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ABSTRACT OF THE DISSERTATION
ELEMENTAL ANALYSIS OF ADHESIVE TAPES BY LASER-BASED METHODS
by
Claudia Martinez Lopez
Florida International University, 2018
Miami, Florida

Professor Jose R. Almirall, Major Professor

Adhesive tapes are a common type of evidence involved in violent crimes and
national security threats. This research evaluated the utility of LA-ICP-MS and LIBS for
the characterization of the trace elemental signature in adhesive tapes for forensic
comparisons. LA-ICP-MS and LIBS methods were developed, for the first time, for the

qualitative and quantitative analysis of adhesive tapes.

The backings of 90 black electrical tapes, previously characterized by conventional
techniques (physical examination, IR, Py-GC-MS, and SEM-EDS), were analyzed by LA-
ICP-MS to evaluate the ability of the technique to discriminate samples originating from
different sources and to associate pieces of tapes originating from the same roll. The
discrimination for the LA-ICP-MS analysis of the 90 samples was found to be 93.9%,
greater than the discrimination found using SEM-EDS (87.3%). Moreover, 100% correct

association resulted for the control samples evaluated in this study.

The analysis of tapes by LIBS allowed to separate pairs of tapes that were not
previously distinguished by LA-ICP-MS by detecting differences in lithium, calcium, and

potassium.
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The potential of normalization strategies was evaluated for LIBS spectral and

statistical comparisons.

Two quantitative analysis methods were developed for the analysis of tapes and
other polymers. These quantitative methods can help in creating and populating databases
that can lead to the use of likelihood ratios and the development of standard methods of

analysis and interpretation for tape evidence.

Two interlaboratory trials including 7 operational and research laboratories were
completed as part of this study. SEM-EDS resulted in 16.7% and 12.5% false positive rates
for interlaboratory tests #1 and #2, respectively. Up to 7 and 8 elements were detected by
SEM-EDS for interlaboratory test #1 and #2, respectively. LIBS and LA-ICP-MS resulted
in no false positives or false negatives. In addition, increased characterization of the
samples was obtained by detecting up to 17 elements by LIBS and 32 elements by LA-
ICP-MS. The increased sensitivity and selectivity of LIBS and LA-ICP-MS methods has
been shown to distinguish tapes originating from different sources, and to correctly
associate tapes belonging to the same rolls in different laboratories and by different

analysts.
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1 INTRODUCTION

1.1 Research motivation

Kidnappings, murders, illicit drug packaging, and improvised explosive devices
(IEDs) are some of the many criminal activities involving adhesive tapes. In the case of
IEDs, electrical tapes can be recovered as part of the post-blast evidence, as tapes are, for
the most part, resistant to high temperature and impact. Numerous different types of
evidence can be attached to the tapes such as fibers, fingerprints, and DNA; however, the
tapes themselves represent a very important type of evidence that can be used to assist a
criminal investigation. In addition to the evidence attached to the tape, a tape roll found in

possession of a suspect can be potentially linked to the one found in the crime scene.

The analysis of adhesive tapes typically involves the comparison of two or more
pieces of tape using physical and microscopical examinations, and chemical identification
of organic and inorganic constituents. Typically, a questioned piece of tape is compared to
a tape of known source. Alternatively, the lab might be asked to identify a possible source
of questioned tape and trace it back to a possible manufacturer and/or distributor.!
Although a physical match between ends of tape samples represents a strong evidence of

association, this can be challenged because of the elasticity and deformation of tape.
1.2 Significance of the study

The most common methods used for the organic analysis of electrical tapes are
Fourier-Transform Infrared spectroscopy (FTIR) and Pyrolysis-Gas Chromatography-

Mass Spectrometry (Py-GC-MS).>* Infrared spectroscopy is a quick and well-known



technique that provides identification of organic compounds without the need for sample
preparation. However, in some instances, FTIR presents some limitations for the analysis
of electrical tape backings because primary components of the plasticizer may mask the
detection of other components.! Pyrolysis gas chromatography mass spectrometry is
capable of providing chemical information on a wide range of organic materials difficult
to be analyzed by IR. Pyrolysis GC-MS is therefore complementary to infrared
spectroscopy, and it provides separation (retention time) and identification (mass
spectrometry) of organic compounds.* However, Py-GC-MS is destructive and time

consuming and therefore is recommended as the last analytical step in tape examinations.

The elemental composition of adhesive tapes has been previously analyzed by
Scanning Electron Microscopy-Energy Dispersive Spectroscopy (SEM-EDS) and Micro-
X-Ray Fluorescence (p-XRF).>> As reported by Mehltretter et al.,* the elemental
characterization by SEM-EDS allowed for 87% discrimination by pairwise comparison;
SEM-EDS showed to be the most discriminating tool for electrical tape backings. Although
SEM-EDS and p-XRF proved useful for the inorganic characterization of tapes, these
techniques present some limitations such as low sensitivity and selectivity. In addition, the
penetration depth of the u-XRF beam into the sample may cause contamination issues

between the backing and adhesive layers, requiring additional sample preparation steps.

In order to better identify and characterize the evidence, state-of-the-art
instrumentation needs to be adopted by forensic laboratories. My project includes the
method development and optimization of Laser Ablation-Inductively Coupled Plasma-

Mass Spectrometry (LA-ICP-MS) and Laser Induced Breakdown Spectroscopy (LIBS) for



the analysis of tape backings, as well as the design of interlaboratory exercises involving

the practitioner community.

Laser ablation ICP-MS and LIBS are proposed as valuable complementary tools in
tape examinations because of their superior sensitivity and selectivity, minimal sample
destruction, short analysis time, and little to no sample preparation. The chemical signature
of tape backings was investigated to be used beyond comparative purposes to provide
useful intelligence information about sources of origin. Moreover, the current project
included pattern recognition and chemometric tools to characterize and identify tape

groups.

Quantitative methods of analysis have been developed and tested for the analysis
of tape samples. A quantitative method for the analysis of tapes by LA-ICP-MS allows the
validation of methods of analysis between different laboratories using various
instrumentation, and therefore create standard documents for the analysis of tape evidence
for laboratories across the world. Reporting absolute concentrations for tape samples
allows the creation of a comprehensive tape database for the future. A database enables the
use of likelihood ratios and the establishment of interpretation standard documents that will

allow the forensic community to report the results of tape evidence comparisons.

A series of interlaboratory tests were conducted to assess and improve the current
analytical methodology for the forensic analysis of tape evidence. The conventional
methods for the comparison of tapes (physical and microscopic examination, IR, Py-GC-

MS, and SEM-EDS) were compared to the newly developed LIBS and LA-ICP-MS



methods for the analysis of the same tape samples by several laboratories in the US and

different parts of Europe.

A set of packaging tapes originating in Asia were analyzed by LA-ICP-MS and
LIBS. The purpose of this part of the project was to assess the capabilities of LIBS,
compared to LA-ICP-MS, for the analysis of this type of tape. In addition, a normalization

strategy and different match criteria were investigated for the set of eight packaging tapes.
1.3 Chemical composition and manufacturing of adhesive tapes

Although adhesive tapes as we know them seem a recent concept, the technology
that makes them possible dates back to the 1800s.® The first patent relating to adhesive
tapes was awarded in 1845 for a surgical pressure sensitive adhesive.” In 1971, a patent
was granted® to what it would fall in today’s definition of a satisfactory adhesive tape.® The
1971 patent stated that the tape would adhere to the skin without leaving adhesive residues.®
In the late 1800s and early 1900s, with the development first of the bicycle and then the
automotive and their need for tires, the rubber industry flourished,’ allowing for a greater
demand of rubber products, hence and improvement in the technology for the adhesive tape

industry.

Patents for the process and product development of tapes continue to be granted,
even today. Current environmental concerns force the industry to develop new and
improved ways to manufacture adhesive tapes. Similarly, the number of applications for
adhesive tapes continues to grow, and the capabilities of the old designs continue to

improve.



The definition of an adhesive is any material that will usefully hold two objects
together solely by surface contact.® The molecular attractions between two bodies, Van der
Waal’s forces, are what hold parts together in adhesion.® In order to reshape to the
characteristics of the substrates, adhesives must initially be in liquid form. While in use,
however, the adhesive must resist the separation of the parts in contact. This is achieved
by returning the adhesive to a solid form. The change between liquid and solid states is
easily accomplished by the use of a solvent that can be evaporated after adhesion. Typical
components present in adhesives are: the elastomer (elastic natural or synthetic polymer),
and modifiers (stabilizers, elastomer modifiers, tackifying agents, plasticizers, fillers,

among others).

The backing of the tapes consists basically of a thin substrate for the adhesive. The
backing is cut into the desired dimensions and wound up into a roll. Backing thickness is
typically between 0.025 to 0.25 mm.® The main quality of the backing layer is to be able
to securely attach to the adhesive. Adhesion between the surface and the adhesive must be
moderate in order to be able to detach the tape by hand. However, the adhesion between
the adhesive and the backing layer must be strong in order to prevent the separation from
the adhesive and the tape backing. Coating of the adhesive-side of the backing layer with
a prime coat that allows stronger adhesion, while maintaining moderate adhesion to the
other side of the tape backing, is normally accomplished. Typical components present in
tape backings are: plastic film (PVC, polypropylene, polyethylene), fabric (in the case of

duct tape), and release and prime coats.



