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ABSTRACT 
 

Fibers are a common form of forensic evidence, however, they cannot be attributed to a 

single source because of the prevalence of fibers with common attributes. Accordingly, fibers are 

assigned to a class based on their observed characteristics. To strengthen the evidential value of 

fibers, new fiber characteristics are considered to reduce the size of fiber classes.  

Fluorinated oil-and-water-repellent fabric coatings, popular for imparting stain resistance 

in fabrics, have interested the forensic community to improve fiber classification. These coatings 

are visually undetectable and are designed to be durable, which is ideal for fiber comparisons. 

However, due to the thin nature of the coatings and small sample size of a single fiber, detecting 

the coatings and distinguishing between various coating types have posed significant analytical 

challenges, hindering the forensic applications of fiber oil-and-water-repellent treatments. To 

address this shortcoming, we develop a new analytical approach to detect and characterize the 

fluorinated oil-and-water-repellent coatings at a single fiber level. The technique is then applied 

to evaluate the diversity of the coatings and their detectability upon aging.   

 Our studies show that pyrolysis gas chromatography plasma assisted reaction chemical 

ionization mass spectrometry (py-GC-PARCI-MS) enables facile detection of fluorinated 

pyrolysates from fibers. We demonstrate detection of fluorinated coatings from 10 mm single 

fibers, a necessary achievement for implementation in forensic casework. Importantly, py-GC-
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PARCI-MS also enables discrimination between different fluoropolymer coatings based on 

pyrogram patterns. To gain insights into the prevalence and diversity of the coatings, py-GC-

PARCI-MS is applied to screening nine oil-and-water-repellent garments marketed as stain 

repellent. Fluorinated pyrolysates are detected on all nine clothing items, demonstrating the 

prevalence of these coatings. Further, multiple coating types are identified based on pyrogram 

patterns, enhancing the forensic value of fluoropolymer detection by py-GC-PARCI-MS.  

Finally, we show that fiber sampling with adhesives, often used for fiber collection in crime 

scenes, as well as outdoor aging and laundering of fabrics do not interfere with detection and 

classification of the fluorinated coatings on single fibers using py-GC-PARCI-MS. These results 

establish fluoropolymer fabric coatings as robust fiber identifiers for enhanced fiber comparisons 

and highlight the strengths of elemental detection in forensic analyses. 
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Chapter I 

Introduction 

 This dissertation introduces fluoropolymer fabric coatings as a new fiber classification 

basis to enhance forensic fiber evidence. A new analytical technology is developed to enable 

detecting thin fluoropolymer coatings at the single fiber level. Subsequently, the forensic merits 

of the fluoropolymer coatings are evaluated via examining the chemical diversity of the coatings 

and their durability upon exposure to common aging factors. The sections below provide the 

background for the topic of the dissertation by reviewing the significance of fibers in forensic 

analysis, common fiber properties currently in use, and available technologies for characterizing 

fiber properties.  

 

1.1. Fibers as Forensic Evidence  

 Fibers constitute an important type of trace evidence in forensic investigations. Trace 

evidence is often left behind by a perpetrator without their knowledge, thereby increasing the 

likelihood of the evidence remaining intact for discovery by investigators. Figure 1.1 shows a 

single fiber, along with its source thread and fabric swatch, indicating the small size of fiber 

evidence.  

 The means by which a fiber is left behind is referred to as transfer. An important contributor 

to the extent of fiber transfer is the pressure of the contact between the textile and another surface. 

Higher pressure results in a greater likelihood for the transfer of fibers [1]; thus, fibers are 

commonly transferred at the scenes of violent crimes. Moreover, the transfer of fibers is bi-

directional; i.e. fibers from the perpetrator’s clothing can be transferred to the victim and fibers 

from the victim’s clothing can be transferred to the perpetrator. Further, bi-directional transfer also   



  2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Image of fabric swatch, thread, and single fiber from top to bottom. Ruler with 1-

mm gradations is included on left to provide a scale. 
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occurs between the victim and their surroundings, as well as the perpetrator and their surroundings. 

Therefore, two types of fiber comparisons are often considered: 1) a fiber left at a crime scene may 

be compared to a suspected source (clothing, carpet, etc.), or 2) a fiber from one crime scene may 

be compared to a fiber from a second crime scene to examine a potential link between the two 

crimes. For example, fiber comparisons have helped link multiple murders by connecting fibers 

found on disposed victims to fibrous handcuffs used by the perpetrator [2].  

 While fibers can provide significant leads in forensic investigations, one drawback for this 

common evidence is that fibers cannot be attributed to a unique source (e.g. one person’s shirt). 

This is because clothing items are typically mass produced and a number of items share the same 

characteristics. Accordingly, fibers are considered to be class evidence and are attributed to a 

particular class, defined as “a group of items that share properties or characteristics” [3]. These 

class characteristics can be inherent to the fiber, such as fiber core material (e.g. cotton), but can 

also include fiber additives, such as dyes. The strength of class evidence is dependent on the 

number of items within the class, which in turn, is dependent on the number of class characteristics 

defining the class as well as the rarity of the considered fiber characteristics. 

 To investigate the strength of the fiber evidence, numerous studies have examined the rarity 

of fiber core materials, fiber colors, and core material-color combinations by determining their 

proportion within a given population [4–10]. For example, one fiber population study that surveyed  

domestic washing machines found that the most common fiber was black cotton (26.9% of fibers 

found), while wool of any color comprised less than 2% of the fibers, indicating that a wool fiber 

is a stronger piece of evidence than a black cotton fiber [9]. For commonly found evidence such 

as a black cotton fiber, it is critical to explore ways to strengthen their evidential value. One way 
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to improve the strength of fiber evidence is to expand the number of its descriptive characteristics. 

Fiber additives are particularly attractive in this regard as discussed below. 

 

1.2. Fiber Additives  

 The number of fiber additives has increased over time due to an increasing demand for 

functional textiles such as insect-repellent, flame-retardant, and oil-and-water-repellent fabrics 

[11]. This development expands the list of fiber class characteristics and enhances the specificity 

of fiber comparisons. Furthermore, changes in additives over time can shed light on the age of the 

treated textiles, which can be informative for cases involving forgeries of historic textiles [12].  

While additives potentially improve the value of fiber evidence, the durability of the 

additives should also be considered from the forensic perspective. Additives that degrade readily 

or are easily detached from the fiber are more likely to lead to false exclusions, where the analyst 

decides that the fiber did not originate from its true source. However, additives that degrade slowly 

and in a predictable manner can provide information on the time since the fiber was shed [13]. 

Therefore, the ideal additives are diverse, to enable greater discriminatory power, and are durable, 

to allow long term detection. In the following, examples of the textile additives considered for 

forensic analyses are discussed. 

 Dyes have been investigated as a fiber class characteristic due to their diversity and 

widespread use. Their evolution over time can also help date and confirm historical textiles. For 

example, researchers were able to determine that a silk carpet fraudulently claimed to be from the 

15
th

 century was actually produced no earlier than the late 1800’s due to the presence of synthetic 

dyes [12]. While the first natural dyes were used as early as 10,000 BC [14], the first synthetic 

dyes were not introduced until the mid 1800’s [15]. Similarly, the large variety of currently utilized 
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synthetic dyes and processing methods enhances fiber evidential value [16]. Additional 

discriminating power is obtained by considering that a single dye is not typically used, rather a 

three-color dye system is more commonly employed [17]. Notably, since many modern textiles 

are used for more than a few weeks, it can be expected that the dyes are at least moderately durable, 

making them attractive for forensic comparisons.  

With the availability of sensitive analytical techniques, other trace fiber additives have also 

been considered to increase the number of fiber class characteristics. In particular, insecticides 

and insect repellents in textiles have recently been investigated for their forensic value [18]. These 

additives are chemically diverse and have evolved over the years due to environmental and health 

concerns. For example, in the mid 1900’s fabric additives included chromium fluoride, antimony 

tungstic acid, flucofuron, sulcofuron, Mitin FF, Eulan CN, and Dichlorodiphenyltrichloroethane 

(DDT) [19–21]. DDT is the most infamous of these chemicals and its use as a pesticide was banned 

in the US in 1972 [22]; the others are also no longer registered for use in clothing [23]. However, 

as recently as the 1990’s, the military still wore old wool uniforms treated with DDT [24], 

indicating potential for detection in forensic cases involving older clothing. As of 2020, the only 

insect repellents registered with the EPA for use on clothing include permethrin, Diethyltoluamide 

(DEET), and picaridin [23]. Additionally, dichlorobenzene is typically used in mothballs and may 

be absorbed by nearby clothing [25].  

As mentioned previously, durability is an important consideration for textile additives in 

forensic analysis. Since many of the currently approved insect repellents are applied as sprays 

subject to removal by laundering, the durability of these coatings and applicability for forensic 

examination requires further investigations. The primary exception is permethrin, which can be 

applied with an acrylate binding agent, resulting in durability up to 100 launderings [26, 27].  
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 Additives that impart flame retardance offer another means by which fiber evidence may 

be enhanced for forensic applications [28]. While some fibers, like wool, are naturally flame 

retardant, other fibers, like cotton, are flammable and require an additive to be made flame 

retardant. As early as 1735, the addition of salts, such as ferrous sulphate and borax, to cellulosic 

materials was being considered for improving flame retardancy [29]. A major drawback to salt 

additives is the poor durability upon laundering, which would also make them poor candidates for 

forensic applicability. This drawback led to the Proban process in the late 1900’s, which crosslinks 

tetrakis(hydroxymethyl) phosphonium salt-urea precondensates, by treatment with ammonia, 

forming a polymer physically trapped within the cotton textile with improved durability [30]. 

Alternatively, Pyrovatex
®

 implements chemical bonding of an organophosphate to cellulose 

through the use of trimethylol melamine [30]. Other additives for synthetic fibers include inorganic 

compounds, such as antimony trioxide [31]. Importantly, new developments in flame retardant 

additives are being pursued, e.g. biomolecule additives [32] and thin poly-brominated acrylate 

polymers [33], further broadening the diversity of flame retardants and subsequently increasing 

their value for forensic fiber comparisons.  

 In summary, the additives include a wide variety of chemicals to improve the functionality 

of textiles, offering a potential for enhanced fiber evidential value. While some of the properties 

imparted by these additives such as color can be readily determined, others such as specific dye 

chemistry and trace additives such as insecticides require advanced analytical techniques for 

characterization. In the following, the current techniques commonly used for fiber additive 

analysis are reviewed.  
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1.3. Current Methods in Fiber Additive Analysis 

 Fiber additives are composed of a diverse set of chemicals, from inorganic compounds to 

small organic molecules and polymers. Therefore, a wide range of analytical methods are needed 

for their effective characterization. Moreover, preservation of the evidence is also considered in 

selecting analytical methods for forensic fiber analysis. Analytical methods are categorized into 

two major groups based on evidence preservation: 1) non-destructive techniques, allowing 

reanalysis of the intact sample, and 2) destructive techniques in which the evidence is partially or 

completely destroyed and reanalysis is limited or impossible. A combination of methods is 

typically used to maximize the characterized fiber properties, therefore, a workflow is established 

in which non-destructive techniques are prioritized. However, if these methods fail to distinguish 

between the fibers, destructive techniques may be considered for further analysis.  

 

 1.3.1. Non-Destructive Methods 

  1.3.1.1. Microscopy 

 Optical microscopy is one of the most commonly used techniques in forensic fiber analyses 

because of its availability. This technique is further enhanced by incorporating two polarizer filters, 

one between the light source and the fiber, and the other between the fiber and the eyepiece. 

Polarized light microscopy (PLM) helps determine the fiber’s core structure (e.g. polyester) via 

measuring birefringence [34, 35]. PLM is also used to analyze the fiber diameter, cross-sectional 

shape, and sign of elongation [36]. With regard to fiber additives, microscopy can be utilized to 

identify the presence of delustrants and pigments, as well as dye penetration depth [3]. However, 

despite the clear strengths of microscopy, detection of many chemical additives cannot be 

achieved. 
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  1.3.1.2. Ultraviolet-Visible (UV-VIS) Microspectrophotometry 

 UV-VIS spectroscopy has been utilized for analyzing dyes and pigments due to their strong 

absorption in this range. In order to obtain a spectrum of a single fiber, the fiber is mounted on a 

microscope that has an incorporated spectrometer, often attached to the trinocular of the 

microscope [37]. This instrumental set-up is referred to as microspectrophotometry and early 

implementations were utilized to assign chromaticity values for fiber color comparisons [37]. The 

inclusion of absorption spectra in the UV region has been demonstrated to provide enhanced 

discrimination of dyed fibers [38, 39].  

 

  1.3.1.3. Fourier Transform Infrared (FTIR) Spectroscopy 

 FTIR spectroscopy, often in combination with attenuated total reflectance (ATR), has been 

commonly used in fiber analysis for both fiber core [40–44] and additive characterization. For 

example, FTIR has been applied to analysis of dyes in swatches [45], and FTIR microspectrometry 

has been applied to analyze single dyed fibers [46]. Flame retardant additives such as halogen-

containing copolymers in modacrylic fibers, antimony trioxide, and alumina trihydrate have also 

been detected with this method [36]. Other additives detected by FTIR include dimethylformamide 

(DMF), a common solvent in fiber production, and sulfonates used for uptake of basic dyes [36, 

44].  

 A difficulty for forensic analysis of fibers with FTIR is that fibers are typically mounted 

on glass slides for PLM analysis and must be unmounted for FTIR spectroscopy because the slides 

are highly IR active. This step increases analysis time and may result in sample loss. Notably, the 

unmounting can be avoided by using a complimentary technique, Raman spectroscopy [47]. 
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  1.3.1.4. Raman Microspectroscopy 

 Raman spectroscopy has gained popularity in fiber additives analysis because it offers 

minimal sample preparation. Drugs of abuse from particles trapped within fibers have been 

detected with this technique [48]. Improvement of dye detection in cotton fabrics has also been 

explored using surface enhanced Raman spectroscopy (SERS) [49]. Furthermore, Raman 

spectroscopy has been combined with UV-VIS, resulting in improved discriminating power over 

UV-VIS alone [50]. Identification of flame retardants has also been demonstrated using this 

technique, but so far analyzed materials have been limited to foams and plastics [51].  

 

  1.3.1.5. Fluorescence Microspectrophotometry 

 Recently, fluorescence spectroscopy was employed for the identification of detergent in 

washed fibers [52]. For example, Tide
®

 (powdered) could be distinguished from 6 other detergents 

on acrylic fibers, but not on nylon fibers. Interestingly, discrimination of detergents was improved 

on dyed nylon over undyed nylon fibers. Fluorescence microspectrophotometry has also been 

implemented in dye analysis on its own [53] and in combination with UV-VIS 

microspectrophotometry [54]. However, applications of fluorescence spectroscopy outside of dye 

and detergent analysis have been very limited. 

 

  1.3.1.6. X-ray Fluorescence Spectroscopy  

 Elemental techniques offer improved selectivity in detection of trace additives containing 

elements not commonly found in fibers and dyes. The potential of X-ray fluorescence spectroscopy 

for fiber analysis has been demonstrated using a combination of elements as a “fingerprint-type” 

pattern, enabling unambiguous assignment of fibers to a specific source for 23 of 35 samples [55].  
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 Despite the wealth of information offered by the non-destructive techniques, these methods 

cannot always provide the needed discriminatory capabilities [56]. Further, all labs may not have 

access to all of the instrumentation needed for the above analyses. Once the available non-

destructive methods are exhausted, the analyst will progress to more destructive methods for fiber 

analysis. Consequently, the next section details the destructive methods that have been developed 

for fiber analysis. 

 

1.3.2. Destructive Methods 

  1.3.2.1. Liquid Extractions 

 Liquid extractions remove fiber additives for analysis by various techniques and can 

provide the identification of fiber additives. Detection of insect repellents [18, 57], dyes [58–61], 

brominated flame retardants [62], and very small particles absorbed onto fibers from the 

environment have been examined using extractions [63]. Detection techniques for the extracts 

include HPLC-UV-VIS (insect repellents [57]), GC-MS (flame retardants [62] and insect 

repellents [18]), LC-MS (dyes [59]), HPLC-MS/MS (dyes [60]), HPLC-UV-VIS-MS (dyes [58]), 

Q-TOF-MS (dyes [61]), and SEM-EDS (very small particles [63]). Many extraction methods have 

been performed on swatches of cloth rather than single fibers, but a few methods have been 

reported for single fiber extractions of dyes using microfluidics or low volume extractions [58, 60, 

61]. Extractions, however, face difficulties for the analysis of polymer additives.  

 

  1.3.2.2. Pyrolysis Gas Chromatography Mass Spectrometry (py-GC-MS) 

 Polymer analysis may be conducted using pyrolysis where high temperatures (300 - 1000 

°
C) in the absence of oxygen create volatile fragments for detection by gas chromatography-mass 
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spectrometry. Because fibers are also polymers and subject to degradation by pyrolysis, the sample 

cannot be reanalyzed, making pyrolysis the last step in fiber analysis. However, this is partially 

offset by the wealth of additives that can be analyzed including pesticides [64], flame retardants 

[65, 66], and dyes [64]. Notably, fiber core can also be identified using this technique [67–69].  

