z = 60 g/mol

(C,Hs5NO,") m/z = 75 g/mol

126



1, 2, 3, 5-tetramethyl-cyclohexane
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1-indanone (132 g/mol)
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2 (3H) — benzofuranone (134 g/mol)
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2.4-Dimethylheptane (128 g/mol)
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2-methyl-5-methylthiophene (112 g/mol)

[ndancy

LU

g

&1

(CsHg™) m/z = 68 g/mol

(C¢H7S™) m/z = 111 g/mol

2-methyl-phenol (108 g/mol)

OH

i

Jl !

L1

)
[ 3 )

k30
L., ° ..‘..,-i‘l.il..é}....l JJn &lfb B . = . : 2 o S

B oo

ey =

(CeHs") m/z =77 g/mol
(C7H6") m/z =90 g/mol

(C7HgO") m/z = 108 g/mol

131



2-nitro-phenol (139 g/mol)
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3-methyliden-2,3.4 5-tetrahydro-1-benzoxazepin-one (175 g/mol)
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4-isopropyl-1,3-cyclo-hexanedione (154 g/mol)
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4-nitro-benzoic acid (167 g/mol)
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5-methyl isophthalonitrile (142 g/mol)
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Benzene (78 g/mol)
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Benzylnitrile (117 g/mol)
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Cyanobenzene (103 g/mol)

13
¢
i

CN

.

E BB EgEEEEE

a1
200
i = J |

T .
(C4H3") m/z =51 g/mol

(CeH4") m/z =76 g/mol

(C7HsN") m/z = 103 g/mol

Dibenzofuran (168 g/mol)

T — [T

000 0,

55000

50000,

5000

40000

00

000

200 120

200

15000

10000

00 " B

now o e [0 mo s "ilﬁ 2 |, s ! iz 20,

b & & £ © £ o 1 4 1 [t t 0 7 o L th £ 2] b Z o n -

(C4H3") m/z =51 g/mol
(C11H7+) m/z = 139 g/mol (-COH)

(C12HgO") m/z = 168 g/mol

139



Ethylbenzene (106 g/mol)
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Hexamethyl-cyclotrisiloxane (222 g/mol)
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Hydrocinnamonitrile (131 g/mol)
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N, N-Dimethyl-4-nitroaniline (166 g/mol)
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Pentylcyclohexane (154 g/mol)
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Propanoic acid (74 g/mol)
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