The following sections describe the raw materials added to the adhesive and

backing and the manufacturing process of adhesive tapes.
1.3.1 Raw materials and chemical formulation of adhesive tapes

Adhesive components

The main component of the adhesive is the elastomer, which consists of an elastic
rubber-like polymer. Combination of elastomers allows for more ideal properties in the

adhesive than using the single component elastomers.

The most useful elastomer used, alone and in combination with other elastomers,
for pressure sensitive adhesive is natural rubber.® Natural rubber consists mainly of
polyisoprene (Figure 1, A) and is very compatible with other raw materials added to the
adhesive formulation. Natural rubber is obtained from the latex of the tree Hevea
Braziliensis, and is found to be soluble in many hydrocarbons, but insoluble in alcohols

and ketones.® Natural rubber is immediately available, but the price can be high.
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Figure 1 — Chemical structures for the different polymers used in the production of the
backing and adhesive of tapes.

Another elastomer commonly used is synthetic polyisoprene (Figure 1, A). The
original purpose of the synthetic form was to duplicate natural rubber, but to give it similar
properties to the natural form, a different processing was required. Therefore, polyisoprene
as a polymer is a completely different product because of its production process. Synthetic
polyisoprene is much better in color and it lacks proteins and other chemicals present in
natural rubber, therefore making it less prone to cause allergic reaction to the skin.® Unlike

natural rubber, synthetic polyisoprene is essentially 100% polyisoprene.
y1sop



The insertion of methyl methacrylate into natural rubber polyisoprene chain is
another type of elastomer used for adhesive manufacturing. The amount of grafted methyl
methacrylate (Figure 1, B) usually ranges from 30% to 40%.% The methyl methacrylate
elastomer combination is too tough to be used alone, but it is very useful in the creation of

prime coats for natural rubber and other elastomers because of its polarity and composition.

Another elastomer commonly used is isoprene styrene block copolymer (Figure 1,
C). The 1soprene styrene copolymer consists of styrene monomers attached to the isoprene
chain. The number of isoprene monomers between two styrene blocks can be adjusted.
Different combinations of molecular weight for the isoprene middle block allow to create
a family of styrene-isoprene-styrene copolymer ranging from soft to firm.® The

combination to use depends of the desired adhesive product.

A rather soft elastomer also used in adhesive formulations is polybutadiene (Figure
1, D). The presence of the double bonds allows it to be cross-linked.® These double bonds
also indicate that it is prone to oxidation and degradation by heat and ultraviolet light.®

Polybutadiene can be used alone, but copolymers are also common.

Random styrene butadiene copolymer (Figure 1, E) is a butadiene copolymer with
a typical butadiene to styrene ratio from 70% - 77%.° The copolymer breaks down faster
and more easily than natural rubber styrene copolymers. Oxidation causes polybutadiene
to become firm as a result of cross-linking, in contrast with natural rubber. Therefore, a
blend of random styrene butadiene and natural rubber compensates for this hardening effect

and extends the service life of the adhesive.®



A very important part of the production of the adhesives is the addition of elastomer
modifiers. Once the appropriate elastomer has been selected, stabilizers, tackifying resins,
reinforcing resins, liquid tackifiers, plasticizers, depolymerizers, crosslinking agents and

accelerators, and fillers are added to the composition for different purposes.

Stabilizers can be anti-oxidants, ultraviolet stabilizers, heat stabilizers, or
combinations of stabilizers. It is important to protect the adhesive from the harsh
manufacturing process. An adhesive is much more affected by the manufacturing process
than by the customer use.® To determine the best stabilizers to use, the elastomer’s
characteristics and the type of manufacturing process need to be considered. Phenolic-
based antioxidants have proven to be the most popular for pressure sensitive adhesives.®
Dithiocarbamates are used as antioxidants and for heat stability.® Fillers, such as zinc oxide,

titanium dioxide, and carbon black, can be used to improve ultraviolet stability.®

Tackifying resins are added to the elastomer to impart tack, and to provide the
elastomer with much greater mobility. These resins are divided in those derived from pine
tree rosin (mainly abietic acid), polyterpenes (mainly from turpentine), and hydrocarbon

resins (derived from petrochemicals).®

Reinforcing resins should not contribute to the tack, but an increase of adhesion can
be observed. By adding a component to the elastomer with higher glass transition
temperature (transition between hard and brittle state to viscous and rubber-like state upon
temperature increase), an adhesive system with higher cohesion and higher shear adhesion

failure temperature is developed without the need of a cross-linking agent.



Liquid tackifiers are added to temporarily increase tack of an adhesive. They not
only improve the tack or wettability, but they also have a heavy effect on the deformability.

Liquid tackifiers include liquid polybutenes and liquid glucose.®

Plasticizers are added to adhesives to improve malleability. Plasticizers should not
affect the glass transition temperature of the elastomer. They have a special dramatic effect
on deformability, shear resistance, and stress relaxation.® Plasticizers include polyolefins,
depolymerized polyisoprene, and waxes. The main challenge with plasticizers is their
migration to the backing layer because of their high mobility. One solution is to add the
same concentration of plasticizers to both mediums, therefore allowing equilibrium and

alleviating the migration from one medium to the other.

Depolymerizers are used to reduce the molecular weight of the rubber. They are
usually captans and sulfonic acid derived. Depolymerizers are extremely temperature

dependent and very little amount is needed in the production process.®

Cross-linking agents and accelerators improve three basic properties: provide high
temperature, shear, and solvent resistance. Cross-linking implies loss of tack and low
temperature performance; therefore, caution must be taken. Adding cross-linking agents
improves oxidation resistance, giving a long life to the adhesive. The most popular

accelerator is zinc resinate.®

Fillers are added to improve the bulk without altering the properties of the material.
The main purposes of the fillers are: to reduce the cost of the adhesive, to create an opaque
adhesive, to give color, to reinforce and improve the holding power and adhesion, to dry a

too-tacky adhesive, to provide flame retardance, and to provide electrical conductivity.
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Backing components

The backing is a thin film that can be coated with the pressure sensitive adhesive.
For many years the main backing material was cotton fiber, followed by paper and
cellophane.® Nowadays the possibilities for tape backing materials are nearly endless.

Backing materials now include plastics, metal foils, fabrics, paper, etc.

Backings components include saturants, prime and release coats, and the backing
film (polyester, polypropylene, polyethylene, polyvinyl chloride, paper, fabrics, metal foil,

among others).

When paper is used as the backing, a saturant is needed to improve the internal
strength of paper. The paper is impregnated with a suitable elastomer, known as saturant.’
Saturants also improve the tensile strength, reduce porosity, and improve water resistance.’
A saturant has no inter-reaction with the other tape components for prolonged periods of
time. A test is performed after saturation to check for the delamination resistance of the

saturated paper.

A prime coat is often needed to improve the adhesion of the elastomer adhesive and
the backing. The prime coat is an adhesive itself, which is very compatible with both the
backing and the adhesive layer. Polar materials, such as butadiene acrylonitrile, Neoprene,

and natural rubber/methyl methacrylate copolymer have been used for prime coats.

The release coat is applied to the tape backing so that it does not react with the

adhesive when adhesive and backing come in contact.

The main objective is that tape is easy to peel off the roll. Release coat are usually

proprietary and bought commercially.® They include materials such as stearates,
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carbamates, polyvinyl acetate, polyethylene emulsion, chromium complexes,

fluorocarbons, silicones, among others.®

Different materials are used for the backing film, such as polyester, polyethylene,

polypropylene, polyvinyl chloride, paper, fabrics, metal foil, among others.

Polyester film provides excellent clarity, high abrasion, tear and solvent resistance,
and good physical characteristics.® Polyester films are available in many grades, including
matte, white, pearl, etc. It is also available in different thicknesses, and colors. The colored

tapes are usually marked-up because of the dying process.

Polyethylene (PE) (Figure 1, F) has the highest stretch available for a plastic film,
being approached only by Teflon. Polyethylene backings are especially common in the

production of duct tapes.

Polypropylene (PP) (Figure 1, G) backing is one of the most common types because
of the very good physical characteristics and low price.® It is more flexible than polyester
tapes. For both polyester and polypropylene, a clean-cut film is hard to tear, however, once
nicked it tears very easily. Polypropylene backings are commonly used for general purpose

packaging tapes.

Polyvinyl chloride (PVC) (Figure 1, H) is a common type of polymer used in tape
backings; specifically, for electrical tapes. Polyvinyl chloride is typically rigid at room
temperature; therefore, plasticizers are added to the polymer to improve malleability. Like
PE, plasticized PVC provides high elongation. Plasticized PVC requires a prime coat and
sometimes a release coat.® The type of plasticizer plays an important role in the finish

product. The main problem of plasticized PVC is the migration of the plasticized into the
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adhesive layer. The migration can be avoided by using the same kind of plasticizer and in

similar quantities for both backing and adhesive.