 

1.4. Durability of Fiber Characteristics 

 Detection of chemical additives in fibers is only beneficial to forensic fiber comparisons if 

the additives are resistant to change or detachment from the fiber over various time scales between 

the act of the crime and the analysis of the fiber. Moreover, in fiber comparisons, the shed fiber 

considered as evidence and the source fibers may be exposed to different conditions (e.g. rain, 

heat, sunlight, and laundering), potentially leading to false conclusions. Therefore, research into 

the degradation of fiber properties and additives is necessary to determine their viability for reliable 

fiber comparisons. 

 Several studies have investigated the extent of degradation in fiber core and dyes after 

simulated or natural exposure to sunlight, heat, humidity, and laundering. These studies have 

shown that most fiber cores can remain identifiable after long periods of exposure to sunlight [70, 

71], but the same is not true of fiber dyes [72–74]. Moreover, a combination of humidity with 

sunlight has been shown to increase the photodegradation of dyes [74]. Due to this interaction, 

some studies examine the combined effect of temperature, humidity, and sunlight by natural 

exposure to outdoor conditions [71, 73], rather than isolating the conditions through simulation. 

Additionally, fiber core chemistry has also been shown to impact the photodegradation of dyes 

[74] and loss of dyes by laundering [75], indicating the importance of including multiple core types 

in research design. While these studies have provided valuable information, they have been limited 
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to the investigation of fiber core and dyes. Therefore, conducting similar studies is essential for 

other additives considered in forensic fiber comparisons. 

 

1.5. Fluorinated Oil-and-Water-Repellent Coatings as a New Fiber Class Characteristic 

Fluoropolymer textile coatings are commonly added to impart oil-and-water repellence and 

stain resistance to fabrics and carpets by reducing the fiber surface energy [76]. These polymers 

are typically durable, an ideal trait for a new class characteristic for forensic fiber examinations. 

Moreover, they are potentially chemically diverse as several surface treatment technologies have 

been developed by commercial entities including 3M, DuPont (Chemours), Archroma, P2i, and 

Eastern Color & Chemical Company. It is of note that the exact polymer structures are typically 

not disclosed, making determination of diversity challenging. However, several classes of 

fluoropolymers are found in the literature including fluorourethane polymers, fluorinated acrylate 

polymers, and fluorosilicone acrylates [76, 77]. Importantly, the coatings also have evolved over 

time, further enhancing the diversity. After discovering the environmental hazard of perfluorinated 

octanoic acid (PFOA), used in the production of fluoropolymers, the EPA invited 8 of the major 

companies producing fluropolymers to reduce the amount of PFOA and its possible precursors by 

95% by 2010 [78]. In response manufacturers switched to short chain fluoropolymers, increasing 

the variation in existing fluoropolymer coatings [79].  

In sumamry, the fluoropolymer coatings present ideal properties to be considered as new 

fiber class characteristic because of their persistence and diversity. However, their use in forensic 

fiber analysis has been exteremely limited. A major impediment in this area is the analytical 

challenge for characterizing fiber surface treatments. The fluoropolymer layer at the fiber surface 

is typically thin, limiting the amount of sample. Therefore, high-sensitivity and high-selectivity 
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techniques are generally required for characterization of these coatings. In the following, efforts 

to characterize fluorinated oil-and-water-repellent fiber fabric coatings are discussed, highlighting 

this analytical challenge. 

 

1.5.1. Analytical Techniques for Detecting Fluorinated Oil-and-Water-Repellent 

Coatings  

Given the accessibility and high chemical specificity of ATR-FTIR spectroscopy, this 

technique has been considered  for characterization of fluoropolymer fiber coatings [56, 80]. In 

both studies, a germanium crystal was implemented, providing a shallower penetration depth of 

the IR beam into the fiber to enhance preferential surface characterization. In one study, 

researchers were able to detect characteristic C-F bond stretches on a Scotchgard
®

 coated fiber 

after spectral subtraction of an uncoated fiber [80]. However, differentiation between multiple 

coatings was not explored. In the more recent study, however, the FTIR spectra were attributed to 

the fiber core, on both swatches and single fibers, indicating that the coating was too thin to be 

detected using FTIR [56].  

 Considering that fiber core is not typically fluorinated, an elemental spectroscopic method 

could discriminate between uncoated and coated fibers. Accordingly, scanning electron 

microscopy energy dispersive spectroscopy (SEM-EDS) has been explored for the analysis of 

fluorinated oil- and water-repellent coatings [18]. While the presence of a fluorinated coating on a 

fiber was detected using this method, distinguishing between different fluorinated coatings using 

fluorine-to-carbon ratios was unsuccessful. This shortcoming stems from significant contributions 

of the fiber core to the carbon peak and severely limits forensic applications of this elemental 

technique. A potential, yet unexplored, solution may be found in total reflection X-ray 
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fluorescence spectroscopy (TXRF) in which the X-ray source is angled to reduce the penetration 

depth of incident X-rays to a few nanometers into the sample, reducing the contributions to the 

signal from the fiber core [81].  

 Alternatively, X-ray photoelectron spectroscopy (XPS) offers an elemental method with 

enhanced surface selectivity by irradiating the sample with X-rays and measuring the energy of 

ejected photoelectrons, which have a shorter escape depth than X-ray photons measured in XRF. 

Notably, the measurement itself is not destructive, but is often used with sputtering to obtain a 

depth profile, destroying the outer layers as it progresses, making its use partially destructive. Due 

to the improved surface selectivity, XPS can mitigate the large carbon interference from the fiber 

core encountered in XRF analysis of fluorinated oil-and-water-repellent coatings [82–85]. Further, 

the forensic potential for discriminating between two different types of fluorinated coatings has 

been demonstrated [86]. However, the complexity and expense of the technique make it generally 

inaccessible to most forensic laboratories. This aspect is critical for a forensic analytical method 

to be successfully implemented in real casework. Accordingly, no further studies analyzing its 

forensic potential have been conducted, indicating the need for a different approach. 

Given the unsuccessful attempts with non-destructive methods, more destructive 

techniques have also been considered to detect the fluoropolymer coatings. The polymeric nature 

of these coatings suggests that py-GC-MS may provide a solution. There are two main methods 

for using pyrolysis. 1) Complete pyrolysis: the sample is heated at a high temperature until the 

entire sample is degraded. 2) Flash pyrolysis [18]: the fiber is exposed briefly to a very high 

temperature to preferentially sample the surface of the fiber and to minimize the contributions from 

fiber core. Flash pyrolysis has been examined for detection and differentiation of fluorinated oil-

and-water-repellent coatings [18]. Two samples differing only in the brand of oil-and-water 
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repellent surface treatment were analyzed. A fluorinated pyrolysis product was only identified for 

one of the two coatings, indicating that even flash pyrolysis is not selective enough for detection 

of the fluorinated coatings.  

 

1.5.2. py-GC Elemental Detection: A New Approach for Characterization of 

Fluorinated Oil-and-Water-Repellent Coatings  

 The approach considered in this thesis for improving selectivity of py-GC-MS is to use an 

elemental detector that responds only to the fluorinated pyrolysis products. Since the fiber core is 

unlikely to be fluorinated, these pyrolysis products would be selective for the fluorinated coating. 

A similar approach has been demonstrated in detection of brominated flame retardants in 

thermoplastics using py-GC with an atomic emission detector (AED) [66]. By using the pattern of 

brominated pyrolysates, the flame retardant could be identified. However, the brominated polymer 

in these investigations constituted 5-15% (W/W) of the fiber. In contrast,  only  0.1 - 0.15% (W/W) 

of the fiber is expected to be contributed by the fluorinated oil-and-water-repellent coatings [76], 

highlighting the need for high-sensitivity F detectors as discussed below.  

 The required sensitivity for a successful F elemental detection from a single fiber may be 

calculated by considering a typical fiber of one Denier density. The Denier unit is defined as 1g 

per 9000 m or approximately 110 ng/mm [87]. Typical cotton fibers have densities of 1-2 Deniers 

(118-256 ng/mm) [88]. Considering a 0.1% (W/W) fluorine concentration in a one Denier fiber, 

only 100 pg of F would be present per mm of the fiber. Importantly, fibers found at crime scene 

are typically only a few mm in length with majority of them shorter than 3 mm long [7, 9, 89]. 

Furthermore, pyrolysis of the coating is likely to result in multiple products, distributing the F 

content among several peaks and reducing the detectability of F in pyrolysates. The AED offers 
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an LOD of 60-80 pg/s for F [90], indicating that it is unlikely to provide the required sensitivity. 

In contrast, a novel ionization source, plasma assisted reaction chemical ionization (PARCI), 

developed in our laboratory has been demonstrated to have fluorine detection limits of less than 1 

pg on column [91], indicating potential for forensic analysis of fluoropolymer fiber coatings. 

Accordingly, this dissertation examines py-GC-PARCI-MS for detection and discrimination of 

fluorinated oil-and-water-repellent textile coatings on single fibers, enabling use of these coatings 

in forensic investigations. 

 

1.6. Dissertation Outline 

 In Chapter II, detection of fluoropolymer coatings on single 10 mm fibers with py-GC-

PARCI-MS is examined. Notably, a split ratio of 10 (
!
!! of sample is transferred to the column) 

was used resulting in an on column fiber sample size of ~1 mm of fiber, consistent with the size 

of fibers commonly found at a crime scene. As the first step in this area, controlled samples 

acquired from fluoropolymer textile coating manufacturers are employed to test the detection 

capabilities of the new method for single fiber analysis. Moreover, discrimination between 

different coating chemistries based on fluorine pyrogram patterns is explored using hierarchical 

clustering, to examine forensic potential beyond detection via enabling coating type classification. 

Material from this chapter was reprinted/adapted with permission (see Appendix A) by Springer: 

Springer Analytical and Bioanalytical Chemistry, Dolan, M.J., Blackledge, R.D. & Jorabchi, K. 

Classifying single fibers based on fluorinated surface treatments. Anal Bioanal Chem 411, 4775–

4784 (2019). Copyright (2021)  

 Chapter III builds upon the developments in Chapter II by applying the newly developed 

fluoropolymer analysis technology to investigation of fluorinated coating diversity in commercial 
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clothing items marketed as stain resistant. Various classes are identified and the potential for a 

simplified coating database is demonstrated by examining the impact of fiber core and color on 

pyrolysis patterns. Finally, the impact of fiber lifting with adhesives, a common fiber collection 

method, on classification of coatings is examined. These studies offer the first glimpse into 

forensic utility of fluoropolymers, enabled by a new and readily adoptable technology. Chapter III 

is the submitted version of the article Dolan, M.J., Jr., Li, W. and Jorabchi, K. (2021), Detection 

and diversity of fluorinated oil‐ and water‐repellent coatings on apparel fibers. J Forensic Sci. 

https://doi.org/10.1111/1556-4029.14711. See Appendix A for copyright transfer agreement and 

permission documentation. 

 Chapter IV further extends the forensic utility of the coatings by investigating the durability 

of these fabric treatments. The methodologies developed in Chapter II and III are applied to 

determine whether the coatings may still be detectable and classifiable after twelve weeks of 

outdoor exposure and ten laundering cycles. Such durability significantly enhances the forensic 

value of the coatings. Chapter IV is the submitted version of the article Dolan, M.J., Jr., Jorabchi, 

K. (2021), Effects of outdoor weathering and laundering on the detection and classification of 

fluorinated oil-and-water-repellent fabric coatings. J Forensic Sci. https://doi.org/10.1111/1556-

4029.14744. See Appendix A for copyright transfer agreement and permission documentation. 

 Chapter V summarizes the previous chapters and discusses future directions for the 

analysis of fiber additives by py-GC-PARCI-MS in forensic analysis. In particular, multi-

elemental detections and combined elemental-molecular analyses are discussed in light of the 

findings of previous chapters.  
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Chapter II 

Classifying Single Fibers Based on Fluorinated Surface Treatments* 

2.1. Introduction 

Fibers are important sources of evidence in forensic investigations, but unlike DNA, fibers 

cannot be used to identify a unique source. Instead they are identified as belonging to a class (e.g. 

cotton), or a subclass (e.g. blue cotton). Therefore, the strength of the evidence is related to the 

size of the class/subclass to which the fiber belongs. For example, a considerable portion of the 

population owns jeans made from blue cotton fabric, rendering blue cotton fiber a very large class. 

Therefore, finding blue cotton at a crime scene will not significantly decrease the suspect pool. 

However, fibers belonging to these large classes may have distinguishing features based on their 

chemical treatments. These treatments are used to impart new fiber characteristics or to improve 

existing fiber properties [92], such as antibacterial properties, flame resistance, softness, and 

reduced wrinkling [93, 94]. Accordingly, techniques for detecting chemical fiber modifications are 

of great interest to the forensic science community [95–101]. A challenge in this area relates to the 

sensitivity of the techniques, because most of the fibers found at a crime scene are single fibers of 

only a few millimeters in length [7, 9, 89].  

Among fiber modifications, fluorinated polymer surface coatings have received increased 

attention in recent years because of their ability to impart oil and water-repellent properties in 

 

* Material from this chapter was reprinted/adapted by permission (see Appendix A) from Springer Nature: Springer, 
Analytical and Bioanalytical Chemistry, 411(19):4775-4784, Classifying single fibers based on fluorinated surface 
treatments, Dolan, MJ Jr, Blackledge RD, Jorabchi K. (2019) This Project was supported by Award No. 2017-R2-
CX-0007, awarded by the National Institute of Justice, Office of Justice Programs, U.S. Department of Justice. The 
opinions, findings, and conclusions or recommendations expressed in this publication/program/exhibition are those of 
the author(s) and do not necessarily reflect those of the Department of Justice. We thank PerkinElmer Inc. for 
providing the GC, the microwave plasma generator and the MS used in these studies. We would also like to thank 
Testfabrics, Huntsman, Pulcra, Sears, JOANN, Cornerstone Technology, Daikin, Rudolf Venture, and Zara Hall for 
providing coating emulsions, coated fibers, and sprays. We are grateful to Eldana Tadesse for assistance in data 
collection for some of the samples. 
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fabrics [77, 83, 102]. A few examples of fluorinated monomers used in fluoropolymer fiber 

coatings are shown in Figure 2.1 [76, 103]. In addition to the presence and absence of a fluorinated 

coating as a distinguishing fiber characteristic, the variations in fluoropolymer structures 

potentially offer enhanced differentiation power for classification of the fibers. 

Determining the chemical diversity of fluorinated coatings, however, is challenging 

because many of the chemical structures are held as trade secrets. To make the task more difficult, 

fluorinated coatings are sometimes not disclosed by the fabric manufacturers, partly because of 

association of fluorochemicals with environmental contamination [104–106]. For example, 

compounds with 8 or more fully fluorinated carbon chains (e.g. perfluorooctanoic acid, PFOA) 

used in manufacturing of fluoropolymers have been identified as persistent environmental 

pollutants [107–112]. These compounds were accordingly phased out of manufacturing by 2015 

upon implementation of EPA PFOA Stewardship Program in 2006 [78]. Since then, alternative 

shorter chain perfluorinated compounds have been developed to replace the older generation of 

fluorochemicals [113, 114]. Importantly, this change can be beneficial for forensic analysis 

because the increase in the diversity of coatings enhances distinguishing characteristics for fibers.  

A major analytical challenge for detection and classification of fluorinated coatings on a 

single fiber arises from the thin nature of these coatings, limiting the amount of material available 

for analysis. Several spectroscopic techniques have been examined as a possible solution to 

address this challenge. In one study synchrotron Attenuated Total Reflectance (ATR) FTIR was 

investigated to distinguish between fibers with and without a fluorinated coating [56]. 

Unfortunately, the poor surface selectivity and significant absorption by the fiber core led to 

unsuccessful differentiation. Elemental detection of fluorine using scanning electron microscopy 

coupled to energy dispersive x-ray spectroscopy (SEM/EDS) provides differentiation between   
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Figure 2.1. (a) monomer for a fluoroacrylate, (b) monomer for a sulfonyl based 

fluoroacrylate, (c) monomer for PTFE, (d) generic monomer of AD1700. 
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fluorinated and non-fluorinated fibers [18]. However, attempts to distinguish between different 

types of fluoropolymer coatings based on F/C ratios have been unsuccessful because of the major 

contribution of the fiber core to C signal. Lastly, X-Ray Photoelectron Spectroscopy (XPS) offers 

surface selectivity and elemental analysis to determine F/C ratios of the fiber surface [86]. The 

potential of the technique has been demonstrated for distinguishing between two fluoropolymer 

coating types. Despite its potential, the complexity and the expense of XPS renders this technique 

inaccessible to most forensic laboratories.  

On the other hand, pyrolysis-gas-chromatography mass spectrometry (py-GC-MS) is a 

commonly available technique in forensic analyses. This technique has been investigated to 

distinguish between various fluoropolymer fiber coatings [18]. Notably, py-GC-MS is not 

inherently a surface selective technique. Therefore, detection of fluorinated pyrolysis products 

from the fiber surface is hindered by isobaric interferences and ionization competition from 

pyrolysates of the fiber core. Flash pyrolysis is therefore utilized to impart surface selectivity. In 

this technique, only a brief burst of heat is applied to the sample in order to selectively pyrolyze 

the sample surface. The drawback of this method is that the short pyrolysis time leads to 

incomplete pyrolysis of the coating, reducing sensitivity. For example, one study indicated that 30 

mm
2
 swatches of fabric were needed to distinguish between fluorinated fiber modifications [18]. 