Just like in the case of the adhesives, fillers are added to the backing material for

different purposes: cost reduction, to give color, to provide flame retardance, etc.

A review of several electrical tape and pressure sensitive adhesives patents®'4

confirmed the use of several elements as raw materials in tape formulations. For instance,
inorganic additives include fillers (aluminum oxide and aluminum silicate, barium sulfate,
cadmium oxides and silicates, calcium carbonate and calcium sulfate, iron oxide, lead
oxides and silicates, magnesium oxide, silica, titanium oxides and silicates, zinc oxides and
silicates), flame retardants (antimony oxide and molybdenum oxide), heat resistant
components (aluminum, barium, calcium, chromium, iron, magnesium, niobium, sodium,
strontium, tin, titanium, and zirconium oxides), pigments, catalysts and others (aluminum
phosphate, calcium silicate, calcium stearate, iron salts, lead silicate, lithium catalysts,
titanium dioxide, and zinc oxide). These inorganic components and their concentration
were found to vary per brand and product; this variability is of great importance to forensic

science.

1.3.2 Manufacturing and distribution of adhesive tapes

The manufacturing process of tapes can be summarized in the flow chart shown in

Figure 2.
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Figure 2 — Flow chart of an example of the manufacturing process of tapes.

Once the rubber has been acquired, it must be used quickly or else it recrystallizes,
making it very hard to handle. Using an old, frozen, or crystallized rubber might end up

making the process more expensive than getting a new batch of rubber.

After the rubber is acquired, a milling process is necessary to impart plasticity, and
to mix the filler and processing aids with the rubber. A common type of milling method is
the Banbury mixer, which basically masticates the rubber while mixing it with other
ingredients. The Banbury method consists of a super two-roll mill with shaped intermeshed
rotors in a water jacketed housing for cooling.® A hydraulic ram holds the mix firmly
between the rotors during the mixing cycle and the raw materials are fed through a hopper
door at the top of the machine.® The Banbury mixer facilitates both mixing and rubber
breakdown. The temperature of the machine, and rubber, are carefully controlled to prevent

excessive rubber breakdown.

After processing the rubber at the milling base, it needs to be in a form suitable for
addition to a solvent mixer.® The mixing process is usually slow, therefore small batched
are performed at a time to reduce the surface area of the material being mixed. The

tackifying resin is mixed with the Banbury rubber by a process of kneading.

In the case of the film, the backing material (e.g., PVC) is mixed with the

plasticizers and additives to produce what is referred as the “rope”. The “rope” can then be
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squeezed to the desired thickness using large rollers and put into rolls using carrier paper.
The film rolls are then transported to the facilities where they are coated with the prime

and adhesive layer, if they are not processed in the same factory where they are produced.

There are different ways of producing the backing films and they vary among
manufacturers. One way is referred as “blown” film, which results in very smooth sides of
the backing. There are other ways such as one- and two-pass manufacture of films using
rollers; these leave dimples on the backing material. By examining the texture of the

backing material, the manufacture process can be predicted.

The coating of the adhesive on the backing material is achieved in different ways,
also depending on the manufacturer. A typical way to deposit the adhesive on the backing
film is by passing the film through a roll while the adhesive is delivered. These rolls are
temperature controlled. There are manufacturers that produce the film in the same facility
as the adhesive coating. In the case of duct tape, when polyethylene is produced and mixed
with the fibers and adhesive, the fibers appear to be embedded in the backing, and not just
in the adhesive. In the case of electrical tapes, a prime coat is used to increase the adhesion
between adhesive and backing. A prime coat is sometimes not necessary for polyethylene

backings as this material is less likely to resist the adhesion of the adhesive layer.

After the adhesive has been coated onto the backing, a drying process follows.
There are different types of dryer ovens, but they are mainly divided in two categories: hot
air circulation and inert gas circulation. The inert system reduces the chances of fire.® The
ability to dry the adhesive depends on the type and thickness of the adhesive, the

technology used, and also the backing material.
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After drying is properly accomplished (improper drying can affect the curing
process), the adhesive tapes proceed to chemical curing. The main purpose of curing is
reduction of the mobility of the adhesive polymer. The mobility reduction is tricky as it

also reduces tack and temperature resistance.

Curing also helps in reducing oxidation and degradation by the addition of cross-

linking reagents.

After the tapes are rolled up into large jumbo rolls, slitting and packaging is needed
to transport them to their destinations. The slitting can be done by unwinding the jumbo
roll, cutting to the desired thickness and rewinding it; or by directly splitting the jumbo roll
to the desired thickness. Tape rolls can be slit by the manufacturer or by slitting facilities

out of the manufacturing site.

Packaging of tapes is a very important step in the manufacture process. Jumbo rolls
should be kept at cool temperatures before slitting, the manufacturing date should always

be stated as tapes can deteriorate over time.

It is especially important for provenance studies to understand that a manufacturer
of tapes can sell the product in jumbo rolls to distributors, using a completely different
label on the core of the rolls. For example, 3M is the main US manufacturer, they make
tapes but also buy tapes from other US manufacturers or import them from Asia. A tape
roll with a core labeled “3M” might have been made in the US or imported from China or
Taiwan. Another example constitutes the manufacturer Shurtape, which produces the duct
tapes of Duck brand popularly found in hardware stores. Tracking the manufacturing

country can sometimes be accomplished by noting the UL (Under Laboratories) code
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written on the label. However, as previously stated, a brand (e.g., 3M) can report their
labels in the core or center of the tape roll, but the product was actually bought from a

different manufacturer.
1.4 Forensic analysis of tapes

The analysis of tapes typically involves the comparison of pieces of tape using
physical and microscopical examinations, usually followed by chemical identification of
the organic and inorganic constituents of the tape samples. The most common methods
used for the organic analysis of electrical tapes are FTIR and Py-GC-MS. The elemental
composition of adhesive tapes has been previously analyzed by SEM-EDS and Micro-X-
ray Fluorescence (u-XRF), and more recently, the methods of analysis for LA-ICP-MS and

LIBS have been developed.
1.4.1 Physical and microscopic examination

In 1984, J. D. Benson'> reported the comparison of twelve (12) duct tape samples
by examining the weave pattern of the reinforcing fibers, counting the number of threads
per inch of cloth, and by determining the type of twist of the fibers. Most of the twelve
samples were distinguished on the basis of the thread count and weave pattern. In the same
year, T. G. Kee!® and R. O. Keto!” reported the comparison of PVC electrical tapes by
microscopic and visual examination. The authors reported that the color and gloss of
electrical tape backings, as well as their width and thickness, can be used for comparison
purposes. Features such as ridges, irregular grooves, and oval pits were used to describe

differences between tape samples.
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The comparison of backings was performed after the tapes were immersed in
hexane; after adhesive removal, ridges and marks left by the rollers used in the
manufacturing of tapes could be visible. The comparison of six electrical tapes from
different brands was performed by the use of a stereomicroscope. Surface features such as
the differences in texture that result from stippling, striation, and cratering allowed

investigators to differentiate some of the tape samples.

In 1987, R. D. Blackledge'® published an article on the forensic comparison of
adhesive backings using physical match (“jigsaw” fit) criterion. If a physical match was
not found, additional tests should be performed to the samples such as elemental analysis

and infrared spectroscopy.

In 1991, H. Snodgrass'® published a review article on the construction, components,
and distinguishing characteristics of duct tapes. In this article, thickness ranges, backing
and adhesive colors, fabric penetration into the backing, type of fiber, and yarn count were

discussed.

In 1998, J. Smith?° reported the first “database” of tapes which included a table
with the main characteristics (scrim count, yarn type, thickness, width, and adhesive color)
for 51 duct tapes of different brands. The work by J. Smith showed the variability of

physical characteristics in duct tapes among manufacturers.

In 2001, P. Maynard et al.?! published an article on the analysis of 58 clear sticky
and brown packaging tapes. The research group utilized a stereomicroscope for the
determination of the width and thickness of the tapes and for the examination of the backing

texture. The tapes were described on the basis of their texture pattern, striations,
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perforations, or the absence of features. Both the packaging and clear sticky tapes were
grouped in 4 individual groups depending on these physical characteristics. To measure the
backing thickness, the adhesive was removed. Thickness measurements only differentiated

two of the packaging tape samples.

In 2004, A. S. Teetsov and M. L. Stellmack?? reported a method for preparing and
comparing cross-sections of tapes. The method involved immersing the samples in liquid
nitrogen prior to cutting using an in-house built X-Acto knife. The method was mainly
oriented to further chemical analysis such as IR. However, it is a still useful guideline to
obtain reliable cross-sections for physical comparisons of thickness between samples and

for visualization of the layers and fibers present in tapes.