Considering that single fibers are often the typical samples available for forensic analysis, the low 

sensitivity of py-GC-MS creates major hurdles for distinguishing between fibers based on 

fluorinated coatings. Electron capture detector (ECD) can potentially be considered for detection 

of fluorinated pyrolysates given the high sensitivity of ECD for halogenated compounds. However, 

two major challenges would be faced arising from low selectivity of ECD relative to mass 

spectrometric detectors. First, halogenated additives to fabrics (e.g. brominated flame retardants 
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and chlorinated pesticides) could interfere with detection of fluorinated pyrolysates. Second, 

despite the lower sensitivity of ECD to non-halogenated compounds, the large extent of non-

halogenated matrix from pyrolysis of fiber can potentially lead to major interferences. 

In this study, we investigate the potential of a newly developed elemental-MS technique, 

plasma assisted reaction chemical ionization (PARCI) [91], coupled to py-GC for classification of 

fibers based on fluorinated fiber coatings. In GC-PARCI-MS, the GC eluates are directed into a 

plasma for analyte breakdown while the ionization of plasma products occurs in the plasma 

afterglow, allowing efficient formation of halide ions. Compared to conventional elemental 

ionization techniques (e.g. inductively coupled plasma) that rely on positive ion detection, PARCI 

significantly enhances ionization efficiency and alleviates isobaric interferences, leading to 

improved analytical performance for halogen detection. In particular, detection limits of <1 pg F 

on column have been reported for GC-PARCI-MS [91]. Furthermore, the high matrix tolerance of 

elemental ionization allows complete pyrolysis of the fiber for efficient generation of fluorinated 

pyrolysates without interferences from pyrolysis products of the non-fluorinated fiber core. The 

py-GC-PARCI-MS technique presented in this study, therefore, enables examination of fluorinated 

coatings as a distinguishing characteristic for forensic analysis of single fibers. To the authors’ 

knowledge, there have been no previous studies determining the number of distinguishable 

fluorinated fiber coatings.  

 

2.2. Materials and Methods 

The GC-PARCI-MS instrument has previously been described in detail [91]. In the current 

report, a pyrolizer was interfaced with GC-PARCI-MS. The schematic of the instrument is depicted 

in Figure 2.2 and is briefly described below along with sample preparation steps.  
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Figure 2.2. Overview of py-GC-PARCI-MS set-up and fiber packing into the pyrolysis 

quartz tube. 
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2.2.1. Fiber Sample Preparation 

Samples were prepared by separating a thread from a swatch of fabric. The thread was then 

unwound with tweezers and a single fiber was removed. The fiber was placed on a glass slide and 

taped at both ends to pull the fiber taut. The fiber length was then measured with a stainless-steel 

ruler and cut to 10 mm using an X-ACTO knife. 

 

2.2.2. Pyrolysis 

Pyrolysis of fibers was conducted using a commercial pyroprobe (Pyroprobe 4000, CDS 

Analytical, Oxford, PA, USA). Quartz tubes were cleaned in a furnace at 1000 °C for a few hours, 

and quartz wool was cleaned using the pyroprobe clean method at 1200 °C for 30-60 seconds prior 

to sample loading. Using tweezers, the single-fiber sample was transferred to a pre-cleaned quartz 

tube containing one plug of quartz wool. A second pre-cleaned plug of quartz wool was then 

transferred to the quartz tube containing the fiber to sandwich the fiber. The quartz tube was 

subsequently inserted into the pyrolizer probe coil. A 1-minute helium gas (UHP Grade 5.0 from 

Roberts Oxygen, Rockville, MD, USA) purge at 30 mL/min was activated to remove oxygen and 

other gases from the probe. 

During the last 10-20 seconds of the purge period, the pyroprobe was inserted into the 

pyroprobe interface (held at 200 °C), while the pyroprobe needle pierced the GC injector septum. 

At the end of the purge cycle, the pyroprobe flow was reduced to 22 mL/min of which 2 mL/min 

was directed into the GC column via the split injector of the GC. A 0.5-minute delay was 

incorporated prior to activation of pyrolysis to allow the GC injector pressure to equilibrate. After 

the delay, the pyroprobe coil was heated at 1 °C/millisecond to 700 °C after a 10 second delay, 
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followed by a 10 second hold to pyrolyze the sample. Finally, a 1.5-minute purge period was used 

to ensure transfer of all pyrolysis products from the probe to the column.  

 

2.2.3. Gas Chromatography 

The separations were conducted using a HP 6890 series gas chromatograph (Agilent, Santa 

Clara, CA, USA) equipped with a split injector (held at 300 °C) and a 15 m open tubular capillary 

column (Elite-5ms II, 0.25 mm i.d., 1 μm stationary film thickness, PerkinElmer, Waltham, MA, 

USA). The oven temperature was programmed at 40 °C initial temperature held for 3 minutes, 

followed by a 25 °C/min ramp to 310 °C temperature. The temperature program was activated at 

the end of the 0.5-minute pyrolysis delay. 

 

2.2.4. PARCI-MS 

The GC eluates were guided into a tee through a heated transfer line (held at 300 °C). The 

eluates were mixed within the tee with plasma gas composed of 500 mL/min UHP He and 50 

mL/min O2 (UHP 4.3 Grade, Roberts Oxygen, Rockville, MD, USA) and were transferred into a 

non-porous alumina ceramic tube where a low-pressure microwave plasma was generated using a 

surfatron cavity at a forward power of 40 W (reflected power ~15 W) for atomization. The plasma 

flow was then guided into a second tee where a 400 mL/min of N2 (Roberts Oxygen, Rockville, 

MD, USA) was introduced, leading to formation of F
-
 ions. The ions were guided into the MS 

using a stainless steel ion transfer tube sealed to the ionization tee.  

A single quadrupole mass spectrometer (SQ300, PerkinElmer, Waltham, MA, USA) was 

used to detect F
-
 ions in selected ion monitoring mode with an acquisition frequency of 8 Hz. To 

avoid saturation of the ion counting detector, the ion optics were detuned by setting the ion transfer 
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capillary to -22 V and the skimmer to -30 V. F
-
 ions were monitored at 19 m/z with data acquisition 

starting 0.25 minutes after the GC oven temperature program activation. Pyrograms consisting of 

F
-
 ion intensity as a function of time were saved as comma separated values (csv) files. All 

statistical analyses were performed using R-based ChemoSpec and stats packages [115, 116]. 

 

2.2.5. Fiber Samples 

A list of all coated and uncoated fiber samples as well as preparation methods is provided 

in Table 2.1. The samples included fabrics pre-coated by a wet process (A1 and B1 from 3M), and 

by a plasma process (D1, and E1 from P2i), as well as coatings applied in the lab to white cotton 

(Testfabrics, West Pittston, PA, USA). For fluoropolymer coatings applied in the lab as a spray, the 

instructions on the spray bottle were followed. A small swatch of cotton was sprayed on both sides 

and left overnight to dry. For all other fluoropolymers, the pad-dry-cure method was used. The 

emulsion was diluted to the company-recommended concentration and a small swatch of fabric 

was left in the solution to soak for at least one hour. The swatch was removed and a ceramic tube 

was used as a roller to squeeze out excess solution. For coatings requiring heat cure, the swatch 

was wrapped around a stainless steel rod and held in the middle of a circular IR lamp (EER25018, 

Emitted Energy, Sterling Heights, MI, USA). The curing temperature was varied by adjusting the 

voltage applied to the IR lamp using a VARIAC transformer. An approximate calibration curve for 

temperature at different voltages was constructed by measuring the temperature in the center of 

the IR lamp using a thermocouple. The coated swatch was then heated to dry and cure at the 

recommended temperature and timing, usually 100 - 160 °C for about 1-3 minutes. AD1700 was 

cured under a UV lamp for 1 hour per side after excess liquid was removed. 
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Table 2.1.      List of samples and coating application methods. 

Fluorinated coating 
manufacturer 

 
Fiber color/      
Other descriptor 

 
Application 
method 

 
Coating identifier/ 
Obtained from1 

3M  White  Commercial  A1 

 Green  Commercial  B1 

Non-3M (unknown)  Green  Commercial  B3 / 3M 

P2i  White/Unfinished  Commercial  D1 

 White/Finished  Commercial  E1 

Pulcra  White  Commercial  Pulcra 

Chemours  Blue  Commercial  Teflon Jeans / Sears 

Rockland  White  Commercial  Roc-lon Rain no-Stain/ 
JOANN 

Daikin  White  Pad-Dry-Cure  TG-2211 

 White  Pad-Dry-Cure  TG-5601 

 White  Pad-Dry-Cure  TG-9031 

Chemours  White  Pad-Dry-Cure  CP-C / Huntsman 

 White  Pad-Dry-Cure  CP-R / Huntsman 

 White  Pad-Dry-Cure  CP-SY / Huntsman 

OMNOVA  White  Pad-Dry-Cure  X-CAPE 2014 

SOLVAY  White  Pad-Dry-UV Cure  AD1700 /  
Cornerstone Technology 

 White/Unfinished  Pad-Air Dry  Fluorolink P54 / 
Cornerstone Technology 

Rudolf Venture 
 

 White  Pad-Dry-Cure  RucoGuard AHP6 

 White  Pad-Dry-Cure  RucoStar EEE6 

UGG  White  Spray and air dry  UGG Spray (water and 
stain) / Nordstrom 

Shield Industries  White  Spray and air dry  Forcefield Spray / JOANN 

3M  White  Spray and air dry  Scotchgard Spray / 
JOANN 

None  White  N/A  A2 / 3M 
TFCotton / Testfabric 
BP / Pulcra 
D2 / P2i 
E2 / P2i 

None  Green  N/A  B2 / 3M 
1 Coated fibers and coating emulsions were directly obtained from the manufacturer unless specifically 
denoted by “/Obtained from”.  
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2.3. Results and Discussion 

2.3.1. Detecting Fluorinated Coatings on a Single Fiber 

To highlight the sensitivity challenge for detection of fluorinated coatings, the amount of 

coating on a single fiber can be estimated as follows. A 1 mm 1 denier (D) fiber weighs 

approximately 110 ng [87]. Assuming that the coatings contain ~0.1% (W/W) fluorine on fabrics 

[76], a total of 100 pg F would be available for analysis on a single fiber. Moreover, an optimum 

pyrolysis program is expected to create multiple fluorinated species to improve classification, 

further reducing the amount of F per species. These estimations clearly indicate the need for a 

high-sensitivity detector to enable successful fiber classification. The low F detection limit of 1 pg 

on column in GC-PARCI-MS offers a potential solution. The pyrolyzer utilized in our studies, 

however, requires split injection (split ratio 11) for GC sample introduction due to the need for 

high flow through the probe for effective transfer of pyrolysates. To compensate for this loss, we 

utilized 10 mm fibers in our experiments. Figure 2.3 depicts pyrograms for 10-mm single fibers 

with three different coatings, clearly demonstrating that py-GC-PARCI-MS detects fluorinated 

coatings at a single fiber level. Furthermore, multiple fluorinated pyrolysates are observed for each 

fiber coating. Importantly, the pyrograms show coating-specific pyrolysates, indicating the 

possibility of distinguishing between different fibers based on fluorinated coatings. 

 

2.3.2. Distinguishing Between Fluorinated Coatings 

Two types of analyses are performed in forensic casework. The first one is to determine 

similarity between a known fiber from a potential suspect to a fiber in question found at the crime 

scene. The second scenario occurs when there is no suspect, and therefore, no known sample exists. 

In this instance it would be useful if the fiber evidence could be classified into a subgroup to help  
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Figure 2.3. Fluorine pyrograms of 10-mm fibers with 3 different coatings, demonstrating 

detection of fluorinated fiber coatings at a single fiber level. The manufacturer name is in listed 

parentheses. 
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investigators narrow down their list of suspects. Comparison of the fiber to a database of 

fibers would be needed in this scenario.  

F-pyrograms, such as those in Figure 2.3, provide a means to compare fibers for both types 

of analyses discussed above. For quantitative comparisons, a similarity metric for pyrograms is 

needed. One challenge in this area is the variability in polymer coating amount between fibers, 

even for the same coating type. These variations originate from coating processes (uneven coating 

of fibers in a fabric swatch) and from factors related to the extent of fiber usage such as number of 

times washed. Accordingly, the absolute quantification of F-containing pyrolysates (absolute peak 

heights and peak areas in pyrograms) would not yield a robust metric for distinguishing between 

fiber coatings. Therefore, F
-
 pyrogram patterns, i.e. relative rather than absolute intensities, must 

be considered for differentiation of fibers. Principal component analysis (PCA) is often used in 

forensic analysis to classify samples based on patterns. However, application of this technique to 

F-pyrograms requires extensive data processing and faces several challenges as discussed below. 

For classification using PCA, first a list of retention times and peak heights or areas need 

to be generated from each pyrogram using a peak picking algorithm. In pyrograms with tailed and 

unresolved peaks, where integration and baseline detection is challenging, biases will arise in 

measurements of these pyrogram properties. Second, a normalization scheme for peaks has to be 

used to compare the pyrograms because the amount of the coating is not controlled in fiber samples 

as discussed above. The choice of the normalization base will have an impact on the outcome. For 

example, if the tallest peak is used as the base, the inherent assumption would be that the ratio of 

all other peaks to the tallest peak remain constant in all pyrograms of the same fiber coating. Our 

experiments have indicated that this assumption may not hold true because of variations in 

pyrolysis as well as occasional presence of contaminants with prominent peaks.  
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Here, we have utilized a linear regression approach for comparison of pyrograms that 

circumvents the above-mentioned problems. The F
-
 ion intensity of one pyrogram is plotted as a 

function of the F
-
 ion intensity of the second pyrogram at corresponding retention times. A linear 

least-squares regression is then conducted, resulting in r
2
 as a similarity metric between the two 

pyrograms. This linear correlation approach is depicted in Figure 2.4 with examples of strongly 

and weakly correlating pyrograms. 

The direct comparison of the pyrograms using the linear regression approach drastically 

simplifies data processing and obviates the need for peak picking, retention time determination, 

integration, and normalization, providing a reliable similarity metric for pyrograms. Moreover, in 

contrast to approaches where pyrograms are reduced to a list of peaks (e.g. PCA), the linear 

regression approach uses all data points in a pyrogram. Therefore, pyrogram peak shapes (e.g. 

profiles of unresolved and tailed peaks) also contribute to the correlation coefficient in addition to 

retention times and relative peak intensities, increasing the distinguishing power of the correlation-

based similarity metric. To enhance the reliability of linear correlations in reflecting true 

similarities and differences, several factors were considered as described below. 

 

2.3.3. Poorly Retained Pyrolysis Products 

Pyrolysis of fluorinated coatings may create small fluorinated fragments which are poorly 

retained on the column. This diminishes the capability to distinguish between the products based 

on retention time in the absence of molecular characterization of the pyrolysates. To minimize the 

impact of such products on the distinguishing power of py-GC-PARCI-MS, elution times below 

1.5 minutes were disregarded before calculating similarity scores.



  

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Baseline subtraction and linear correlation of pyrograms for pairwise similarity comparisons, illustrating high and 

low correlation examples. Manufacturer for each sample is listed in parentheses.  

Raw Pyrograms Baseline Subtracted Pyrograms 

TG-5601 
(Daikin) 

TG-5601 
(Daikin) 

Correlation Plots 

r2=0.9205 

r2=0.0027 

CP-C 
(Chemours) 

CP-C  
(Chemours) 

A1 
(3M) 

A1 
(3M) 
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2.3.4. Baseline Subtraction  

The elemental nature of the ion source results in an elevated background of F- ion from 

contaminants in the ion source materials. The resulting baseline drifts create pyrogram features 

that factor into the correlations. To minimize such biases, the pyrograms were baseline subtracted 

using ChemoSpec package with “rfbaseline” method (b = 1 and NoXP = 500 parameter settings) 

[115] as shown in Figure 2.4. 

 

2.3.5. Retention Time Shifts 

To account for potential asynchronies in retention times, relative shifting of the pyrograms 

was conducted prior to linear regression analysis. Shifting of one pyogram was performed in steps 

of one data acquisition point (0.125 s) up to 20 points in each direction, accounting for potential 

asynchrony of up to 2.5 s between the two pyrograms. The r2 values were calculated for each step 

and the highest value was selected as the metric for similarity of the two pyrograms. 

 

2.3.6. Within-Sample Correlations 

Pairwise comparisons of pyrograms from replicate pyrolyses of 22 coated and 6 uncoated 

cotton fibers (see Table 2.1 for sample descriptions) result in 3916 correlations organized in a 

symmetric 89×89 correlation matrix (see correlation matrix found in Appendix B, ESM_1). Of 

these correlations, 69 values correspond to within-sample correlations for replicate analyses of 

fibers taken from the same yarn of a fabric swatch. Specifically, the within-sample correlations 

include 21 triplicate and 1 quadruplet injections of the 22 coated samples. Each triplicate analysis 

offers 3 within-sample correlations while the quadruplet analysis provides 6 correlations. The 

within-sample correlations show the similarity of pyrograms from fibers of the same fabric, 
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offering a metric for precision and repeatability of the pyrograms. An r2 value of unity signifies 

identical pyrogram patterns while deviations from unity reflect variations between pyrograms.  

Figure 2.5 illustrates the fraction of 69 within-sample correlations that show r2 values 

above a certain threshold. Ideally, 100% of the within-sample correlations would have r2 > 0.9. 

However, Figure 2.5 illustrates that 42% of the within-sample correlations have r2 > 0.9 while this 

fraction rises to 78% and 87% for r2 > 0.7 and 0.5, respectively. The fraction value plateaus at r2 > 

0.5, suggesting that this threshold captures the majority of the variability between pyrograms of 

the fibers taken from the same fabric. The origins of within-sample variations remain to be 

investigated. Uneven coating of the fabric as well as effects of the coating thickness on pyrolysis 

are among the factors that influence pyrogram patterns. 

Only 3 samples out of 22 coated fibers had within-sample r2 < 0.5. The pyrograms for these 

samples are shown in Figure 2.6. For AD1700 and Fluorolink P54 coatings, the low within-sample 

correlation coefficients are caused by poor signals for fluorinated pyrolysates eluting after the first 

1.5 minutes (Figure 2.6). The Teflon jean fibers show a few fluorinated pyrolysates (Figure 2.6), 

however, the relative intensities of the detected pyrolysates appear to vary significantly, reducing 

similarity of the pyrograms. Within-sample correlation coefficients (r2) > 0.5 allow classification 

of the fibers as discussed below. 

 

2.3.7. Hierarchical Cluster Analysis 

For hierarchical cluster analysis, the correlation matrix was converted to a pairwise 

distance matrix by substituting r2 with 1-r2 for each pairwise comparison. The matrix was then 

subjected to clustering using single linkage (nearest neighbor) with Euclidean distance parameters 

(see the R script found in Appendix B, ESM_2). 
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Figure 2.5. Cumulative fraction of within-sample correlations as a function of correlation 

coefficient (r2) based on replicate pyrograms of fibers from the same coated fabric. 
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Figure 2.6. Overlay of triplicate pyrograms for samples with low within-sample correlations, 

indicating poor fluorinated pyrolysate signals beyond 1.5 minute (AD1700 and Fluorolink 

P54) and significant variations in relative intensities of the peaks (Teflon Jeans). Manufacturer 

for each sample is listed in parentheses. 
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Figure 2.7 illustrates the results of hierarchical clustering and a heat map for visualization 

of the clusters based on the pairwise distances. Note that the diagonal line from top left corner to 

the bottom right corner depicts the comparison of each pyrogram with itself, which results in 

perfect correlation (r2 = 1, distance = 0). Four groups are identified within the coated fibers, while 

uncoated fibers are clustered within a separate group. Interestingly, A1 and B1 coatings from 3M 

(corresponding to white and green fabrics, respectively) group together based on their fluorinated 

pyrolysis products while the Scotchgard spray makes its own class, although they are all 

manufactured by the same company. Differences in polymer structure or formulation may account 

for the separation of A1 and B1 from Scotchgard spray. The other two groups of coated fibers 

contain multiple coatings as indicated by the brackets in Figure 2.7.  

Notably, B3 (a non-3M coating, unknown manufacturer) is not clustered with any of the 

3M manufactured coatings used in our analysis, highlighting the potential of py-GC-PARCI-MS 

for differentiation of fibers. Further, the AD1700 and Fluorolink P54 coatings cluster with the 

uncoated samples as expected based on extremely low F-pyrogram peak intensities. Teflon jean 

fibers with low-intensity and highly variable pyrogram peaks also cluster with the uncoated fibers, 

however, they form their own subgroup, indicating some differentiation. Interestingly, the Teflon 

jean fibers do not cluster with the group that contains the CP coatings marketed under the trade 

name Teflon from the same manufacturer. We note that various coatings with potentially different 

fluoropolymers are manufactured under the same brand name similar to 3M coatings discussed 

above [117]. 
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Figure 2.7. Heat map and hierarchical clustering of the fibers based on pairwise F-pyrogram 

distance (1-r2) values for all coated and uncoated fibers (89×89 matrix). The diagonal line 

from upper left to bottom right corner is the comparison of each pyrogram to itself, resulting in 

perfect correlation (distance = 0). Samples clustering together are further indicated by the brackets 

for each group. The samples in each group are listed with the manufacturer name indicated in 

parentheses. 
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2.4. Conclusions 

The studies in this report indicate that py-GC-PARCI-MS offers comparison and 

classification of single fibers based on fluorinated pyrolysis products originating from the fiber 

coating. This capability is rooted in high-sensitivity and selectivity for fluorine detection as well 

as tolerance for matrix in PARCI. The tolerance to matrix allows detection of fluorinated 

pyrolysates in the presence of large amounts of non-fluorinated fiber core pyrolysis products. 

Therefore, efficient fiber surface pyrolysis can be achieved without interference from the fiber core 

in detection.  

The similarities of pyrograms from coated fibers examined in this study give rise to the 

identification of 4 distinct groups based on pairwise linear regressions of pyrograms. The 

characteristic differences in the pyrograms originate from various fluoropolymer structures used 

in the coatings. Moreover, different formulations of the same fluoropolymer, such as changes in 

non-fluorinated copolymers, could also result in differences in pyrolysis products. Further 

investigations are needed to assess the impact of such variations on classification based on 

fluorinated fiber coatings. Challenges were encountered for three samples out of 22 coated fibers. 

For two samples, fluorinated pyrolysates with retention times beyond 1.5 minutes were not 

detected in significant intensities, resulting in unsuccessful classification of these samples. The 

third sample (Teflon jeans) resulted in low intensity peaks with significant variations in the relative 

peak intensities between replicate analyses, leading to poor classification. Further investigations 

are needed to understand and resolve the variations in peak intensities. In all of these cases, 

improvements in classification are expected upon enhancing the retention of fluorinated products 

in the GC column to allow inclusion of small pyrolysates in the classification method. Further 
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optimization of the pyrolysis process to reduce the number of small pyrolysis products is also 

expected to improve the classification.  

Overall, py-GC-PARCI-MS offers a relatively accessible instrument for forensic 

laboratories to distinguish between fibers based on coatings. The capabilities of this technique 

could be enhanced by the studies outlined above and via simultaneous detection of other elements 

to add further specificity for single fiber differentiation. Investigations are ongoing in our 

laboratory to address these areas. 
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Chapter III 

Detection and Diversity of Fluorinated Oil-and-Water-Repellent Coatings on Apparel 

Fibers† 

3.1. Introduction 

Fibers are a common form of forensic evidence, and their evidentiary value is heavily 

dependent on the specificity of the fiber’s characteristics. Highly specific characteristics increase 

the value of fiber differentiation and associations. Alternatively, the specificity may be enhanced 

via increasing the number of fiber descriptors and by utilizing a combination of fiber 

characteristics. Accordingly, there has been a continual effort in forensic sciences to increase the 

number of fiber characteristic descriptors.  

The fiber chemical characteristics may be related to the raw fiber core material, may 

originate from fiber processing, or may be acquired from the fiber’s environment. For example, 

trace metals in fibers have been investigated for forensic analysis [118, 119]. Moreover, 

compounds absorbed from the fiber’s environment such as drugs, fragrance, and whitening agents 

from laundry detergent have shown potential for enhancing the evidential value of fibers [48, 52, 

120]. However, despite the information-rich space of fiber chemical composition and its potential 

for forensic evidence, the focus in this area has been largely limited to the discrimination of fibers 

based on dyes and fiber core structure (e.g. cotton or polyester) [17, 34, 38, 54, 59, 95, 101, 121, 

122].  

 
† Chapter III is the pre-peer reviewed version (See Appendix A) of the following published article: Dolan, M.J., Jr., 
Li, W. and Jorabchi, K. (2021), Detection and diversity of fluorinated oil‐ and water‐repellent coatings on apparel 
fibers. J Forensic Sci. https://doi.org/10.1111/1556-4029.14711 (publisher: John Wiley & Sons Inc.). This Project was 
supported by Award No. 2017-R2-CX-0007, awarded by the National Institute of Justice, Office of Justice Programs, 
U.S. Department of Justice. The opinions, findings, and conclusions or recommendations expressed in this 
publication/program/exhibition are those of the author(s) and do not necessarily reflect those of the Department of 
Justice. We thank Ga-Yeon Shin and Caroline Coggan for their assistance in data collection. We also thank 
PerkinElmer Inc. for providing the gas chromatograph, the microwave plasma generator, and the mass spectrometer 
used in these studies. 
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Notably, the growing global market for stain-resistant fabrics presents a potential for 

expanding the evidentiary value of fibers based on the chemicals used to impart these properties. 

Among stain-resistant treatments, fluorinated oil-and-water-repellent fabric coatings are of 

particular interest to forensic analysis because of the durability of these coatings, potentially 

offering a persistent trace fiber descriptor. 

The chemical evolution of the fluorinated fiber coatings in recent years adds another 

dimension to their forensic applicability. Conventionally, these coatings were based on long-chain 

fluorinated polymers due to their low surface energy properties, leading to both oil- and water-

based stain-resistance [76]. In 2006, the global production of fluorotelomers was estimated at 20 

million pounds, half of which was utilized in textiles and apparel, with the next largest application 

area consisting of carpet and carpet care products [123]. However, because of environmental 

concerns regarding persistence of these compounds and their health hazards, there has been a 

desire to reduce the use of the long-chain fluorinated polymers starting that same year [78, 106]. 

Notably, replacement technologies often still contain short-chain fluorinated polymers [79, 124, 

125]. Therefore, the evolving field of fluorinated coatings presents a chemically diverse family of 

fiber characteristics, enhancing the specificity of fiber properties.  

The fluorinated fiber coatings, however, have remained an unutilized area in forensic 

analyses despite their forensic potential. This underdevelopment is partly rooted in a lack of 

suitable analytical methods for detection and characterization of the fluoropolymer fiber coatings. 

Limited sample size, typically single fibers of only a few millimeters in length [7, 89, 126], and 

the thin nature of the coatings often require detection of the fluoropolymers at low ng levels, 

creating significant analytical challenges.  
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One approach to detect the fluorinated coatings is pyrolysis gas chromatography mass 

spectrometry (py-GC-MS) [18]. However, a large portion of the detected pyrolysates in this 

technique originates from the fiber core, creating analytical challenges in detecting the ions 

specific to the thin fiber surface treatment among large quantities of ions from the core. Flash 

pyrolysis at reduced pyrolysis temperature and time has been explored to selectively pyrolyze the 

coating and to reduce the contribution of the fiber core in the observed ions [18].  However, this 

approach was not successful for reliable detection of fluorinated pyrolysis fragments from various 

coated fabrics. 

An alternative approach to improve selectivity in detecting fluorinated pyrolysates is to use 

elemental detection of fluorine. We recently demonstrated this capability by utilizing pyrolysis-

GC-plasma assisted reaction chemical ionization (PARCI)-MS [127]. In this technique, fluorinated 

pyrolysates eluting from GC are introduced into a plasma to release F atoms from the pyrolysates. 

The plasma products are then ionized in the afterglow to produce F- followed by MS detection at 

m/z 19 [91]. Non-fluorinated pyrolysates do not yield a detectable ion at this m/z. Thus, the 

elemental method selectively detects fluorinated pyrolysates in the presence of large quantities of 

non-fluorinated pyrolysis products originating from the fiber core. Notably, the fiber core typically 

does not contain fluorinated species. Therefore, the elemental method selectively detects the 

fluorinated coatings without interference form the fiber core. Importantly, fluorine is detected in 

negative mode at a low m/z of 19, making isobaric interferences unlikely. This attribute renders 

the method compatible with low-resolution MS, readily available in many laboratories.   

In our previous study we demonstrated that fluorinated coatings can be detected at a  single 

fiber level using py-GC-PARCI-MS [127]. This initial investigation utilized lab-prepared samples 

via applying the coatings to white fabric swatches in addition to samples obtained as pre-coated 
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swatches from the coating manufacturers. Further, we noted that the technique may be used to 

differentiate fabrics based on the pyrogram patterns originating from fluorinated coatings. Here, 

we apply the technology to investigate the forensic applicability of fluorinated coatings by 

screening commercially obtained clothing items marketed as stain-resistant garments. Specifically, 

we explore the detection and chemical diversity of the fluorinated coatings among these items and 

examine if common fiber lifting techniques using adhesives could impact detection of 

fluoropolymer coatings and fiber classification. These studies provide the first glance into the 

potential of fluoropolymer coatings as a new fiber property to enhance forensic fiber analysis. 

 

3.2. Materials and Methods 

 3.2.1. Clothing Items 

All clothing items were purchased from commercial vendors with listings in Amazon. 

Details of samples for each experiment are presented with the results.  

 

 3.2.2. Fiber Sampling for py-GC-PARCI-MS 

For each clothing item, a swatch of fabric was taken from at least three locations with 

similar visual attributes. Single fibers were removed from the sampled swatches using gloves and 

tweezers and were secured to a glass microscope slide using tape on each end of the fiber. Fibers 

taken from cotton-synthetic blend fabrics were then examined using a BX-50 (Olympus, Shinjuku 

City, Tokyo, Japan) polarized light microscope (PLM) with crossed polarizers to identify the fiber 

core type as cotton or synthetic. Fibers that had a spiral pattern and did not have an extinction 

angle across the length of the fiber under crossed polarizers were labeled as cotton. All other fibers 
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were labeled as synthetic. Examples of images for cotton and synthetic fibers under crossed 

polarizers are shown in Figure 3.1.  

To investigate the effect of fiber lifting on detection of fluorinated coatings, a Post-it® note 

was adhered to the fiber with one side of the fiber secured to a glass microscope slide. The Post-

it® note was then peeled off of the fiber. This procedure was performed once per fiber prior to 

analysis, consistent with fiber lifting procedures in a crime scene.  

For py-GC-PARCI-MS analysis, all fibers were cut to ~20 mm and transferred into a quartz 

pyrolysis tube (CDS Analytical, Oxford, PA, USA). The fibers were sandwiched between 2 quartz 

wool (CDS Analytical, Oxford, PA) plugs within the quartz tube for improved reproducibility of 

pyrolysis. On occasions that a fiber fragmented during transfer from the slide to the quartz tube 

using tweezers, we attempted to transfer all fragments. 

 

 3.2.3. py-GC-PARCI-MS 

A detailed description of the py-GC-PARCI-MS instrument is given in our previous report 

[127]. Briefly, a CDS pyroprobe 4000 (CDS Analytical, Oxford, PA, USA) was mounted directly 

to an Agilent HP 6890 gas chromatograph (Agilent, Santa Clara, CA). The GC contained two 

columns in series, a 15-m DB5 column (Agilent, Santa Clara, CA) and a 15-m Elite 5 

(PerkinElmer, Waltham, MA, USA) column, both with 250 μm i.d. and a 1-μm film thickness of 

a 5% phenyl-methylpolysiloxane stationary phase. This arrangement was designed to experiment 

with various combinations of stationary phases for improved separation, however, the current 

study utilizes the same stationary phase chemistry for both columns. 

Column eluates were mixed with a plasma gas (helium and oxygen) and introduced into a 

low-pressure microwave plasma sustained inside an alumina tube for breakdown of pyrolysis  
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Figure 3.1. Single-fiber images from polarized light microscope using crossed polarizers and 

20x objective lens. Top panel: synthetic fiber from the purple Wolverine jacket. Bottom panel: 

cotton fiber from the purple Wolverine jacket. 
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products and release of F atoms from molecules. The plasma flow was then merged with a post-

plasma nitrogen gas flow, generating low-energy electrons for negative mode ionization of fluorine 

atoms. A single-quadrupole mass spectrometer (SQ300, PerkinElmer Inc, Waltham, MA) was used 

to detect F- ions at m/z 19. A summary of critical instrumental parameters for py-GC-PARCI-MS 

is provided in Table 3.1. 

 

3.2.4. Data Analysis 

Pyrograms generated by monitoring F- were first saved as comma separated value files for 

further analysis using packages in R language [116]. A series of data treatment steps were 

performed prior to statistical analysis: 1) pyrograms were subjected to baseline correction using 

“rfbaseline” method (b = 1 and NoXP = 500 parameter settings) from the IDPmisc package [116, 

128] to account for drifts. 2) The first 1.5 minutes of pyrograms were then removed to eliminate 

low molecular weight and poorly retained pyrolysates. These species often experience retention 

time variations and reduce differentiation and classification reproducibility. Signal-to-noise ratio 

(S/N) was then calculated for the tallest peak in each pyrogram. 3) A retention time alignment step 

was implemented to account for slight variations in the acquisition frequency of the MS that 

resulted in shifts in time stamps.  To standardize time stamps in all pyrograms, the retention times 

were binned with a fixed bin size of 0.1 seconds (10 Hz collection frequency) using base and stats 

R packages [116]. For bins with two data points, the intensity values were averaged, while empty 

bins were filled with the average intensity of the previous and next non-empty bins using the 

“na_ma” function (k = 1, weighting = ‘simple’ parameter settings) in the imputeTS package [129]. 