In 2006, M. J. Bradley et al.?? published an article on the validation for duct tape
end matches. Three duct tape rolls were used in the study. The research group found that
92% of the end matches that existed were identified and that the end matches not identified
were reported as inconclusive. In the inconclusive cases, the analyst would proceed to more
confirmatory techniques or a more in-depth comparison of the tapes using the yarn count
and the weave pattern. The comparison of end matches for samples cut with scissors
resulted in more errors than the torn pieces, which was probably the result of the lack of

comparison points in the clean scissors cut.

In 2007, Goodpaster et al.® published a study on the microscopic examination of 67
electrical tapes. The surface texture of the tapes was described using the defects produced
from the manufacturing process. Some tapes were found to be smooth as a result of the

fine, uniform filler particle sizes used; other tapes had noticeable dimples or craters on the
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surface. These distinctions were associated with the type or brand and quality of the

products.

In 2011, A. Mehltretter et al.>** reported the analysis of 90 electrical tapes by
physical and microscopic examination of both the adhesive and backing. In the first
publication the color of the adhesives of the 90 tapes was compared using a
stereomicroscope following the manual separation of the adhesive from the backing.?
Three main color adhesives were observed: clear, colorless adhesive; clear adhesive with
a brown hint; and black adhesives. Interestingly, most of the black adhesives corresponded
to 3M and 3M Scotch tapes. The second study consisted of the comparison of the backings
of the 90 electrical tapes.* Physical characteristics of the tapes were recorded using visual
and stereomicroscopical evaluation. The width of the tapes was measured to the nearest 0.5
mm using a ruler and the thickness was measured to the nearest 0.05 mil using a digital
micrometer. On the basis of manufacturer tolerances, considerably differences in thickness
consist of a thickness difference of 0.2 mil. The physical characteristics of the tape were
described using the backing appearance, sheen, width and thickness. Physical examination
and microscopy resulted on 64% discrimination, which represented 24 distinguished

groups.

Also in 2011, M. J. Bradley et al.?* published a paper on the validation of vinyl
electrical tape end matches. A total of seven tape rolls were used in the study. Unlike duct
tapes, the end matches for torn electrical tapes were not studied; electrical tape does not
tear but gets deformed. From a total of 106 end matches, 98 were identified while the other

eight were reported inconclusive. Bradley’s work also concluded that, unlike rigid
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materials, elastic electrical tapes can lead to a higher false inclusion rate. In addition, more

confirmatory methods of comparison are recommended, even after a match was found.

In 2012 and 2015, A. Mehltretter et al.?>® reported the comparison of duct tapes
by physical and microscopical examination. The first study consisted of the analysis of 82
duct tapes by monitoring the backing and adhesive color, backing texture and layers
structure, and width and backing thickness. The fabric characteristics observed were
weave/knit pattern, yarn description, yarn composition, fluorescence, and scrim count. The
first study reported a 99.8% discrimination only by physical and microscopic examination
for the set of duct tapes under study. The second study consisted of an intra-roll and intra-
jumbo roll study for a set of duct tapes. It was concluded that scrim count and width do not
vary significantly within single rolls. Width, however, may vary between different rolls

from the same jumbo roll.

In addition to these publications, guidelines exist for the microscopic and physical
examination of tapes.?’?° These guidelines explain the handling of tapes, as well as the
different terminology used in tape analysis. In addition, the guidelines help describe the
different characteristics observed in tape samples and determine the individualizing

features to better distinguish the tapes.
1.4.2 IR spectroscopy

Infrared (IR) spectroscopy has been widely used for the organic characterization of

the components present in tapes.

In 1984 J. D. Benson!’ reported the analysis of twelve duct tapes by IR

spectroscopy. The adhesive material of the 12 tapes was found to be polypropylene-based
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and the backings made of polyethylene. Infrared spectroscopy also reported carbonate and

small amounts of silicate fillers in some of the tapes.

In 1984, T. G. Kee'® reported that IR spectroscopy of either backing or adhesive
allowed to detect the phthalate in the tapes; for example, di(2-ethyl-hexyl) phthalate. He
also concluded that small contributions were made by PVC and that infrared spectroscopy

was typically only performed for the top surface.

In the same year, R. O. Keto!” analyzed six (6) PVC electrical tapes of different
brands by IR spectroscopy. He found that the adhesives differed from each other. All of
the spectra contained aliphatic C-H stretching and CH, and CHs bending absorptions,
indicating long aliphatic hydrocarbons. All spectra showed the presence of aromatic ester
type plasticizers. Different brands were separated on the basis of the rubber used

(polybutadiene or styrene/butadiene copolymer).

J. Smith,?° in 1998, published the analysis of 51 duct tapes by IR spectroscopy.
Smith identified the bands corresponding to tackifiers (polyterpene resin), rubber
(isoprene), synthetic resin (synthetic polyterpene), clay (aluminum silicate), titanium
dioxide, calcium sulfate, and zinc oxide. From the 51 tapes, six different IR spectra were

developed.

R. A. Merrill and E.G. Bartick® published an article in 2000 where four duct tapes,
six electrical tapes, one packaging tape, and two office tapes were analyzed by different
types of IR spectroscopy instrumentation. A within-compartment ATR with a single
reflection diamond was found to provide the best results. The authors concluded that at

least 0.75 mm (crystal diameter) of the sample should be cleaned and free from dust prior
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analysis. Severe sloping baselines were obtained in electrical tapes due to carbon black

interferences.

In 2001, P. Maynard et al.?! reported the analysis of 58 tapes (31 packaging and 27
clear sticky) by IR spectroscopy. All the packaging tape backings were identified as
polypropylene while the clear sticky tape backings were found to be polypropylene,
cellulose acetate, cellophane, and polypropylene/acrylate. One of the sticky tapes had an
unidentified backing material. The adhesives for the packaging tapes were classified in
eight groups while the ones for sticky tapes were classified in six groups. Adhesives were

classified on the basis of acrylic or block copolymers.

In 2002, A. M. Dobney et al.*! reported the comparison of packaging tapes by IR
spectroscopy. Natural rubber and acrylic glue were discriminated as the adhesives in the
samples. Infrared spectroscopy was found to be insufficient to discriminate several samples

of tapes from the same brand but that belonged to different rolls.

In 2003, S. Masataka et al.*? utilized IR spectroscopy to analyzed a set of twenty
(20) colorless packaging tapes. All backing materials were confirmed to be polypropylene.

The samples were not discriminated from each other using only IR spectroscopy.

In 2006, Y. Kumooka®® reported the analysis of three deteriorated rubber-based
adhesive tapes by IR spectroscopy. The samples were exposed to sunlight for six months
and the adhesives were removed and pulverized after exposure. The IR spectra changed
drastically after exposure, preventing the visibility of sharp peaks. Infrared spectroscopy

did not prove suitable for analyzing deteriorated tapes.
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In 2009, J. Goodpaster et al.> published an article of the analysis of nine (9)
electrical tapes by IR spectroscopy. The plasticizer (typically an aromatic and/or aliphatic
ester) dominated the spectrum with a large carbonyl absorption at 1730 cm and C-O
stretching evident in the fingerprint region. Differences in plasticizer type and content, as
well as additional components of the tape backing and adhesive, allowed for
differentiation. It was found that older rolls grouped separately form new rolls for the 3M
brand. Infrared spectroscopy analysis of the tape backings did not offer significant
advantage. Infrared spectroscopy analysis of the adhesives was significantly more accurate.
The accuracy for IR for clear adhesive proved better than the accuracy of energy dispersive

spectroscopy analyses for the same samples.

In 2011, A. Mehltretter et al.>** reported the analysis of 90 electrical tapes by IR
spectroscopy. In the first study,® the adhesives of the samples were compared. The
adhesives were divided by color: clear and black adhesives. The clear adhesives grouped
in six distinctive groups while the black adhesives grouped in two distinctive groups. A
67% discrimination was found for the adhesive analysis. The components of the adhesives
responsible for the grouping consisted of butadiene, isoprene, acrylic, and an unidentified
constituent. In the second paper?, the backings were analyzed by IR spectroscopy. A total
of 14 distinctive groups were found by IR spectroscopy of the backings. Notable
components reported which accounted for the differentiation between the samples included
PVC, adipates, phthalates, calcium carbonate, aluminum oxide, PE (polyethylene), and BR
(butyl rubber). Additional differences in absorption peaks were observed and unidentified.

An 83% discrimination was found for the backing analysis by IR spectroscopy.
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In 2011, J. Zigba-Palus and A. Augustynek* analyzed the adhesives and backings
of 48 tapes (packaging, electrical and office tapes) by IR spectroscopy. The adhesives were
divided into four groups defined by the detection of polyhydrocarbons (polypropylene),
isoprene, polyester (acrylics), and an unidentified group. The backings were divided in
three groups: polyhydrocarbons (polyethylene and polypropylene), cellulose, and

polyester.

Infrared spectroscopy was performed on 82 duct tapes by A. H. Mehltretter and M.
J. Bradley® on 2012. The backings of the tapes were cleaned with hexane. Only the
samples not distinguished by physical characterization and microscopy were further
analyzed by IR spectroscopy. Physical and microscopic examination alone reported a
99.6% of discrimination resulting in 12 distinctive pairs. IR spectroscopy further
differentiated three of these 12 pairs; the differences could be attributed to the presence of
kaolin in the adhesive of one of the samples, and the presence of dolomite versus calcite in

the adhesives of other samples.