4) To eliminate the effect of variations in absolute peak heights, the intensities in each pyrogram 

were normalized to the tallest peak.  
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Table 3.1.      py-GC-PARCI-MS operating parameters. 
Pyrolysis 
Model  CDS Analytical Pyroprobe 4000 
Interface  Temperature: 250 oC 
Probe Program  Purge: 30 mL/min for 1 min 
  Initial coil temperature: Off 
  Initial hold: 10 s 
  Ramp: 1 oC/ms 
  Final coil temperature: 700 oC 
  Final hold: 1 min 
Gas chromatography 
Model  Agilent HP6890 
Inlet  Temperature: 300 oC 
  Split Ratio: 10 
  Column flow: 2 mL/min (constant flow) 
Oven program  Initial temperature: 40 oC (initiated with coil program) 
  Initial hold: 1 minute 
  Ramp: 25oC/min 
  Final temperature: 250 oC 
  Final hold: 2 minutes 
Plasma 
Power source  2.4 GHz microwave power supply (PerkinElmer) 
Output  Forward power: 40 W 
  Reflected power: 4-8 W 
Microwave cavity  Surfatron (PerkinElmer) 
Plasma tube  3.175 mm (0.125 inch) o.d.  1.6 mm (.063 inch) i.d., 8.9 cm (3.5 inch)  
  long non-porous alumina tube 
Gas flows  Plasma helium gas: 500 mL/min (UHP Grade 5.0)* 

  Plasma oxygen gas: 50 mL/min (UHP Grade 4.3)* 

  Afterglow nitrogen gas*: 600 mL/min 
Mass spectrometer parameters 
Model  Single Quadrupole (SQ300, PerkinElmer) 
m/z monitored  19 (F-) 
Acquisition frequency  10 Hz 
Data acquisition initiation  Initiated manually 0.25 minutes after GC start 
Ion optics  Ion transfer capillary: -22V 

  Skimmer: -30 V 
*Purchased from Roberts Oxygen (Rockville, MD, USA).  
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The treated pyrograms were then subjected to principal component analysis (PCA) and 

multinomial logistic regression for statistical analysis. Details of the implementation of these 

procedures are provided below with discussion of the results. 

 

3.3. Results and Discussion 

 3.3.1. Initial Non-Destructive Screening of Clothing Items for Oil-and-Water-

Repellent Coatings 

To explore the prevalence of fluorinated coatings among commercially available clothing 

items, we purchased 12 garments described as stain-resistant, oil-repellent, or oil-resistant in their 

Amazon listing webpages. Upon receipt, the clothing packaging and the tags were examined for 

information regarding the fabric properties. Table 3.2 provides a list of the garments as well as 

fabric properties specified on the tags, packaging, and Amazon listing descriptions. Notably, 

several discrepancies were observed between the listings and the information supplied on the tags 

and packaging. Moreover, several items did not have information regarding fabric properties on 

the tag or the packaging. Accordingly, we utilized a simple oil-and-water-repellency test to 

confirm the claimed properties and to identify the oil-and-water-repellent fabrics. A droplet (~25 

μL) of water and a droplet of mineral oil were deposited on each clothing item. The droplets were 

then observed over the course of a few minutes to determine if beading or absorbance into the 

fabric occurred. The results are summarized in Table 3.2. Only 9 of the 12 items were found to be 

both oil- and water-repellent. Two of the clothing items (blue Tri-Mountain shirt and black 

Premium polo shirt) were only water-repellent and were listed with Scotchgard™ Protector and 

STAIN-GUARD, respectively, on the clothing tag or packaging. The clothing item that was neither 

oil nor water repellent (gray ASD Living chef coat) did not have any specified fabric stain-resistant 



  

 
Table 3.2.      List of samples. 

Clothing article    
(Manufacturer in parenthesis)  Fiber color  Fiber core  Amazon listing 

description  Coating identifier on 
clothing tag or package  Water 

repellent  Oil 
repellent  Fluorine 

detected 

Blackhawk shirt 
(Vista Outdoor Inc.)  

 Blue  Polyester  Repels water, oil, 
and stains  

Teflon® Shield + fabric 
protector 

(Chemours) 
 Yes  Yes  Yes 

               Chico’s shirt 
(Chico’s)  

 Multi-color  100% cotton  Repels oil and 
water stains  STAIN SHIELD™  Yes  Yes  Yes 

               Columbia capris 
(Columbia Sportswear Company)  

 Tan  96% nylon / 
4% elastane  Water and stain 

repellent  OMNI-SHIELD™  Yes  Yes  Yes 

               Lee dress pants 
(Kontoor Brands)  Gray  100% cotton  Stain-resistant  Unspecified  Yes  Yes  Yes 

               Jerzees shirt 
(Fruit of the Loom Inc.)  Dark Blue  50% cotton / 

50% polyester  Repels water and 
most oil stains  SPOT SHIELD®  Yes  Yes  Yes 

               Nanotex shirt 
(Maks Activewear LLC)  Black  100% cotton  Resists spills and 

releases stains  NANOtex™  Yes  Yes  Yes 

               Featherlite shirt 
(Sierra Pacific Apparel Group)  

 White  60% cotton / 
40% polyester  Stain-resistant  Teflon® fabric protector 

(Dupont)  Yes  Yes  Yes 

               Walls shorts 
(Walls Outdoor Goods)  

 Tan  67% cotton / 
33% nylon  DWR and oil 

repellent  Water Repellent  Yes  Yes  Yes 

               Wolverine jacket 
(Wolvereine Worldwide, Inc.)  

 Purple  50% cotton / 
50% nylon  Oil resistant 

water repellent  Water Repellent  Yes  Yes  Yes 

               Tri-Mountain shirt 
(Tri-Mountain Inc.)  Blue  60% cotton / 

40% polyester  Stain-resistant  Scotchgard™ Protector 
Stain Release  Yes  No  Yes 

               ASD Living chef coat 
(Art Style Design Living)  Gray  35% cotton / 

65% polyester  Water and oil 
repellent  Unspecified  No  No  No 

               Premium polo shirt 
(Premium Imports Inc.)  Black  60% cotton / 

40% polyester  Stain-resistant  STAIN-GUARD  Yes  No  No 

51 



 

 52 

properties on the packaging or the tag. However, the gray Lee dress pants, which similarly did not 

list any stain-resistance on the packaging or tag, were both oil- and water-repellent. It is of note 

that such oil-and-water-repellency tests can be conducted in forensic casework at the single fiber 

level [130] to avoid unnecessary destruction of the sample by techniques such as pyrolysis. 

 

 3.3.2. Prevalence of Fluorinated Coatings Examined by py-GC-PARCI-MS 

Fibers from each of the 12 clothing items were analyzed by py-GC-PARCI-MS to 

determine the presence of fluorinated coatings. For each of the oil-and-water-repellent items, fibers 

were sampled from at least three different locations in triplicate to examine reproducibility of 

pyrograms across each garment. In the case of garments with blended cores (e.g. cotton polyester 

blends), all core types were included in the sampling. For each of the three items that were not oil-

and-water-repellent three fibers were sampled from one location. In total, 212 fibers were analyzed 

as summarized in Table 3.3.  

An example of a single-fiber pyrogram from the dark blue Jerzees shirt with oil-and-water-

repellent properties is shown in Figure 3.2a, indicating fluorinated pyrolysis products from the 

fiber coating. Similarly, fluorinated pyrolysates were detected from all of the 9 clothing items that 

showed both oil-and-water-repellency. Notably, fluorinated pyrolysates were detected on only one 

of the three clothing items (blue Tri-Mountain shirt) that did not show both oil- and water-repellent 

properties (see Figure 3.2b). The detection of fluorinated pyrolysates in the majority of the 

samples, as summarized in Table 3.2, highlights the prevalence of fluorinated coatings on clothing 

items marketed with stain-resistant, oil-resistant, and oil-repellent properties. Further, these results 

showcase the suitability of py-GC-PARCI-MS to detect the coatings at the single fiber level. In 

forensic investigations, the initial non-destructive screening is used to preserve the evidence as 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3.3.      List of analyzed fibers from each garment. 

Clothing article 
 Total  Cotton  Polyester  Nylon  

 Fibers  Locations  Fibers  Locations  Fibers  Locations  Fibers  Locations  

Blue Blackhawk shirt  9  3  -  -  9  3  -  -  

Multi-color Chico’s shirt  45  4  45  4  -  -  -  -  

Tan Columbia capri  13  4  -  -  -  -  13*  4*  

Gray Lee dress pants  12  3  12  3  -  -  -  -  

Dark Blue Jerzees shirt  39  4  17  4  22  4  -  -  

Black Nanotex shirt  12  4  12  4  -  -  -  -  

White Featherlite shirt  37  5  20  5  17  5  -  -  

Tan Walls shorts  18  4  10  4  -  -  8  4  

Purple Wolverine jacket  18  6  9  6  -  -  9  3  

Blue Tri-Mountain shirt  3  1  2  1  1  1  -  -  

Gray ASD Living chef coat  3  1  -  -  3  1  -  -  
Black Premium polo shirt  3  1  1  1  2  1  -  -  

*These fibers may be either Nylon or Elastane. 
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Figure 3.2. Single-fiber fluorine pyrogram for a fiber taken from (a) dark blue Jerzees shirt. 

Depictions of signal and noise are marked on the pyrogram. (b) blue Tri-Mountain shirt. 
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much as possible and to have confidence in the value of pyrolysis. Therefore, only the 9 items that 

exhibited both oil- and water-repellent properties based on the initial screening were considered 

for the remainder of our experiments to further characterize the fluorinated coatings. These items 

are shown in Figure 3.3. 

To quantitatively gauge the confidence in detection of the fluorinated coatings, the signal-

to-noise ratio (S/N) was calculated for the tallest peak in each pyrogram. Peak height in the 

pyrogram was used as the signal while noise was quantified by the standard deviation of the 

baseline within the last 2 minutes of the pyrogram where no fluorinated peaks were observed as 

shown in Figure 3.2a. Figure 3.4 depicts the distribution of S/N for the tallest peak within F-

pyrograms of single fibers taken from the 9 clothing items with oil-and-water-repellent properties. 

Notably, the S/N within each clothing item varies to a large extent. These variations may arise 

from changes in pyrolyzed fiber size, pyrolysis temperature (relative positioning of coil and fiber), 

and inhomogeneous coating thickness across the garment. In particular, controlling the size of the 

pyrolyzed fiber is challenging during the transfer step, as described in the experimental section.   

The pyrogram patterns specific to the coatings (see Figure 3.2) can be used to differentiate 

and classify fibers. However, pyrogram peaks with low S/N ratios often result in poor 

classification. Thus, we considered a minimum S/N threshold to enhance the confidence in 

differentiation of fibers based on pyrogram patterns.  To determine the threshold, we examined the 

cumulative fraction of pyrograms in Figure 3.4 as a function of S/N for the tallest peak. Figure 3.5 

illustrates a steady rise in the fraction of pyrograms as the S/N threshold is lowered from 400. 

Notably, a flattening of the curve is observed at S/N of 50, suggesting a step-wise reduction in S/N 

distribution around the value of 50. Therefore, lowering the S/N threshold below this value does 

not lead to a proportionally higher number of the pyrograms that pass F detection threshold, while  
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Figure 3.3. Images of the 9 clothing items that showed oil- and water-repellent properties. 
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Figure 3.4. Distribution of S/N for the tallest peak observed in pyrograms of single fibers. 

The number of fibers sampled from each clothing item (n) is shown below each box plot. Whiskers 

extend to the minimum and maximum S/N observed for each clothing item. 
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Figure 3.5. Cumulative fraction of pyrograms with the tallest peak having a minimum S/N 

ratio equivalent to the value in the x axis. The horizontal black line marks the selected threshold 

at a S/N of 50.  97.5% of the 203 analyzed fibers in Figure 3.4 pass this threshold. 
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it reduces the confidence in pattern detection within pyrograms. Thus, we adopted S/N = 50 for 

the tallest peak as the threshold for using a pyrogram to distinguish between fibers based on the 

peak patterns. We emphasize that noise is defined as standard deviation of baseline in our analysis. 

A S/N of 50 therefore is equivalent to a S/N of 10 using peak-to-peak noise definition. Notably, 

97.5% of the 203 total pyrograms pass this threshold, denoting minimal elimination of pyrograms 

as a result of generally good S/N values obtained in py-GC-PARCI-MS for analysis of single fiber 

coatings. 

 

 3.3.3. Chemical Diversity among Fluorinated Coatings 

While presence of fluorinated coatings differentiates between coated and uncoated fibers 

of otherwise identical properties, distinguishing coating types offers an important layer of 

information for forensic analysis. The fabric descriptions provided by the garment manufacturers 

summarized in Table 3.2 suggest potential chemical diversity in the coatings. However, the 

chemical identities of the coatings are proprietary, preventing us from confidently assigning the 

extent of chemical diversity among the tested garments. Accordingly, we utilized py-GC-PARCI-

MS to gain insights into the chemical diversity of the coatings and tested the capabilities of this 

technique for classification of fibers with fluorinated treatments.  

Given large variations in pyrogram peak heights between samples, normalization to the 

tallest peak in each pyrogram was implemented and the peak patterns in the resulting pyrograms 

were used to denote a particular coating. The patterns constitute retention times and relative ratios 

of the peaks in the pyrograms. For a successful classification, variation of the patterns arising from 

chemical differences between coatings must be larger than the variation observed across a single 

garment. Two factors can contribute to experimental variations of pyrolysis peak patterns from 
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fibers across the same garment: 1) the item may be coated inhomogeneously as a result of the 

coating process. For example, incomplete curing of the coating could lead to higher amounts of 

monomer relative to other pyrolysis products in only some locations of a garment. 2) Pyrolysis 

conditions may vary from experiment to experiment. Slight differences in fiber positioning relative 

to the heating coil in the pyrolizer could lead to inconsistent pyrolysis temperatures that may 

change the pyrolysis product ratios when analyzing fibers from the same garment. To capture 

potential variations in coating homogeneity across a garment, fibers were sampled from several 

locations with visually similar fiber characteristics across each clothing item as discussed above.  

Figure 3.6 demonstrates the results of PCA of normalized fiber pyrograms, indicating 

distinguishable patterns between coatings. Note that the pyrograms were separated based on fiber 

core prior to PCA similar to a typical forensic analysis where fiber core type is determined by 

nondestructive spectroscopic methods before pyrolysis. One challenge in this regard was core 

assignment for fibers from the tan Columbia capris. The fabric is designated as 95% nylon and 5% 

elastane. We were not able to readily distinguish between elastane and nylon at the single fiber 

level; thus, the fibers from this garment were included with other nylon fibers for PCA. The effect 

of core on detection of fluorinated coatings is discussed extensively in a later section of this report. 

Figure 3.6a shows the clustering of cotton fibers based on fiber coating among seven 

clothing items, indicating two distinguishable classes. Notably, all of the fibers from the same 

clothing item cluster with each other regardless of the location, denoting minimal effect of coating 

variations across a single garment on clustering. 

For polyester fibers, Figure 3.6b illustrates that each garment is separated into its own 

cluster. An anomaly is circled in red in Figure 3.6b for one fiber from the dark blue Jerzees shirt 

that clusters with the blue Blackhawk shirt fibers. However, replicate fiber samplings from the  
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Figure 3.6. PCAs of fiber pyrograms for fibers with (a) cotton (124 fibers), (b) polyester (47 

fibers), and (c) nylon (27 fibers) cores. The total number of fibers is 198 (5 pyrograms from the 

total of 203 were excluded via S/N thresholding). Ellipses represent 95% quantiles of each cluster. 

The outlier in (b) is circled in red. 
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same location of the anomalous result cluster with each other and with the rest of the dark blue 

Jerzees shirt fibers sampled from other locations. Therefore, the anomaly is treated as an outlier 

and we conclude that the sampling location of the fiber generally does not impact clustering of 

polyester fibers in PCA, similar to the cotton fibers in Figure 3.6a. 

The PCA for nylon fibers in Figure 6c represents three clothing items which are separated 

into two distinguishable clusters. Similar to other core types, no location-specific trends are 

observed, indicating that any variations present across locations of the clothing item are not 

significant enough to impact clustering based on fluorinated fiber coating. Overall, the data in 

Figure 3.6 illustrate that py-GC-PARCI-MS can be used to both detect and distinguish between 

fluorinated fiber coatings in commercial clothing items. 

 

 3.3.4. Effect of Fiber Color on Clustering of Fibers Based on F-pyrograms 

It is of note that fibers of the same core may have different colors in our samples. These 

fibers can be visually distinguished within forensic casework; however, our sample selection was 

focused on maximizing coating chemical diversity rather than ensuring identical color 

characteristics for fabrics. Importantly, pyrolysis of the coatings is unlikely to be affected by the 

fiber dye at the high pyrolysis temperature utilized in this study. Notably, pyrolysis insensitivity 

to dye has been reported for the fiber core at high pyrolysis temperatures [131]. Thus, we 

hypothesized that the fiber dye will have minimal impact on the detection and classification of 

fiber coatings. This hypothesis is supported by the data in Figure 6. For example, fibers from the 

multi-colored Chico’s shirt, included in Figure 6a, were from areas with different colors, yet all 

cluster with each other, indicating that fiber dye does not impact the pyrogram patterns 

significantly. 
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To further clarify the effect of fiber color, we applied PCA to examine clustering of the 

fibers only from the multi-colored Chico’s shirt. As depicted in Figure 3.7, pyrograms of fibers 

with different colors do not show sufficient differences to be separated into distinguishable clusters 

by PCA. Therefore, we conclude that the pyrogram patterns of the fluorinated fiber coatings 

obtained using py-GC-PARCI-MS are not sensitive to the variation in fiber dyes.  