In 2013, D. M. Wright and A. H. Mehltretter®> published an article on a casework
example consisting of the analysis of duct tapes by IR spectroscopy. The IR data obtained
for the adhesive included the identification of peaks associated with talc, styrene, calcite
and/or dolomite, isoprene, and butadiene. The tackifying resin was also indicated.
Polyethylene was reported for both sides of the backing. Additional tests were conducted

to this casework samples in order to arrive to the final conclusions.

In addition to these publications, a guideline exists for the analysis of adhesive tapes

by IR spectroscopy.’® The guideline provides basic recommendations and information
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about IR spectrometer components and accessories, with an emphasis on sampling

techniques specific to tape components.

In 2015, A. Mehltretter et al.?® conducted an intra-roll and intra-jumbo rolls study
by IR spectroscopy. Differences within rolls were found to be much smaller than
differences between rolls by IR spectroscopy. Two of 15 individual rolls of duct tape
showed statistically significant variation in their FTIR spectra along the roll length. Visual
inspection by spectral overlay of the statistically identified outlier samples showed

differences that would not lead to an exclusion in a forensic examination.Z®
1.4.3 Py-GC-MS

In 1988, E. Williams and T. Munson®’ published an article on the analysis of 30
black electrical tapes by Py-GC-MS. From the 30 tapes, 26 had unique pyrograms. The

tape samples with different pyrograms almost always originated from different sources.

A set of 58 tapes was analyzed by P. Maynard et al.?! by Py-GC-MS in 2001. A set
of six samples undistinguished by IR were further analyzed by Py-GC-MS. Two more
groups were found by pyrolysis, one containing two tapes and another containing the other
four. Pyrolysis GC-MS was the last step in the analytical scheme, therefore not a lot of

samples were analyzed, and limited information was provided for those six samples.

In 2003, S. Masataka et al.’? analyzed 20 packaging tapes by Py-GC-MS. A total
of 12 groups were found using pyrolysis; Py-GC-MC further discriminated samples not
differentiated by IR. By combining both techniques, the 20 samples were distinguished

from each other.
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In 2006, Y. Kumooka®® reported the analysis of three deteriorated rubber-based
adhesive tapes by Py-GC-MS. Pyrolysis proved more suitable than IR spectroscopy for
these weathered tapes. The compounds identified from the pyrograms and MS analysis
included isoprene, limonene, styrene, indene, methyl abietate, methyl benzoate, dimethyl
phthalate, 1,2,3-trimethoxypropane, among many others. Natural rubber and aliphatic
petroleum resins decomposed after exposure to sunlight for six months. Other compounds

such as aromatic resins were more resistant.

In addition to these publications, a guideline exists for the analysis of adhesive tapes
by Py-GC-MS.*® The guideline provides direction on sample preparation techniques,
parameters to consider when optimizing and validating a method, and what information the

data provides for pyrolysis analyses.

In 2011, A. Mehltretter et al.>* reported the analysis of 90 electrical tapes by Py-
GC-MS spectroscopy. In the first study? the adhesives were analyzed. Out of the 90 tapes,
16 distinctive groups were found by Py-GC-MS on the adhesive analysis. The chemical
components detected that accounted for the differences between the samples included
butadiene, styrene, phthalate mixtures, fatty acids, adipates, benzenamine, acrylic, single
phthalate, trimellitate, methyl methacrylate, and sebacate. The adhesive comparison

resulted in 83% discrimination.

In the second study,* the backings were compared by pyrolysis. A total of 12 groups
(81% discrimination) were found by Py-GC-MS of the backings. The main components
detected were PVC, phthalates and mixtures, trimellitate, adipate, sebacate, azelaic acid

plasticizer, and possible glutarate.
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1.4.4 SEM-EDS and XRF

In 1984, T. L. Jenkins*® reported the use of energy dispersive X-ray spectrometry
for the analysis of silver duct tape. Seven elements were identified using this method:
titanium, calcium, zinc, iron, copper, lead and chlorine. The elemental composition varied

from three to a maximum of five elements for the sample set under study (over 65 tapes).

In 1984, J. D. Benson'® reported the elemental analysis of tapes my emission
spectroscopy. A total of seven elements (Ca, Al, Si, Fe, Ti, Zn, and Mg) were detected at
high, medium and low concentrations. Out of the 12 samples, 11 samples were
distinguished by the elemental method. The sample pair not distinguished belonged to the
same brand. Brenson’s research showed that calcium and zinc were not present in all

samples, therefore these elements were discriminating between tape brands.

In 1984, T. G. Kee!® analyzed black electrical PVC tapes by XRF. On the baiss of
the absence and presence of calcium and lead, the samples were classified in four groups.
Lead and calcium were used because lead carbonate was known to be used as stabilizer
while calcium carbonate was commonly used as filler. Furthermore, the samples not
distinguished by lead and calcium were eventually distinguished using antimony,
phosphorous, and silicon. These elements were attributed to antimony oxide, phosphorous

plasticizers, and possibly to a silicon filler.

In 1984 R. O. Keto'” analyzed six PVC electrical tapes by XRF detecting up to 10
elements in the samples (Al, Si, S, Cl, Sb, Ca, Ti, Fe, Zn, Pb). These elements were
associated with PVC (chlorine), titanium oxide, calcium carbonate, barium sulfate, kaolin

(aluminum and silicon), talc, lead carbonate, lead sulfate, among others. The XRF method
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showed that the six samples presented different elemental profiles, while two rolls from a

same brand were indistinguishable.

In 1998, J. M. Smith?° reported the use of energy dispersive X-ray spectroscopy for
the analysis of 51 duct tapes. A total of 10 distinctive groups were found using the
elemental technique. Elements detected included titanium, aluminum, silicon, calcium,

titanium, iron, and zinc.

In 2000, A. M. Dobney et al.** reported the use of XRF for the analysis of three
packaging tapes. The technique was not able to distinguish the three samples using the
sulfur-to-phosphorous and titanium-to-iron ratios. The same research group*' reported the
comparison of 16 rolls of packaging tapes by XRF. Similarly, they concluded that XRF did

not always differentiate the different brands by the above-mentioned ratios.

In 2007, J. V. Goodpaster et al.’ published an article on the analysis of 67 electrical
tapes by SEM-EDS. The samples were divided into black and clear adhesives. The element
menu for the clear adhesive samples consisted of magnesium, aluminum, silicon, sulfur
and lead, chlorine, antimony, calcium, titanium, and zinc. The element menu for the black
adhesive samples consisted of magnesium, aluminum, sulfur and lead, chlorine, antimony,

and calcium.

In addition to these publications, a guideline exists for the analysis of adhesive tapes
by SEM-EDS.* The guideline explains the terminology, sampling and handling, and the

analytical procedures for the analysis of tape samples for SEM-EDS analysis.

In 2011, A. Mehltretter et al.>** reported the analysis of 90 electrical tapes by SEM-

EDS. The first study® consisted of the analysis of the adhesives while the second study*
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consisted of the analysis of the backings. In the case of the adhesives, five distinctive
groups were found. The five groups were separated on the basis of the amount (and absence
or presence) of zinc, chlorine, sulfur/lead, calcium, chlorine/lead, and zinc. Most adhesive
samples fell under the first group which lacked most of the aforementioned elements. The

adhesive analysis by SEM-EDS represented a 53% discrimination.

In the case of the backing comparisons,* the samples were divided into 15
distinctive groups which represented an 87.3% discrimination rate. The main differences
between the 15 groups by SEM-EDS consisted of intense chlorine with aluminum and
silicon both present in significant amounts, intense chlorine with calcium and/or antimony

present in significant amounts, chlorine only, and minimal, if any, chlorine.*
1.5 Fundamentals of the laser-based analytical methods

Recently, the methods for the analysis of tapes by LA-ICP-MS and LIBS have been

developed by our group.t#

These methods have proven extremely useful in the
characterization and comparison of tape samples because of their high sensitivity and
selectivity compared to the traditional methods used for the forensic analysis of tapes

(physical and microscopic examination, SEM-EDS, IR, Py-GC-MS, SEM-EDS and

uXRF). The instrumental principles of LA-ICP-MS and LIBS are described below.
1.5.1 Instrumental principles of LA-ICP-MS

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) is a technique for the
elemental characterization of virtually any material. It evolved during the late 1990s into
the well-established analytical procedure currently used in numerous fields such as

geology, environmental chemistry, and forensic science. The main advantages of ICP-MS
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consist in the ability of the method to perform multi-elemental analysis, its capability to
provide comprehensive qualitative and quantitative information, and the ability to detect

concentrations at very low levels.

A wide range of state-of-the-art ICP-MS instrumentation is commercially available.
The instrumentation technology varies and continuously improves to meet the needs of

chemists in different fields.

Before explaining is detail each aspect of the instrumentation, it is worth describing
some of the basic concepts typically used in ICP-MS, such as the definition of an isotope

and of ionization energy.

Different atoms of a same chemical element can have different masses; these are
called isotopes. For example, 3°Cl and *’Cl are two different isotopes of chorine: *3Cl has
17 protons and 18 neutrons for a total mass of 35 amu, 3’Cl has 17 protons and 20 neutrons
for a total mass of 37 amu. Some elements have only one stable isotope; these are referred
as monoisotopic elements. Examples of monoisotopic elements are arsenic, aluminum, and
sodium (*As, ?’Al, and *Na). Other elements that have more than one stable isotope
usually have constant isotopic abundances. In the case of chlorine isotopes, the relative
abundance is 75.8% for 3>Cl and 24.2% for *’Cl. An exception to this rule is lead, which is
the decay product of other elements that are radioactive. The isotopic abundances of lead
isotopes vary depending on the concentration and history of the precursor radioactive

element.

By adding external energy, an electron can be removed from a neutral atom, thus

creating an ion with a net positive charge. The electron’s mass is negligible; therefore, the
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ion’s mass is approximately the same as the mass of the neutral atom. By application of
more energy, a second electron can be removed, resulting in doubly charged species. The
energy required to remove the electron (and produce the ion) is referred as ionization
energy. Energies for ionization can be applied by thermal radiation, collision with other

ions or electrons, or by exposure to high-energy photons.*

A schematic of the LA-ICP-MS instrumentation is shown in Figure 3. In LA-ICP-
MS, a pulsed high-power laser is focused onto the surface of the sample. The laser beam
removes a fixed volume of material and these particles are transported to the plasma torch
where they are vaporized, atomized, and ionized. The torch consists of three concentric
quartz tubes for the sample introduction, plasma formation gas, and cooling. The plasma
is initiated by the addition of a few “seed” electrons generated from a spark. As the seed
electrons are accelerated by a RF field, collisions with the neutral argon atoms create the
ionized medium of the plasma.*> Once the gas is ionized, the plasma is self-sustained by
the RF field and a constant flow of argon gas. The ions produced in the plasma are
transported to the interface where the pressure is reduced to the vacuum pressure needed
for the spectrometer. The ions are guided to the quadrupole mass filter by the use of
electrostatic ion lenses.* Once the ions reach the quadrupole mass analyzer, they are sorted
by their mass to charge ratio (m/z). The spectra resulting from LA-ICP-MS is reported as
intensity vs. m/z, although transient analysis (intensity vs. time) is also commonly used.

The intensity counts are proportional to the concentration of each ion in the sample.
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Figure 3 — Schematic of LA-ICP-MS showing the plasma (A), interface (B), ion lenses (C),
quadrupole mass analyzer (D), detector (E), and laser ablation system (F), and the typical
spectra obtained by LA-ICP-MS analysis (intensity vs. m/z).

In order to properly explain the different parts of the instrumentation, the
components of the LA-ICP-MS system will be divided in different sections: plasma (Figure
3, A), interface (Figure 3, B), ion lenses (Figure 3, C), mass spectrometer (Figure 3, D),
detector (Figure 3, E), and sample introduction: laser ablation (Figure 3, F) and solution

nebulization.
Plasma

The definition of a plasma is an electrically neutral gas made up of positive ions
and free electrons.*> Plasmas have enough energy to atomize and ionize virtually all the

elements in the periodic table. There are different types of plasmas, such as direct current
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and microwave induced plasmas; however, inductively coupled plasma has demonstrated
the most useful as an ion source for analytical spectrometry.*> The gases typically used for
producing the plasma are the inert gases helium and argon; however, plasmas can also be
sustained in air and nitrogen. Inert gases offer the advantage of minimum chemical

reactivity with the elements in the sample matrix.

Inductively coupled plasmas are formed by coupling energy produced by a RF
generator to the plasma support gas (i.e., argon) with an electromagnetic field. The field is
produced by applying a RF power (typically 700 to 1500 W) to a load coil made of copper
positioned around the quartz torch assembly designed to configure and confine the

plasma.*® Figure 4 shows a schematic of the plasma torch and the load coil.

The plasma is initiated by the addition of a few seed electrons generated from a
spark of piezoelectric starter to the flowing gas close to the load coil. After the plasma is
initiated, it is sustained by a process called inductive coupling. As these seed electrons are
accelerated by the electromagnetic RF field, they collide with the neutral gas atoms
creating the ionized medium of the plasma, and these collisions create additional electrons.
The plasma is sustained as an outcome of the cascading effect. Once the gas is ionized, it
is sustained as long as the RF power is supplied to the load coil. The ICP has the appearance

of an intensely bright fire-ball shape discharge (Figure 4).4

There are two basic types of generators used to produce the RF energy required for
the ICP: the fixed frequency crystal-controlled oscillator and the free-running variable
frequency oscillator.*> The crystal controlled oscillator uses a piezoelectric crystal in the

feedback circuit of the oscillator.*> The oscillator has a frequency doubler as part of the
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circuit which provides a typical operating frequency of 27.12 MHz. The free-running
oscillator does not have a crystal. The frequency of these oscillator is determined by the
combination of values of the components in the circuit.** An advantage of the free-running
oscillator is the ease with which the plasma is initiated, making it easier to operate without

too many moving parts or controls.

The load coil usually consists of a 3 mm inner diameter copper tubing wound into
a 3 cm diameter spiral.*> Cooling gas is passed through the coil to dissipate thermal energy
(Figure 4). The coil serves as an antenna to produce an electromagnetic field to sustain the

plasma. The coil is grounded to earth potential.

«— Plasma

Normal Analytical Zone

Load Coil——— ‘
‘ Initial Radiation Zone
o Pre-heating Zone

«— Torch

Auxiliary J L Coolant

Gas Gas
Aerosol

Figure 4 — Schematic of the inductively coupled plasma showing the torch, the different
gases, and the various energy zones.

35



The torch is made of quartz and it contains and assists the configuration of the
plasma. Quartz can tolerate the high temperature produced by the plasma before melting.
A main quality of the torch is its RF transparency; the torch does not attenuate the
frequency produced by the RF field. The quartz tube used as the torch has three concentric
cylinders. A coolant gas (argon typically) is introduced between the outer and center tubes.
The purpose of this gas is to prevent melting of the torch and to promote the annular shape
of the plasma (Figure 4). The center tube is for the injection of the sample aerosol into the
plasma. An auxiliary flow is supplied between the aerosol tube and the coolant gas tube to
assist in the formation of the plasma, and to ensure the plasma is forced away from the tip
of the injector (i.e., the end of the aerosol tube) (Figure 4). The different gas flows are
typically 15 L/min for the coolant, 0 to 2 L/min for the auxiliary flow, and 1 L/min to the
nebulizer flow. These flows vary between configurations and differences in experimental

set-up.

The RF power couples mainly with the outer parts of the plasma, giving it its
“doughnut” shape.*> That region can reach a temperature of up to 10,000 K. The center
region where the sample is introduced reaches a lower temperature (~5000 - 7000 K).*
The intensity of the Ar” ions are minimum in the center of the annular region and maximum
in the outer regions. For the sample ions, the maximum intensity happens in the center
region which is another advantage of the plasma annular shape. Figure 4 shows the
different plasma energy zones. Solvent evaporation and aerosol decomposition occur in the
pre-heating zone before the sample enters the plasma. Atomization or decomposition of
crystalline materials and dissociation of molecules occurs in the initial radiation zone.*

Ionization of atomic species finally happens in the normal analytical zone.
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Interface

The interface has three main functions: sample ions produced in the plasma, export
them from the high temperature atmospheric pressure plasma, and facilitate their transport
into the mass spectrometer.*> The interface consists of two concentric cones made of nickel
or platinum. Figure 5 shows a drawing schematic of the interface showing the two different
cones: sampler and skimmer. The sampler cone orifice is located in the normal analytical
zone of the plasma.** The diameter of the orifice of the sampler cone is approximately 1
mm. The skimmer cone is position right after the sampler cone. The diameter of the orifice
of the skimmer cone is approximately 0.5 mm. The skimmer cone orifice samples the
supersonic gas jet expanding through the sampler cone orifice, directing ions into the mass

spectrometer.*’

Sampler Cone

H

Skimmer Cone

Plasma ———» Ion Lenses
Atmospheric 25 torr 105 torr
Pressure

U

Figure 5 — Schematic of the interface sample and skimmer cones showing the different
pressure regions.

A pump system consisting of two pumps is used to reduce the pressure from
atmospheric pressure to 2.5 torr by a mechanical vacuum pump, further reduced to 10~ torr

with a turbomolecular pump.
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Ion lenses

The 1on beam passes through the ion lenses, which consist of one or two cylindrical
electrodes. The first part of the ion lens in the photon stop (Figure 6). The purpose of the
stop is to intercept photons and energetic neutral species produced in the ICP.*> When
photons reach the mass analyzer, they produce an increase in the background signal

obtained from the spectrometer.

Skimmer Cone

Photon Stop Ion Lens

Ion Beam

Figure 6 — Schematic of the ion lens showing the photon stop after the skimmer cone.