In summary, the F-pyrogram patterns generated by py-GC-PARCI-MS show consistency 

across a single garment and differentiate between different garments with oil-and-water-repellent 

coatings. Therefore, the coatings may be classified using a model trained on a database of 

pyrograms. Ideally, such a database would include all fiber cores and colors known to have been 

produced with each respective coating. However, building such a comprehensive database can take 

a significant amount of time. Notably, the efforts for building a database may be considerably 

reduced, and an interim useful database may be assembled, if other fiber characteristics do not 

cause interference in fiber differentiation and clustering based on F-pyrograms. Our results above 

are encouraging in this respect as they indicate that dyes do not interfere with clustering. To further 

investigate the prospect of an interim database of coating pyrograms without regard to other fiber 

properties, we examined the effect of the fiber core on F-pyrograms. 

 

 3.3.5. Effect of Fiber Core on Clustering of Fibers Based on F-pyrograms 

The clothing items with cotton-synthetic blend fabrics (dark blue Jerzees shirt, white 

FeatherLite shirt, tan Walls shorts, and purple Wolverine jacket) provide an avenue to test the 

effect of the core on F-pyrograms as the coating type would be the same for fibers sampled from 

these items. Figure 3.8 shows clustering of fibers based on F-pyrograms for fibers with various 

cores (represented as different shapes). Two distinguishable clusters are evident in Figure 3.8.  
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Figure 3.7. PCA of fiber pyrograms for 27 fibers sampled from the multi-colored Chico’s 

shirt. The fibers have a cotton core but different colors. Ellipses represent 95% quantiles of each 

fiber color.  
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Figure 3.8. PCA of fiber pyrograms from cotton-synthetic blended core clothing items. 

Ellipses represent 95% quantiles for each cluster. 
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Importantly, the fibers from the same clothing item cluster with each other regardless of core type. 

Further, the clustering of items with each other is the same as that observed in Figure 3.6 where 

core type was taken into account prior to PCA.  These results suggest that even a database with 

limited fiber core and color diversity may be useful to classify coating type on single fibers.  

Given the insensitivity of F-pyrograms to dyes and fiber core, the diversity of the 

fluorinated coatings among the 9 oil-and-water-repellent garments may be examined via PCA of 

F-pyrograms of all fibers from these garments. The PCA results are shown in Figure 3.9, indicating 

three major types of coatings distinguishable by py-GC-PARCI-MS.  Figure 3.10 shows the 

average pyrograms for each clothing item to help visualize the three main patterns that lead to the 

clusters seen in Figure 3.9.  

 

 3.3.6. Effect of Fiber Lifting Using Post-it® Notes on Coating Classification 

All forensic evidence is subjected to collection and processing procedures. Therefore, it is 

important to consider the impact of these procedures on the analysis of the evidence. For fibers, a 

low-tack tape is often applied to surfaces in order to lift fibers. Lifting tapes use adhesives with 

the potential to remove the coating from the fiber when the fiber is separated from the adhesive. 

Further, trace residue from the adhesive may be transferred to the fiber surface, interfering with 

the pyrolysis process.  

The Evidence Handling & Laboratory Capabilities Guide for Trace Evidence by the 

Virginia Department of Forensic Sciences indicates that Post-it® note like adhesives are used for 

lifting fibers due to their low-tack properties [132]. Therefore, we tested Post-it® notes for their 

impact on detection and classification of fiber coatings using py-GC-PARCI-MS. The principal 

components (PCs) of pyrograms for the fibers sampled directly (without adhesive contact) from  
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Figure 3.9. Combined PCA of the F-pyrograms for fibers collected from the 9 oil-and-water-

repellent garments. The 198 pyrograms that passed the S/N threshold are used regardless of fiber 

core and color. Ellipses are drawn at the 95% quantile for each group. Outlier is identified by a red 

circle.  
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Figure 3.10. Average normalized pyrogram for each clothing item sorted by groups 

identified in Figure 3.9. 
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the 9 oil-and-water-repellent garments were used as a training set to build a multinomial logistic 

regression model via the “multinom” function of the nnet package in R [133]. The model was then 

employed to predict the class of fibers that came into contact with a Post-it® note.  

The number of principal components included in the model was optimized via leave one 

out cross validation (LOOCV) using the training set by sequentially adding PCs starting from PC1. 

The code used for implementation of LOOCV can be found in Appendix B (ESM_3). In LOOCV 

procedure, the principal components and subsequent multinomial logistic regression model were 

calculated using n-1 samples in the training set (n representing the number of samples in the entire 

training set). The principal component(s) of the excluded sample was then calculated and 

submitted to the multinomial logistic regression model for class prediction. The misclassification 

rate as a function of the number of principal components included in the model is shown in Figure 

3.11. Notably, there are only two misclassifications out of 198 predictions in the simplest model 

where only PC1 is included. One of the errors is associated with the outlier discussed previously, 

shown in a red circle in Figure 3.9, and is expected to be misclassified. While the error rate is 

slightly reduced by using 7 and higher PCs compared to the simplest model with only PC1, the 

model complexity increases significantly and may not be generalizable to a test set. Therefore, the 

model using only PC1 was selected for classification of lifted fibers. The major separation of the 

groups along PC1 responsible for the success of the simple model is also visually evident from 

Figure 3.9.  

To evaluate the model, a test set was constructed with fibers from two sources 1) new fibers 

sampled from 8 of the original 9 items, and 2) fibers from three additional items purchased 

separately. The new items had the same brand and garment type as three of the blended core 

original items but were purchased with different colors. Table 3.4 summarizes the test set items as  
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Figure 3.11. Classification error calculated using leave one out cross validation (LOOCV) as 

a function of the number of principal components included in the multinomial logistic 

regression model. 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3.4.      List of fibers tested for classification after Post-it® note adhesion. 

Clothing article 

 Total  Cotton  Polyester  Nylon 
 

 Fibers  Locations  Fibers  Locations  Fibers  Locations  Fibers  Locations  

Blue Blackhawk shirt  6  3  -  -  6  3  -  -  
Multi-color Chico’s shirt  4  4  4  4  -  -  -  -  

Tan Columbia capris  7  3  -  -  -  -  7*  3*  
Gray Lee dress pants  3  3  3  3  -  -  -  -  

White Jerzees shirt (new)  10  2  3  2  7  2  -  -  
Black Nanotex shirt  3  1  3  1  -  -  -  -  

White Featherlite shirt  9  3  5  2  4  2  -  -  
Tan Walls shorts  3  3  2  2  -  -  1  1  

Charcoal Walls shorts (new)  7  2  1  1  -  -  6  2  
Purple Wolverine jacket  3  3  -  -  -  -  3  3  

Black Wolverine jacket (new)  6  2  3  2  -  -  3  2  
*These fibers may be either Nylon or Elastane. 
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well as the number of fibers and locations sampled for each clothing item. The fibers were 

subjected to the Post-it® note treatment prior to py-GC-PARCI-MS and the resultant pyrogram 

patterns were then used to assign the class of each fiber based on the model described above. 

Table 3.5 depicts the confusion matrix for classification of the fibers treated with adhesive 

lifting. Despite many fibers being from entirely different clothing items (same brand), with varying 

cores and colors, only 1 (blue Blackhawk shirt fiber from the original 9 clothing items) out of 61 

fibers (1.6% error rate) was incorrectly classified, further validating the model and supporting the 

notion that color and core do not impact classification based on fiber coating. Importantly, these 

results also indicate that the use of Post-it® notes for fiber lifting does not appear to significantly 

impact coating classification using py-GC-PARCI-MS, highlighting minimal impact of this 

processing step on the evidentiary value of fluorinated fiber coatings.  

 

 3.3.7. Differences in Coating Types within the Same Brand 

In regard to diversity of coating types, our investigations revealed differences between 

coatings with similar labels. In particular, the F-pyrograms of fibers from three clothing items with 

Teflon® coating on their labels showed significant variations in peak patterns. The three clothing 

items were the white FeatherLite shirt, blue Blackhawk shirt, and a newly purchased black 

FeatherLite shirt. As noted in Table 3.2, the labels specify that the white FeatherLite shirt is coated 

with Teflon® fabric protector while the blue Blackhawk shirt is coated with Teflon® Shield + fabric 

protector.  Similarly, the new black FeatherLite shirt label specifies it is coated with Teflon® fabric 

protector. 

Average pyrograms from fibers of these clothing items are shown in Figure 3.12. Notably, 

the pyrogram patterns for fibers of black and white FeatherLite shirts differ from one another  
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Table 3.5.      Confusion matrix for classification 
of fibers adhered to Post-it® notes. 
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Group 1  33  1  0 

       

Group 2  0  5  0 

       

Group 3  0  0  22 

        
Groups in Table 3.5 reference Figure 3.10 
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Figure 3.12. Average pyrograms for black FeatherLite shirt (Chemours Teflon® fabric 

protector) [7 fibers], blue Blackhawk shirt (Chemours Teflon® Shield + fabric protector) [9 

fibers], white FeatherLite shirt (DuPont Teflon® fabric protector) [37 fibers]. 
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despite both being labeled as Teflon® fabric protector coating. However, the label on the black 

FeatherLite shirt indicates Chemours as the manufacturer, while the label on the white FeatherLite 

shirt lists Dupont as the coating manufacturer. Interestingly, the pyrogram of the fiber from the 

blue Blackhawk shirt labeled as Teflon® Shield + fabric protector, manufactured by Chemours, 

appears to be a mixture of the pyrograms of the fibers from white and black FeatherLite shirts. 

These results suggest that Chemours may have renamed the original Teflon® fabric protector as 

Teflon® Shield after the split off from Dupont. An alternative explanation is that there may have 

been a mislabeling of one of the Featherlite shirts by the manufacturer. Nevertheless, these results 

reflect the evolving nature of the fluorinated coatings which may add specificity to fiber 

association and classification.  

 

3.4. Conclusions 

Several important questions related to forensic utility of fluorinated coatings on fibers were 

addressed in our investigations using a newly developed analytical technique, py-GC-PARCI-MS. 

Namely, these coatings were successfully detected on the single fiber level for all clothing items 

that demonstrated both oil- and water-repellent properties. Further, distinguishable clusters were 

detected based on F-pyrograms, indicating at least three detectable chemical classes and the 

potential for fiber discrimination based on fluorinated coatings. Moreover, we demonstrated the 

potential of correctly classifying fiber coatings even after fiber lifting with an adhesive, 

highlighting compatibility with fiber processing steps.  

Notably, the classification was determined to be robust despite variations in fiber color and 

core among the training set and the test set, indicating that the generation of coating-specific 

pyrolysates is not affected by variations in these fiber properties. This finding offers a path to a 
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practical and useful database of coating pyrograms irrespective of dye or fiber core for fiber 

classification. Such a database can also offer other supporting forensic information. For example, 

if some coatings are found on carpets more often than on clothing items, the database could 

supplement the current indicators of fiber end-use, such as cross section and diameter [134]. 

Overall, our results point to the currently unutilized potential of fluorinated fiber coatings to 

improve the evidential strength of fibers in forensic analysis and warrant a continued investigation 

to enable this area in forensic laboratories. 
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Chapter IV 

Effects of Outdoor Weathering and Laundering on the Detection and Classification of 

Fluorinated Oil-and-Water-Repellent Fabric Coatings‡ 

4.1. Introduction 

Fiber evidence can be exposed to a number of external conditions, such as sunlight, heat, 

and water prior to collection, potentially altering fiber characteristics. Therefore, the persistence 

of fiber properties used in forensic examinations must be investigated with regards to exposure to 

common external conditions. For example, dyes as well as optical birefringence and extinction 

characteristics that indicate fiber core structure have been studied by controlled exposure of fibers 

to outdoor environments [13, 70–73, 135–137] and laundering [13, 137].  

Recently, we introduced fluorinated oil-and-water-repellent fabric coatings as a new 

category of fiber tracers detectable at the single-fiber level [127, 138]. Polyfluorinated moieties, 

incorporated into the polymer structure of these coatings, impart low surface energies and prevent 

oil and water absorption into the fabrics. Importantly, these coatings are likely to be durable 

considering the environmental persistence of polyfluorinated compounds [78]. Notably, leaching 

of polyfluorinated compounds from durable water-repellent fabrics upon weathering has recently 

been suggested, indicating potential environmental degradation of the coatings [136]. However, 

 
‡ Chapter is the pre-peer reviewed version (See Appendix A) of the following published article: Dolan, M.J., Jr., 
Jorabchi, K. (2021), Effects of outdoor weathering and laundering on the detection and classification of fluorinated 
oil-and-water-repellent fabric coatings. J Forensic Sci. https://doi.org/10.1111/1556-4029.14744 (publisher: John 
Wiley & Sons Inc.). This project was supported by Award No. 2017-R2-CX-0007, awarded by the National Institute 
of Justice, Office of Justice Programs, U.S. Department of Justice. The opinions, findings, and conclusions or 
recommendations expressed in this publication/program/exhibition are those of the author(s) and do not necessarily 
reflect those of the Department of Justice. Major instrumentation was provided by PerkinElmer Inc. We also thank 
PerkinElmer Inc. for providing the gas chromatograph, the microwave plasma generator, and the mass spectrometer 
used in these studies.  
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the extent of polymer degradation has not been characterized, leaving questions regarding the 

persistence of these coatings as fiber tracers for forensic applications.  

To address this outstanding question, here we evaluate the detectability and classification 

of fluoropolymer fabric coatings upon laundering and exposure to environmental conditions. 

Laundering for one and ten washes is examined to test for short and moderate term loss of the 

coatings. An outdoor exposure time of 3 months is investigated similar to other forensic evidence 

exposure studies to evaluate the effects of weathering [71, 135, 139]. Furthermore, we incorporate 

intermittent sampling of the fibers to explore the detectability over the course of exposure time. 

Importantly, the fiber analysis is conducted at the forensically relevant single fiber level, thanks to 

high sensitivities offered by pyrolysis-gas chromatography-plasma assisted reaction chemical 

ionization mass spectrometry (py-GC-PARCI-MS) [91], filling in the current gaps in knowledge 

regarding persistence of fluorinated oil-and-water-repellent coatings as forensic fiber tracers. 

 

4.2. Materials and Methods 

4.2.1. Fabrics 

Table 4.1 lists the samples used in our studies. Nine oil-and-water-repellent garments with 

fluorinated fabric coatings (confirmed using py-GC-PARCI-MS) compose the majority of the 

samples. These clothing items were purchased from commercial vendors with listings on the 

Amazon website. In addition, the durability of two fluorinated stain-resistant spray-on coatings, 

namely Scotchgard™ Fabric Crafts Protector and Forcefield® Upholstery Rug & Fabric Protector 

sprays purchased from the JOANN Fabric and Craft store (JO-ANN Stores, LLC, Hudson, OH, 

USA), were tested. These samples were prepared by applying the sprays on white cotton fabrics 

(Testfabrics, West Pittston, PA, USA) as prescribed by the product use instructions. The spray-
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applied samples were considered because they may be less durable, especially upon laundering, 

compared to commercially applied coatings of the garments.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Table 4.1.      List of samples analyzed.   

Sample 
(Manufacturer in parenthesis)  Fiber color  Fiber core 

Blackhawk shirt 
(Vista Outdoor Inc.)  Blue  Polyester 

     Chico’s shirt 
(Chico’s)  Multi-color  100% cotton 

     Columbia capris 
(Columbia Sportswear Company)  Tan  96% nylon / 

4% elastane 
     Lee dress pants 

(Kontoor Brands)  Gray  100% cotton 

     Jerzees shirt 
(Fruit of the Loom Inc.)  Dark Blue  50% cotton / 

50% polyester 
     Nanotex shirt 

(Maks Activewear LLC)  Black  100% cotton 

     FeatherLite shirt 
(Sierra Pacific Apparel Group)  White  60% cotton / 

40% polyester 
     Walls shorts 

(Walls Outdoor Goods)  Tan  67% cotton / 
33% nylon 

     Wolverine jacket 
(Wolvereine Worldwide, Inc.)  Purple  50% cotton / 

50% nylon 
     

Cotton fabric sprayed with Scotchgard™ 
fabric crafts protector 

(3M) 
 White  100% cotton 

     
Cotton fabric sprayed with Forcefield® 

upholstery, rug & fabric protector 
(Shield Industries) 

 White  100% cotton 
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4.2.2. Outdoor Exposure 

 Single threads taken from samples were slightly loosened by gently twisting the threads to 

increase exposure of individual fibers. The threads were then stapled to thin wooden slats of the 

outdoor exposure apparatus shown in Figure 4.1. The apparatus was constructed from wood and 

was covered with bird netting to protect fabric threads from animals. The slats suspended the 

threads, reducing potential effects of contact with the wood surface on fiber coating degradation. 

However, during periods of rain the threads often sagged and came into contact with the bottom 

wood surface. The bottom board was built with a slight incline to minimize accumulation of water 

within the apparatus. The apparatus was placed on a table set upon a wooden porch in Arlington, 

VA, USA. This location provided temperatures ranging from 3.2 °C to 38.8 °C in combination with 

rainfall, allowing for the examination of the combined effects of these conditions on fiber coating 

loss. The threads were left outside for 12 weeks, between August 3 and October 26, 2020 and 

sampled at 4-week intervals. 

Conditions of the outdoor exposure were monitored using an outdoor weather station 

(Ambient Weather, model WS-2902B, Chandler, AZ, USA) shown in Figure 4.1. The temperature 

reading was calibrated using a red spirit thermometer, and all other sensors were used as provided 

by the manufacturer. Solar irradiance was detected by the weather station in Lux, and was 

converted to W/m2 by the factory programmed conversion factor [140, 141]. Temperature, solar 

irradiance, and rain fall were all recorded every 5 minutes and uploaded to a cloud storage service 

provided by the outdoor weather station manufacturer. We note that power outages caused brief 

gaps in data logging. However, the largest gap was only 11 consecutive data points (55 minutes) 

and a total of 13.25 hours lacked recorded data throughout the experiment, amounting to only 0.6% 

of the total monitored time. Therefore, we did not attempt to estimate values for missing time  
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Figure 4.1. Wooden apparatus for environmental exposure of fibers (a) before complete 

construction, (b) after complete construction, and (c) in outdoor exposure location with 

weather station. 
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points in the data. To enhance the confidence in accuracy of outdoor condition measurements, we 

compared the values registered by the outdoor weather station to those reported by the national 

weather service forecast office [142] for two local weather stations, encompassing the fabric 

exposure location with distances of less than 30 km. 

 High and low temperatures recorded by the outdoor weather station are shown in Figure 

4.2 and compared to values reported by Dulles Airport (Dulles, VA) and Reagan National Airport 

(Arlington, VA) weather stations. We note that daily highs recorded by the outdoor station show 

a positive bias relative to the data from the local weather stations in August and early September. 

During this period exposure to sunlight was higher. Therefore, the recorded temperature was likely 

higher than that of the local weather stations due to both direct and reflected radiation on the 

weather station. Notably, the weather station is located at a similar height as the samples above the 

wooden porch. Therefore, the temperature recorded by the weather station is more reflective of the 

temperatures experienced by the samples compared to values from the local weather stations. 

 Daily rainfall recorded by the outdoor weather station is shown in Figure 4.3 and is 

compared to the daily rainfall measured at local weather stations (Dulles and Reagan National 

Airports). The values are in good agreement except for August 4th. On this date, there was a severe 

storm with high winds. Due to concerns that the weather station and samples could be damaged or 

lost, both the weather station and the samples were moved indoors, explaining the discrepancy. 

Importantly, the values recorded by the outdoor weather station accurately reflect the true sample 

exposure to rain. A total of 12.84 inches were recorded over the entire twelve-week period with a 

rain event on 35 of the 84 days. 

 Data for daily solar irradiance were not available from local weather stations. However, 

the daily irradiance maxima measured by the outdoor weather station, shown in Figure 4.4, are  
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Figure 4.2. High and low temperatures over the course of 12 weeks (Aug. 3 – Oct. 26, 2020) 

for environmental exposure of fibers collected by the local weather stations as well as the 

outdoor station placed next to the samples. Red dashed vertical lines denote the sampling times 

at weeks 4, 8, and 12. 
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Figure 4.3. Daily rain totals recorded by the outdoor weather station and local weather 

stations during outdoor exposure experiments (Aug. 3 – Oct. 26, 2020). Red dashed vertical 

lines denote the fiber sampling times at weeks 4, 8, and 12. 
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Figure 4.4. Daily maximum solar irradiance over the 12-week outdoor exposure experiment 

(Aug. 3 - Oct. 26, 2020). Red dashed vertical lines denote the fiber sampling times at weeks 4, 8, 

and 12. 
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generally below 900 W/m2, indicating reasonable estimates for global horizontal irradiance by the 

outdoor weather station. Integration of solar irradiance values over the total experiment time of 12 

weeks resulted in total solar exposure of 185.65 kWh/m2. This value is similar to other studies that 

conduct outdoor aging with  exposure levels > 120 kWh/m2 treated as “old” samples [13].  

 

4.2.3. Laundering 

 Small swatches of cloth (~5-10 mm × 30 mm) taken from samples were washed in a 

laundry machine (model EP24021, Giantex, Ontario, CA, USA) along with 6 XXL George white 

T-shirts (Asda Group Ltd., Leeds, England) to simulate abrasion with other clothing materials. To 

enhance the simulation, the swatch was folded into one shirt placed between three shirts below, 

and two on top. Cold water was used, consistent with washing instruction on the majority of the 

labels for the clothing items. The water level was set to L1, amounting to ~25 L, and the fast 

method (method 03) with a run time of 23 minutes was utilized. Tide® Original Laundry detergent 

(Proctor and Gamble, Cincinnati, OH, USA) was used for all experiments and the provided cap 

was filled to the second level, measuring ~40 mL. The detergent was mixed in during the first 2 

minutes as the washer tub filled with water. A swatch from each sample was washed once followed 

by one “blank” wash (containing only the T-Shirts and no detergent) after each sample to reduce 

cross contamination. After the first wash, 1-3 threads were taken from each swatch. Each sample 

swatch was then subjected to 9 consecutive wash cycles followed by thread sampling at the end. 

At least one blank wash was conducted before and after the 9 cycles for each sample to reduce 

chance of cross contamination between samples.  
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4.2.4. Fiber Sampling 

 Fibers were removed from threads with tweezers and were secured to a glass slide with 

tape on each end of the fiber. If the fiber was obtained from a cotton-synthetic blend clothing item, 

the fiber was examined by a microscope with crossed polarizers to determine the fiber core as 

synthetic or cotton. The fiber was then cut to ~20 mm and transferred with tweezers to a quartz 

tube. The fiber was sandwiched between two quartz wool plugs to improve reproducibility of fiber 

heating for pyrolysis. 

 

4.2.5. py-GC-PARCI-MS 

 The details of instrumental set-up and instrument parameters are reported previously [127, 

138]. Briefly, a Pyroprobe 4000 (CDS Analytical, Oxford, PA, USA) was mounted directly to an 

HP 6890 gas chromatograph (Agilent, Santa Clara, CA). The probe interface was set to 250 °C. 

The probe coil ramped to 700 °C at a rate of 1 °C/ms, with a final hold of 1 minute. The GC 

contained a 30-m 250-μm i.d. column with 5% phenyl-methylpolysiloxane stationary phase of 1-

μm film thickness. The oven program started with a 40 °C hold for 1 minute followed by a ramp 

to 250 °C at a rate of 25 °C/min with a final hold for 2 minutes. The GC inlet was set to 300 °C 

with a split ratio of 10. A constant column flow of 2 mL/min helium was utilized throughout 

separations. 

 Pyrolysis products separated by GC were combined with helium (500 mL/min) and oxygen 

(50 mL/min) gases before introduction into a low-pressure microwave induced plasma sustained 

within an alumina tube to release F atoms from fluorinated pyrolysates. The plasma was operated 

at 40 W forward power, with 4-8 W reflected power. Nitrogen (600 mL/min) was mixed with the 

afterglow plasma gas to generate low energy electrons, leading to F- generation. The ions were 
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guided into a single quadrupole MS (SQ300, PerkinElmer Inc, Waltham, MA) via a stainless-steel 

tube. The MS was tuned to monitor F- at m/z 19 with a 10 Hz acquisition frequency, resulting in 

F-pyrograms. 

 

4.2.6. Data Analysis 

 F-pyrograms of fibers were exported as .csv files and imported into R [116] for analyses. 

Pyrograms were baseline corrected (“rfbaseline” function from the IDPmisc package [128]) and 

the first 1.5 minutes were removed to eliminate poorly retained compounds. Signal-to-noise ratio 

(S/N) was then calculated for the tallest peak using peak height as the signal and the standard 

deviation of the baseline as noise. As discussed in our previous report [138], pyrograms with a S/N 

< 50 were considered unfit for reliable classification and were not included in further analysis. 

Pyrograms were then subjected to binning with bin width of 0.1 s (10 Hz) in order to account for 

slight variations in instrumental data collection frequency. When a bin contained more than one 

data point, the two intensities were averaged. Empty bins were filled with the average intensity of 

the previous and next bin using “na_ma” function from the imputeTS R package [129]. Finally, 

pyrograms were normalized to the tallest peak to utilize the pyrogram patterns (rather than absolute 

intensities) as fiber coating identifiers.  

 

4.3. Results and Discussion 

4.3.1. Visual Changes During Exposure 

During the outdoor exposure, some of the fibers visibly changed over time. Figure 4.5 

shows threads from three of the clothing items (Wolverine jacket, Chico’s shirt, and Jerzees shirt) 

at each of the 4-week exposure intervals. A significant impact of weathering on the visual  
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Figure 4.5. Images of threads at 0, 4, 8, and 12 weeks from left to right for (a) Chico’s shirt, 

(b) Jerzees shirt, (c) Wolverine Jacket (cotton), and (d) Wolverine Jacket (nylon). Visible 

changes are observed for the cotton theads from Wolverine jacket and Chico’s shirt, while the 

mixed cotton-polyester threads from the Jerzees shirt and nylon threads from Wolverine jacket 

remains visibly unchanged. 
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identification of threads was observed for the cotton threads from the Wolverine jacket and for the 

Chico’s shirt. With dye degradation clearly indicating aging of the fibers, we investigated the 

extent of outdoor exposure impact on detection and classification of the coatings as outlined below.  

 

4.3.2. Evaluation Method 

The persistence of the fluorinated coatings as forensic tracers is evaluated by investigating 

the effect of laundering and outdoor exposure in regards to two areas: 1) detection of coatings on 

single fibers, and 2) coating type classification accuracy. To evaluate detection rate, a S/N 

threshold of 50 for the tallest peak in the pyrogram is adopted to denote positive detection of 

fluorinated polymer coatings. This threshold is selected based on a 97.5% detection rate for 

confident classification in our previous investigation of over 200 fibers taken from garments 

without any laundering and outdoor exposure [138]. Evaluation of coating type classification 

accuracy is achieved by developing a predictive multinomial logistic regression model using 

pyrograms of fibers prior to outdoor exposure and laundering. The classes of exposed and 

laundered fibers are then predicted using the model. The accuracy of predictions is used as a metric 

for evaluating the effect of aging and laundering on classification.  

 

4.3.3. Detection of Fluorinated Coatings From Unexposed Fibers and Predictive 

Model Development 

 A total of 54 fibers taken from the samples prior to environmental exposure and laundering 

were used to build a predictive model for coating classification. These fibers included three fibers 

per core type from each clothing item, excluding the Scotchgard™ spray-coated swatch and the 

Blackhawk shirt. For example, three fibers of each cotton and nylon cores were sampled from the 
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Wolverine jacket, a cotton-nylon blend, resulting in a total of 6 fibers analyzed from this sample. 

For the Scotchgard™ spray-coated swatch and the Blackhawk shirt a total of 7 fibers were used per 

sample to enhance the classification model as discussed later in this section. Notably, out of the 

total 53 pyrograms (14 from Scotchgard™ and Blackhawk shirts, 24 from the four cotton-synthetic 

blend garments, and 15 from the remaining five single core clothing items), only 1 pyrogram 

(Blackhawk shirt fiber) did not meet the detection criterion, resulting in 98% detection rate, 

consistent with our previous findings [138]. 

To build a predictive model, the dimensionality of the pyrograms was reduced via principal 

component analysis (PCA) (“prcomp” function from the R base package [116]). Figure 4.6a shows 

the PCA results of the pyrograms for the unexposed fibers that met the detection criterion, 

indicating four distinct clusters. The clusters are labeled as Groups 1-4 and serve as the classes for 

classification of the coatings. Average pyrograms for each group are provided in Figure 4.6b for 

visualization of the pyrogram patterns that lead to the distinct clusters. Notably, Scotchgard™ 

spray-coated fibers and Blackhawk shirt fibers cluster only with the fibers taken from the same 

garment. Therefore, the number of fibers analyzed for these garments was higher (7 each), as noted 

above, to ensure incorporation of the variations within these groups in the predictive model. As 

evident in Figure 4.6, the groups are well-separated by the first two principal components (PCs). 

Consequently, only these PCs were considered in the multinomial logistic regression model built 

via “multinom” function from the nnet package in R [133]. 

 To evaluate the performance of the model, a leave one out cross validation (LOOCV) 

methodology was employed. This was performed by 1) removing one pyrogram for use as a test 

sample, 2) calculating PCs for the remaining pyrograms and constructing a multinomial logistic 

regression model, 3) calculating the PCs of the test sample, followed by prediction of the test  
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Figure 4.6. (a) PCA of fiber pyrograms prior to exposure to outdoor weather and laundering. 

95% quantile ellipses are drawn to aid visualization of group assignments. Proportion of variance 

explained by each PC is shown in parenthesis. (b) Average pyrogram for each group.  
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sample class based on the multinomial logistic regression model, and 4) iterating steps 1-3 until 

each pyrogram was selected as the test sample exactly once. Notably, no prediction errors were 

encountered in the LOOCV process, highlighting the accuracy of the predictions offered by the 

well-separated groups indicated in Figure 4.6. A final multinomial logistic regression model based 

on unexposed fibers was then created using all samples in Figure 4.6. 

 

4.3.4. Effect of Weathering on Detection and Classification of Coatings 

Three fibers per core type from each clothing item were analyzed at 4, 8, and 12 weeks of 

exposure amounting to 135 fibers (45 fibers for each 4-week period). Importantly, all 135 

pyrograms met the coating detection criterion. Therefore, we conclude that detection of these 

fluorinated coatings is not impacted by up to twelve weeks of exposure to the environmental 

conditions reported here. 

The fiber coating class for exposed fibers was then predicted using the model developed 

based on unexposed fibers. Table 4.2 shows the confusion matrix for the classification of the 

weathered fibers. Only one fiber (from Lee dress pants at week 8) of the 135 fibers was 

misclassified resulting, in 99% classification accuracy. To investigate this error, 5 additional fibers 

were analyzed from the Lee dress pants at week 8. All 5 fibers were correctly classified, therefore, 

the misclassified fiber is considered an outlier.  

While classification into coating groups is not compromised upon weathering, there may 

be smaller changes in the pyrogram patterns of each clothing item overlooked by aggregating all 

samples in the model development. To further examine this possibility pyrograms were separated 

by clothing item and PCAs were constructed for each sample, eliminating the impact of other 

samples on clustering. Figure 4.7 shows the PCA for each clothing item with color indicating the  
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Table 4.2.      Confusion matrix for classification of fibers 
subjected to outdoor weather conditions. 

   True 
   Group 1  Group 2  Group 3  Group 4 

Pr
ed

ic
te

d 

Group 1  63  0  0  0 

         

Group 2  0  9  1  0 

         

Group 3  0  0  53  0 

         

Group 4  0  0  0  9 
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Figure 4.7. PCAs for each clothing item with exposure time periods labeled by color. 

Proportion of variance explained by each PC is shown in parenthesis. 
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exposure time. For the majority of the samples, intermixing of points from unexposed and exposed 

fibers was observed, indicating that the fiber-fiber pyrogram variation is larger than any exposure-

related changes to the fiber coating. The PCA for the Blackhawk shirt shows some separation of 

exposed and unexposed fibers, but there appears to be no separation between fibers exposed for 

various times. These observations generally indicate that changes in pyrogram patterns of coatings 

upon weathering, if present, are subtle and undetected by the py-GC-PARCI-MS technique. 

Collectively, the results above suggest that classification of fluorinated oil-and-water-

repellent coatings based on F-pyrogram patterns is not compromised for up to twelve weeks of 

exposure to the outdoor conditions recorded in this experiment, highlighting the persistent nature 

of these coatings and their suitability for robust classification of aged fibers.  

 

4.3.5. Effect of Laundering on Detection and Classification of Coatings 

 While the fibers were exposed to rain during the weather exposure experiment, laundering 

introduces a unique combination of friction, water, and detergent chemicals, potentially 

accelerating removal of coatings from fibers. Laundering is likely to occur after the commission 

of a crime in an attempt to remove evidence. For coatings that are applied by the manufacturer, oil 

and water repellency is expected to be durable to laundering. For example, Chemours’ website 

states that the Teflon® coating is expected to retain oil-and-water-repellence for up to 30 washes 

[143]. However, some coatings are applied by the consumer as a spray, such as the Forcefield® 

and Scotchgard™ sprays examined in this study. Product instructions often state that the spray 

should be reapplied after washing. Therefore, these coatings in particular may not be sufficiently 

retained on the fabric after laundering for detection and classification.  
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To test the laundering effects, fibers from each sample were analyzed after one and ten 

washes. The first wash simulated an initial wash after crime commission, while ten washes 

simulated up to 10-20 weeks of use (based on a laundering frequency of once every 1-2 weeks). 

Three fibers per core type were analyzed from each sample amounting to a total of 90 fibers (45 

fibers for each evaluation point). Of the 90 resultant pyrograms, 86 had a S/N > 50, producing a 

95.5% detection rate, close to the 98% detection rate for fibers prior to laundering. The four fibers 

that resulted in pyrograms with S/N < 50 included one fiber from the Blackhawk shirt after one 

wash, one fiber from the Blackhawk shirt after ten washes, one fiber from the Jerzees shirt after 

one wash, and one fiber from the Jerzees shirt after ten washes. Notably, one of the seven 

unlaundered Blackhawk shirt fibers also failed to meet the detection criterion, indicating that a S/N 

ratio of lower than 50 for laundered Blackhawk fibers may be due to fiber-to-fiber variability rather 

than significant loss of coating upon laundering. Similarly, a pyrogram from one of the six 

unlaundered Jerzees shirt had a S/N of 80, close to the threshold of 50. Therefore, fiber-to-fiber 

variation presents a plausible explanation for the four fibers that did not meet the fluoropolymer 

detection criterion. Consequently, we conclude that the impact of washing on the detection of oil- 

and water-repellent fiber coatings using py-GC-PARCI-MS is minimal. It is of note that 

Scotchgard™ and Forcefield® coatings were detected on all of the laundered fibers even after 10 

washes. This finding was unexpected, given the sprayed nature of these treatments, further 

highlighting the durability of the fluorinated coatings. 