Mass spectrometer

The ions produced in the plasma can be measured by the use of a mass spectrometer.
The mass spectrometer is essentially a mass filter designed to isolate a specific mass-to-
charge ratio (m/z) ion from the multi-ion beam.*> After separation of the individual ion
beams, they are sequentially transported to the detector where each ion current is measured.
The ion currents are proportional to the concentration of the analytes in the ion beam.
Measuring the m/z ratio of an ion allows for the qualitative identification of the isotope
being measured. The magnitude of the ion current allows the quantitation of the amount of

analyte in the sample.
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There are several different types of spectrometers currently used for ICP-MS
instrumentation. The quadrupole mass spectrometer is one of the simplest designs which

provides great stability, ease of operation, and relatively low cost.

A quadrupole mass spectrometer consists of four parallel rods as shown in Figure
7. The quadrupole rods are made of polished metal or metal-plated (gold) ceramic.* The
ion beam passes through the center of the four rods. Only a single m/z value is allowed to
travel through the rods and exit at the end. The rest of the m/z ions are rejected by the
quadrupole. Both a direct current potential and a RF alternating current potential are
applied to the rods (Figure 7). A positive potential is applied to a pair or rods, while a

negative potential is applied to the opposite rods.

........... |
_____ E +Vcos ot —s @ @ -(E + Vcos ot)
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Beam — —+

Figure 7 — Schematic of the quadrupole mass spectrometer showing the voltage applied to
the rods.

As the voltages are varied, an electromagnetic field is created; this field then
interacts with the ion beam. All ions deflect in a spiral shape as the interact with the field.
The magnitude of the spiral path depends on the potential applied. Those ions with a unique
m/z value will follow a stable trajectory and will be transported through the quadrupole

rods.
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Detector

There are several types of detectors used in ICP-MS. The most common detectors
are the continuous dynode electron multiplier, discrete dynode electron multiplier, and the

Faraday cup.

The continuous dynode electron multiplier (Figure 8, top) converts the ions exiting
the mass spectrometer into a measurable electrical current. The wall of the horn-shaped
detector is coated with a metal oxide (typically PbO) and when the ions impact these walls,
one or more electrons are ejected. The ejected electrons are accelerated down the curved
tube and as they further impact the wall, more electrons are produced; this results in the
multiplication of secondary electrons. The front end of the detector is negatively charged
to attract the ions that exit the spectrometer. An increasing positive potential is applied
through the detector to further accelerate the secondary electrons produced. Once the

electrons reach the collector, a direct current is measured.
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Continuous Dynode Electron Multiplier

Collector

Signal to Amplifier

Figure 8 — Continuous dynode electron multiplier (top) and discrete dynode electron
multiplier (bottom) schematics.

The continuous dynode electron multiplier has two modes: pulse-counting and
analog. In pulse-counting mode, a high voltage is applied to the detector so that each ion
causes significantly high amplification; this results in a gain of about 108, In analog mode,

a lower voltage is applied to the detector resulting in an amplification of about 10 or less.

The current resulting from this detector is amplified, digitized, and eventually
related to the analyte concentration. A drawback of this detector is its short life before

replacement is required.*’
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Another type of detector used for ICP-MS is the discrete dynode electron multiplier
(Figure 8, bottom). This detector is made of a series of individual dynodes. Similar to the
continuous dynode electron multiplier, the dynodes are coated with a metal oxide. When
an ion impacts the first dynode, two electrons are emitted. These electrons are accelerated
by the increased positive potential across the dynodes’ path, impacting with the following
dynode and creating additional secondary electrons. The cascade process will continue for
15 or 16 stages with the final multiplied electron beam impacting a collector.* The
multiplied electrons reach the collector and produce an electrical current proportional to
the concentration of the ions in the sample. The amplification of this detector is of about

10.

Laser ablation sample introduction

In laser ablation, a short-pulsed high-power laser beam is focused onto a sample
surface; the beam converts a finite volume of the solid sample instantaneously into its vapor
phase constituents.*® The ablated mass is a plume of hot atoms, ions, molecules, and
particles.*” The vapor is then transported to different detection systems for analysis (e.g.,

ICP-MS and LIBS).

Some of the mechanisms involved in the ablation process include thermal
vaporization, shockwave propagation, plasma expansion, and solid exfoliation.*” The
occurrence of these mechanisms is related to the laser system used and the nature of the

sample.

The laser ablation device (Figure 9) typically consists of an adjustable stage where

the sample is located, a camera, a computer monitor, and a ns or fs laser. The sample is
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placed in the ablation stage; the stage is controlled using the computer software which
allows to move it in the x, y and z positions. A camera is used to visualize the sample in
the computer monitor and properly focus the beam on the surface on the sample. The laser
beam is focused on the surface of the sample though a transparent window. A pulse of
energy from the laser strikes a specific region of the sample, removing a fixed amount of
material depending of the duration and energy of the pulse.*> The plume of particles ablated
is moved to the plasma with the use of a carrier gas such as helium and argon. As the vapor
reaches the plasma, it is atomized and ionized, and eventually moved towards the mass

spectrometer and detector.

Camera

Monitor

Laser .................................. >

Transparent Window

% ;ﬂmple ———— .« Carrier Gas In

— |
| | Stage

Figure 9 — Laser ablation sample introduction schematic showing the camera, laser, and
sample chamber.

To ICP-MS «—
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Different types of lasers are used for this technique. One of the most common lasers

used is the neodymium-yttrium aluminum garnet (Nd:Y AG) nanosecond laser.

The schematic of this laser is shown in Figure 10. The Nd:YAG laser is a solid-
state laser consisting of three main components: the pumping source, the medium, and the
optical resonator. Typically, flashtubes or laser diodes are used as the pumping sources.
The Nd:YAG crystal is used as the laser medium. The medium is made of a crystalline
material (YAG) which has been modified using neodymium. When the medium absorbs
the pump energy, the low state energy electrons of Nd atoms are excited to high energy
states. In other words, the medium is put into an excited state by the use of an external
energy source (light source). The electrons do not stay in the highest energy state long,
instead they decay to a decreased energy level, commonly referred as metastable level,
emitting none-radiative energy (no photons) in the process. After some time in the
metastable stage, the electrons decay down to the next state, this time emitting a photon in
the process; this is called spontaneous emission. The photon released by spontaneous
emission interacts with the electrons in the metastable stage, lowering them to the next
energy stage while releasing two photons; this process is known as stimulated emission.
When the two photons interact with the metastable electrons, four photons are released,
and so on. Spontaneous emission occurs naturally, but stimulated emission requires a light
source. The photons generated in the Nd:Y AG medium bounce back and forth between the
two mirrors (Figure 10) releasing more and more photons in the process, hence the light

amplification. Eventually, the amplified light is allowed to exit the output mirror.
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Figure 10 — Nd:YAG laser schematic showing the pumping source (lamp), the reflective
and output mirrors, the Nd:YAG crystal, and the laser beam.

For stimulated emission to successfully work, more electrons should be in the
excited state than in ground state; therefore, population inversion is needed. To induce
population inversion, a process called pumping y performed. Pumping can be

accomplished by light absorption, electrical discharge, or chemical reactions.

The typical output wavelength of the Nd: Y AG lasers is 1064 nm. By using a series
of crystals, the output frequency of the laser can be multiplied. For example, a resulting
wavelength of 213 nm is obtained after multiplication of the output frequency by 5; this is
referred as the fifth harmonic output of the laser. Fundamental wavelength (1064 nm),
fourth (266 nm), and fifth (213 nm) harmonics are commonly used for Nd:YAG lasers.
The output of 1064 nm has found to be useful for bulk analysis of samples; the fourth
harmonic 266 nm has found to be a good compromise between ease of use, durability, and
cost; the fifth harmonic 213 nm is a good compromise but it is more expensive than the

266 nm lasers and requires more maintenance.*®
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Solution nebulization sample introduction

Liquid samples are delivered to the plasma by the use of a nebulizer. Nebulizers
convert the liquid sample to an aerosol. These small droplets are suspended in the plasma
carrier gas. The liquid samples are first converted into a wet aerosol and then into a dry
aerosol as soon as the reach the base of the plasma. The dry aerosol is then converted to

molecules, atoms, and ions.

The process of nebulization can be achieved by the use of a pneumatic nebulizer.
The principle of this nebulizer consists in using the force of a flowing gas, passed through
an orifice or capillary tube, to create microdroplets from the liquid sample.*> These
microdroplets are transported with a stream of gas towards the plasma for vaporization,
atomization and ionization. A common type of nebulizer is the concentric nebulizer, also
known as Meinhard nebulizer (Figure 11). The one-piece nebulizer, usually made of glass,
has an internal capillary tube of 10 to 35 um in diameter mounted in a concentric fashion
axial to an external tube. Nebulizer gas is passed through the external tube at a flow rate of
about 1 L/min, which results in sample being pumped through the internal capillary at a

rate of 0.5 to 1 mL/min, with aerosol formation occurring at the tip.*

Aerosol

Sample In
Argon Input

Figure 11 — Schematic of a concentric pneumatic nebulizer schematic.
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The aerosol formed by the nebulization process creates a population of droplets that
have a distribution of sizes ranging from 1 to 80 um in diameter. Uniformity in the droplet
size allows for precise results. The large droplets are harder to evaporate than the small
droplets and eventually atomize and ionize, causing instability in the plasma. A spray

chamber is used in order to reduce the larger droplets from entering the plasma.