To evaluate the classification accuracy upon laundering, the multinomial logistic 

regression model based on pre-exposure and pre-laundering fibers was used to predict the class of 

the fiber coatings subjected to laundering. The confusion matrix for predictions is shown in Table 

4.3, illustrating accurate class prediction for all 86 laundered fibers (including both 1 and 10  
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Table 4.3.      Confusion matrix for classification of fibers 
subjected to laundering. 

   True 
   Group 1  Group 2  Group 3  Group 4 

Pr
ed

ic
te

d 

Group 1  40  0  0  0 

         

Group 2  0  4  0  0 

         

Group 3  0  0  36  0 

         

Group 4  0  0  0  6 
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washes) whose pyrograms met the S/N threshold. These results indicate that classification of fiber 

coatings remains unaffected up to 10 launderings, supporting the use of fluorinated fabric coatings 

as a persistent characteristic in forensic fiber comparisons. 

 

4.4. Conclusions 

Our studies address the persistence of fluorinated fiber coatings as forensic tracers. After 

exposure to outdoor conditions in Arlington, VA for up to 12 weeks, detection and classification 

of fluorinated fiber coatings were not compromised.  The effect of outdoor exposure was further 

examined by creating separate PCAs for each clothing item. The lack of trends observed in PCAs 

for the majority of individual clothing items indicated that any effect of weathering on pyrogram 

patterns, if present, was lower than fiber-to-fiber variations. Therefore, the fiber pyrogram is 

unlikely to be useful in fiber age determination (how long the fiber has been exposed to the 

environment), a goal that has been pursued using other fiber properties [13].  However, the minimal 

impact of outdoor exposure on pyrogram clustering in the individual clothing PCAs further 

underscores the durability of the fluorinated fiber coatings to outdoor weather conditions and 

robust classification even after aging. 

Furthermore, the impact of laundering on the detection of fluorinated fiber coatings was 

minimal and resulted in no misclassifications of detected coatings. The successful detection and 

classification of fibers that were spray-coated, despite up to 10 laundry cycles, was particularly 

encouraging because they are considered less durable than commercial applications. These results 

demonstrate the persistent nature of the fluorinated oil-and-water-repellent coatings and indicate 

the potential to successfully compare two fibers that have undergone different exposures and 

processes.   
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Chapter V 

Summary and Future Directions 

5.1. Summary 

 In the previous three chapters I have detailed the development of py-GC-PARCI-MS for 

the analysis of fluorinated oil-and-water-repellent fiber coatings in a forensic context. In our first 

report we demonstrated that fluorinated coatings could be detected on a forensically relevant 10 

mm single fiber. These first samples were known to contain fluorinated coatings, and distinct 

groups of pyrolysis patterns were detected showing the potential for diversity.  

 We then applied this technique to the screening of apparel items marketed as stain-resistant. 

Here we identified three different pyrogram patterns confirming that there is detectable diversity 

of these coatings on commercial clothing items. Importantly, F-pyrolysates were detected on all 

clothing items that demonstrated both oil- and water-repellency, indicating that single fiber contact 

angle measurements may offer a non-destructive screening method that can be utilized prior to 

pyrolysis. Additionally, no impact of color or fiber core chemistry (e.g. cotton or polyester) on 

pyrogram clustering was observed indicating that a usable database could be constructed rapidly, 

since each combination of core, dye, and coating would not need to be examined. Finally, we were 

able to demonstrate the successful classification of fiber coatings despite contact with a low tack 

adhesive such as those used for lifting fibers at a crime scene, demonstrating compatibility of the 

method with common fiber processing steps. 

 Importantly, fibers can undergo exposure to a number of environmental conditions that 

could impact comparisons to the source clothing item. Accordingly, our final study was focused 

on examining the common types of aging including outdoor exposure and laundering. Here, we 

determined that detection and classification remained unaltered by exposure up to 12 weeks to 
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outdoor conditions in Arlington, VA. This was in contrast to clear visual changes in dyes for two 

of the clothing items. Finally, we demonstrated that laundering for up to 10 wash cycles had a 

minimal impact on detection and classification of fibers. Surprisingly, the persistence was also 

observed for spray-applied coatings that are considered to be less durable than factory applied 

coatings. Therefore, we concluded that the fluorinated coatings are persistent to many common 

exposures in forensic situations, offering a suitable fiber property for forensic fiber comparisons. 

 

5.2. Future Directions 

 5.2.1. Detection of Non-Fluorinated Fiber Additives 

 In analysis of fibers by a destructive analytical method such as pyrolysis, it is generally 

desirable to get as much information as possible from the evidence. Multi-elemental detection 

offers one approach to achieve this objective. For example, simultaneous detection of various 

elements to construct an elemental fingerprint of fibers has been explored to enhance forensic fiber 

comparisons [55]. Similarly, the information content of py-GC-PARCI-MS may be enhanced by 

simultaneous detection of several elements such as F (as F-), Br (as Br-), Cl (as Cl-), and P(as PO4-

). Each of these elements has the potential to provide information about the processing and 

chemical modification of fibers. For example, Br and P can potentially be found in flame 

retardants. Chlorinated compounds are used as insect repellents in fibers or may form as reaction 

products during the bleaching of fibers, e.g. during laundering [144]. 

 As a preliminary study to investigate the forensic potential of multi-elemental detection 

from fibers, we analyzed duplicates of 20-mm fibers from 11 different fabrics listed in Table 5.1. 

The samples were selected to include swatches with fluorinated coatings (as well as their uncoated 

blanks), a fabric sample impregnated with an insect repellent (Buzz-off), and clothing items with 
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no known additives to determine the diversity of their elemental signatures. Experimental 

conditions were similar to those in Chapter III except for the following: the GC initial temperature 

was 30 °C with an initial hold time of 3 minutes, followed by a 25 °C/min ramp to 310 °C with a 

final hold of 6 minutes; the acquisition rate was 8 Hz. The resulting pyrograms were grouped by 

element and were compared in a pairwise fashion using the linear regression method described in 

Chapter II of this thesis, and were subsequently submitted to hierarchical clustering. 

 The heat maps for pairwise distances (1-r2) are shown in Figure 5.1. Note that to investigate 

the effect of all elements in classification, the pyrograms were not subjected to S/N filtering. Thus, 

pyrograms with low S/N are present in each elemental heat map. The F heat map shows three 

distinct clusters. Cluster 1 and 2 contain fibers that are known to have fluoropolymer coatings 

while cluster 3 shows a F-pyrogram pattern from an unknown source. The diagonal single squares 

across the F heat map indicates the pyrograms with low S/N ratio which did not yield confident 

correlation with other pyrograms. Importantly, Cl- and Br- pyrograms can be used to further 

distinguish samples that are indistinguishable in their F-pyrogram. For example, F cluster 1 

highlighted in a light blue box includes three indistinguishable samples, namely, AEF23PSL 

(orange box), PEEF23PSL (yellow box), and Chemours (pink box). However, AEF23PSL (orange 

box) has a different Cl-pyrogram pattern compared to the other two samples evident from their 

separate clustering in Cl-heat map. Moreover, PEEF23PSL (yellow box) is the only sample among 

this group that shows a detectable Br signal, thus is distinguished from the other two based on its 

Br pyrogram pattern.   

 Interestingly, the samples in cluster 3 of the F-pyrogram, which contain an unknown F 

source, can also be distinguished from one another using Br patterns (only PENFPSL shows Br 

signal) while Cl-pyrogram patterns for these two samples are similar as indicated by their   
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Table 5.1.      Sample list for multi-elemental detection. 

Sample Description  Known 
Coating 

 Coating identifier 
(Obtained from) 

Blue Polyester  Buzzoff 
repellent 

 Buzzoff 

     
Dark Gray Polyester  Ecofluor23  PEEF23PSL 

(Peach State Labs) 
     

Tan Acrylic  Ecofluor23  AEF23PSL 
(Peach State Labs) 

     
Dark Gray Polyester  None  PENFPSL 

(Peach State Labs) 
     

Blue Cotton  Teflon  Jeans 
(Sears) 

     
Tan  Teflon  Chemours 

(Chemours) 
     

White Polyester  None  PETF 
(Testfabrics) 

     
White Acrylic  None  ATF 

(Testfabrics) 
     

White Nylon 6,6  None  N66TF 
(Testfabrics) 

     Green Sweatshirt  None  Sshirt 
     Dark knit hat  None  Hat 
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Figure 5.1. Hierarchical clustering heatmaps for F, Cl, Br, and P demonstrating the 

enhanced classification gained from Cl and Br for AEF23PSL (orange box), PEEF23PSL 

(yellow box), and Chemours (purple box), over the single class offered in F (light blue box). 
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clustering in the Cl heat map. Notably, many similar P pyrogram patterns were observed for the 

investigated samples, suggesting that P may not provide significant distinguishing power 

compared to halogens. 

 The examples discussed above highlight the power of multi-elemental detection for 

classification of single fibers in cases where detection of only one element (e.g. F) results in large 

subclasses.  

 

 5.2.2. Screening of Textiles for Detectable Additives 

 Evaluating the weight of any given piece of forensic evidence requires knowledge of its 

prevalence. Since many manufacturers do not release detailed formulations for proprietary reasons, 

the prevalence of these additives is often unknown. Therefore, an important next step in fiber 

additives analysis is to conduct large scale screening of fabrics and monitoring as many element-

specific pyrograms as possible. By screening a large number of fabrics, the prevalence of various 

fiber additives can be estimated for the assignment of evidential weight in forensic fiber 

comparisons. 

 

5.2.3. Atmospheric Pressure py-GC-PARCI-MS for Detection and Identification of 

Additive Pyrolysates 

 While comparisons of elemental pyrogram signatures can enhance fiber discrimination, the 

current technique only retains molecular information of pyrolysates in the form of retention time. 

Further enhancement could be achieved by identifying the molecular structure of the pyrolysates. 

This is particularly true for fragments that are not well retained, where retention time may not be 

as reliable as the identification of molecular ions. Additionally, PARCI is not yet commercially 
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available, making implementation in forensic casework challenging. Therefore, identifying the 

molecular m/z of common pyrolysates may offer a gateway to fluorinated fiber coating analysis 

using more common py-GC-MS instruments, which could selectively monitor the m/z of identified 

fluorinated pyrolysates. 

 As previously indicated, the challenge is in identifying which peaks are related to 

fluorinated coating in molecular mode. To address this challenge a combined elemental/molecular 

system can be utilized to flag the retention times of fluorinated pyrolysates in elemental mode, 

followed by identification of the pyrolysates at the flagged retention time.  

 We have recently reported an approach to achieve the above analyses using GC-PARCI-

MS based on an atmospheric pressure plasma. Detection of F was accomplished by conversion of 

fluorine in fluorinated compounds into HF within a dielectric barrier discharge (DBD) followed 

by ionization to Na2F+ via intersection of plasma products with a nanospray plume of sodium 

acetate [145]. Once the retention times of fluorinated compounds were identified, subsequent 

analyses were conducted where a corona discharge needle replaced the nanospray, allowing 

molecular detection by atmospheric pressure chemical ionization (APCI). This approach resulted 

in detection and identification of 1H,1H,2H,2H-perfluorooctyl methacrylate (PFOMA), a common 

monomer used for oil-and-water-repellent polymeric textile coatings, upon an ethyl acetate 

extraction of 10 mg fiber [145]. However, further research is needed to determine if a similar 

approach can be used for the identification of fiber additive pyrolysis fragments, which may have 

molecular ionization challenges by APCI. Identification of pyrolysates via this combined approach 

can facilitate the wider implementation of fluoropolymer screening in the forensic community, an 

important step in the successful incorporation of a new forensic analytical method. 
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published by Wiley Periodicals LLC ("Wiley")

Dear Contributor(s):

Thank you for submitting your Contribution for publication. In order to expedite the editing and publishing process and 
enable the Owner to disseminate your Contribution to the fullest extent, we need to have this Copyright Transfer 
Agreement executed. If the Contribution is not accepted for publication, or if the Contribution is subsequently rejected, 
this Agreement shall be null and void. 
Publication cannot proceed without a signed copy of this Agreement.

A. COPYRIGHT

1. The Contributor assigns to the Owner, during the full term of copyright and any extensions or renewals, all copyright 
in and to the Contribution, and all rights therein, including but not limited to the right to publish, republish, transmit, sell, 
distribute and otherwise use the Contribution in whole or in part in electronic and print editions of the Journal and in 
derivative works throughout the world, in all languages and in all media of expression now known or later developed, 
and to license or permit others to do so. For the avoidance of doubt, “Contribution” is defined to only include the article 
submitted by the Contributor for publication in the Journal (including any embedded rich media) and does not extend to 
any supporting information submitted with or referred to in the Contribution (“Supporting Information”). To the extent that 
any Supporting Information is submitted to the Journal, the Owner is granted a perpetual, non-exclusive license to 
publish, republish, transmit, sell, distribute and otherwise use this Supporting Information in whole or in part in electronic 
and print editions of the Journal and in derivative works throughout the world, in all languages and in all media of 
expression now known or later developed, and to license or permit others to do so. If the Contribution was shared as a 
preprint, the Contributor grants to the Owner exclusivity as to any rights retained by the Contributor in the preprint.
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2. Reproduction, posting, transmission or other distribution or use of the final Contribution in whole or in part in any 
medium by the Contributor as permitted by this Agreement requires a citation to the Journal suitable in form and content 
as follows: (Title of Article, Contributor, Journal Title and Volume/Issue, Copyright © [year], copyright owner as specified 
in the Journal, Publisher). Links to the final article on the publisher website are encouraged where appropriate.

B. RETAINED RIGHTS

Notwithstanding the above, the Contributor or, if applicable, the Contributor’s employer, retains all proprietary rights 
other than copyright, such as patent rights, in any process, procedure or article of manufacture described in the 
Contribution.

C. PERMITTED USES BY CONTRIBUTOR

1. Submitted Version. The Owner licenses back the following rights to the Contributor in the version of the Contribution 
as originally submitted for publication (the "Submitted Version"):

a. The right to self-archive the Submitted Version on: the Contributor’s personal website; a not for profit subject-
based preprint server or repository; a Scholarly Collaboration Network (SCN) which has signed up to the STM 
article sharing principles [ ] ("Compliant http://www.stm-assoc.org/stm-consultations/scn-consultation-2015/
SCNs"); or the Contributor’s company/ institutional repository or archive. This right extends to both intranets 
and the Internet. The Contributor may replace the Submitted Version with the Accepted Version, after any 
relevant embargo period as set out in paragraph C.2(a) below has elapsed. The Contributor may wish to add a 
note about acceptance by the Journal and upon publication it is recommended that Contributors add a Digital 
Object Identifier (DOI) link back to the Final Published Version.

b. The right to transmit, print and share copies of the Submitted Version with colleagues, including via 
Compliant SCNs, provided that there is no systematic distribution of the Submitted Version, e.g. posting on a 
listserve, network (including SCNs which have not signed up to the STM sharing principles) or automated 
delivery.

2. Accepted Version. The Owner licenses back the following rights to the Contributor in the version of the Contribution 
that has been peer-reviewed and accepted for publication, but not final (the "Accepted Version"):

a. The right to self-archive the Accepted Version on: the Contributor’s personal website; the Contributor’s 
company/institutional repository or archive; Compliant SCNs; and not for profit subject-based repositories such 
as PubMed Central, all subject to an embargo period of 12 months for scientific, technical and medical (STM) 
journals and 24 months for social science and humanities (SSH) journals following publication of the Final 
Published Version. There are separate arrangements with certain funding agencies governing reuse of the 
Accepted Version as set forth at the following website: . The http://www.wileyauthors.com/funderagreements
Contributor may not update the Accepted Version or replace it with the Final Published Version. The Accepted 
Version posted must contain a legend as follows: This is the accepted version of the following article: FULL 
CITE, which has been published in final form at [Link to final article]. This article may be used for non-
commercial purposes in accordance with the Wiley Self-Archiving Policy [http://www.wileyauthors.com/self-

].archiving

b. The right to transmit, print and share copies of the Accepted Version with colleagues, including via 
Compliant SCNs (in private research groups only before the embargo and publicly after), provided that there is 
no systematic distribution of the Accepted Version, e.g. posting on a listserve, network (including SCNs which 
have not signed up to the STM sharing principles) or automated delivery.
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final published version of the Contribution (the "Final Published Version"):

a. Copies for colleagues. The personal right of the Contributor only to send or transmit individual copies of the 
Final Published Version in any format to colleagues upon their specific request, and to share copies in private 
sharing groups in Compliant SCNs, provided no fee is charged, and further provided that there is no 
systematic external or public distribution of the Final Published Version, e.g. posting on a listserve, network or 
automated delivery.

b. Re-use in other publications. The right to re-use the Final Published Version or parts thereof for any 
publication authored or edited by the Contributor (excluding journal articles) where such re-used material 
constitutes less than half of the total material in such publication. In such case, any modifications must be 
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