The spray chamber provides an expansion space for the droplets to travel in a
recurring trajectory. The larger droplets collide with the walls of the chamber where they
are condensed. Only the small droplets are transported towards the plasma. A common
spray chamber used consists of a cyclonic design. This device uses a tangential rotary flow
path in a single circular compartment.*> The centrifugal force of the aerosol results in the
larger droplets being forced to the outside where they collide with the wall.*> The small

droplets are swept through the spray chamber and reach the exit towards the plasma.

With spray chambers, only a small percentage (less than 10%) of the original

sample reaches the plasma. The bulk of the sample is delivered to waste.
1.5.2 Instrumental principles of LIBS

Laser Induced Breakdown Spectroscopy (LIBS) is a relatively new, and very
powerful technique that can potentially be applied to all types of samples under ambient
conditions. The instrumentation for LIBS is cheaper and relatively simpler than LA-ICP-
MS, and it provides very good elemental information about the samples while causing
minimum destruction of the material. The analysis by LIBS can be performed in seconds,
and databases currently exist to assist in the interpretation of the data obtained from this

spectroscopic technique.
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Principles of LIBS

A schematic of LIBS principles of operation is shown in Figure 12. Laser Induced
Breakdown Spectroscopy is a form of atomic emission spectroscopy in which a highly
energetic laser pulse is focused onto the sample producing a micro plasma. The plasma is
responsible for atomizing and exciting the sample. The formation of the plasma only begins
when the focused laser achieves a certain threshold for optical breakdown, which generally
depends on the environment and the target material.** After a short period of time, the
excited species return to ground state energy levels emitting characteristic light in the
process. It is important to mention that the plasma timeline depends greatly on the
instrument parameters used. The times shown in Figure 12 might not be the same for

different lasers, energy, frequency, and type of sample.

Laser Energy
Beam ™~ Deposition Characteristic ‘\ /4
Reglon P lasma Light x
Sample
™~
t=0ns t<Ins t<Ins t=5ns

Particles

\ / / Crater ; :

EEEM
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Figure 12 — LIBS principles schematic showing the timeline of the plasma and the
interactions of the laser with the sample.

The element-characteristic light is collected by the fiber optic cable, separated by

the spectrometer and detected by the time-gated detector. Since all elements are capable of
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emitting light of characteristic wavelengths, virtually all elements can be analyzed by
LIBS. The particles can be swept away using a carrier gas and/or transported to an ICP-

MS for further analysis.

The instrumentation for LIBS commonly consists of the laser, the ablation chamber,

a fiber optic cable, an optical spectrometer, and a time-gated detector (Figure 14).

The light collection and measuring time in LIBS is extremely important. If the light
collection occurs too early, the spectrum results in a continuum because of molecular and
neutral species (Figure 13). The continuum is primarily a consequence of bremsstrahlung
(free-free) and recombination (free-bound) events. As electron-ion recombination
proceeds, neutral atoms, and then molecules form.>® The background continuum decays
over time. However, if the collection of light occurs too late, the signal intensity is
diminished, causing decreased sensitivity. The delay (or gate delay) is the length of time
between the first laser interaction with the sample and the moment the detector starts

reading. The observation window (or gate width) is the time the detector stays on.
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Figure 13 — Plasma timeline for LIBS after laser pulse interacts with the sample.

The laser system in LIBS is very similar to the laser used for LA-ICP-MS. The
most widely spread are the flashlamp-pumped solid-state lasers with Nd:YAG as laser
medium operated in the Q-switch mode to generate high-energy laser pulses with pulse
durations in the nanosecond range.>' Commercial instruments are available with the ability
of performing LIBS analyses, as well as delivering the ablated material into the ICP-MS.
Applied Spectra J200 Tandem System allows to capture and analyze the light emitted from
the laser ablation plasma (LIBS), while transporting the ablated particles to the ICP-MS
instrument. Short pulse lasers (ns and fs) are typically used for LA-ICP-MS and LIBS. The
optical power of the laser appears in pulses of fixed duration at some frequency or

repetition rate.
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Figure 14 — Schematic for LIBS showing the laser, ablation chamber, fiber optic cable,
spectrometer, detector, and typical signal obtained by LIBS analysis (intensity vs.
wavelength).

The ablation chamber is where the sample is positioned. An adjustable stage allows
to move the sample in the x, y and z directions to select the desired part of the sample to
be ablated and to focus the beam on the sample surface. A camera is used for visualization

of the sample morphology and to better focus the laser beam on the surface of the sample.

Once the laser interacts with the sample creating the plasma, excited species are
formed. The excited species eventually return to ground energy state emitting light in the
process. The light is collected by the fiber optic cable. The fiber transmits the light using
total internal reflection and those light rays entering the fiber within the acceptance cone
angle (numerical aperture) will be reflected down the fiber with high transport efficiency.>
The acceptance angle of a fused silica fiber optic is ~26° so that light will be collected from

all parts of the plasma if positioned a few centimeters distant.>
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The light collected by the fiber optic cable is transmitted towards the spectrometer.
The spectrometer disperses the emitted radiation of the laser-induced plasma to obtain a
spectrum in terms of intensity as a function of the wavelength.>! The main spectrometers
used for LIBS are the Czerny-Turner and the echelle. In the Czerny-Turner, the light is
directed to an entrance slit. The light passes the slit and reaches a curved mirror where the
light is collimated (the light results in parallel beams). After reaching the reflecting mirror,
the light undergoes diffracting grating and is eventually collected by another mirror which
refocuses the light onto the exit slit. The exit slit is adjusted to let specific wavelengths
pass. The Czerny-Turner is referred as a monochromator. The echelle is similar to the
Czerny-Turner with the main difference being that the echelle has two dispersive elements
instead of one (a grating and a prism). The echelle is therefore referred as a polychromator.
The echelle offers higher resolution than the Czerny-Turner spectrometer and is typically

expensive.

Once the light is dispersed with the help of the spectrometer, it is detected by the
detector. The most common detectors used for LIBS are photomultiplier tubes (PMT),
charge-coupled devices (CCD), and intensified charge-coupled devices (ICCD). In a PMT
detectors, the light pulse striking the photocathode material results in the ejection of
electrons that, through electrostatic focusing, travel through a set of dynodes coated with a
secondary emissive material.®® Similarly to the electron multiplier from ICP-MS, the
electrons hitting the dynodes multiply and an amplification of up to 10° is obtained. The
large number of electrons are collected at the anode and an electrical current is obtained.
A CCD detector consists of a large number of light-sensing elements arranged in a two-

dimensional array on a thin silicon substrate. In a CCD detector, photons strike the silicon
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surface creating free electrons through the photoelectric effect. Electrodes covering the
chip surface hold these electrons in place in an array of pixels, so that during exposure of

the chip to light, a pattern of charge builds up that corresponds to the pattern of light.>?
1.6 Statistical analysis and interpretation

Highly sensitive and selective techniques such as LA-ICP-MS and LIBS require
suitable means of analysis and comparison of the recovered data. The qualitative data
obtained by LA-ICP-MS can be in the form of intensity vs. m/z (mass scan) or intensity
vs. time (transient mode). The abundance of the specific m/z values can be translated to
concentrations and also used to confirm the presence of an element in the sample using its
natural isotopic abundance. Both mass scan and transient mode can be used for further data
analysis to report differences and similarities between samples, or to characterize the
samples on the basis of their elemental profile. Typical comparison between samples by
LA-ICP-MS using mass scan can be achieved by spectral overlay. In addition, the area
under the curve for the selected m/z values (mass scan), and the area under the curve for a
specific time range (transient mode) for the selected isotopes can be used for univariate

and multivariate statistical analysis.

In the case of LIBS, the data are typically reported in intensity vs. wavelength. The
intensity for all the emission lines can be related to the concentration of the element in the
sample. Confirmation of the presence of an element in the sample can be achieved by
monitoring similar emission lines for the same elements; this allows to rule out potential

interferences.
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Similarly to LA-ICP-MS, the area under the curve for the selected emission lines
can be integrated and background-subtracted for further statistical analysis. Alternatively,
the spectra resulting from LIBS for two different samples can also be qualitatively
compared to report the main differences and similarities, and the characterization of the

element menu obtained for each sample.
1.6.1 Spectral overlay comparison

The data resulting from LA-ICP-MS in the form of intensity vs. m/z were plotted
and compared using the graphing software Plor2 (v2.0 for Mac). The data resulting from
LIBS analyses in the form of intensity vs. wavelength was plotted and compared using the
graphing software Plot2 (v2.0 for Mac) and Aurora (version 2.1, Applied Spectra,
Freemont, CA). The first step in the spectral overlay comparison is the confirmation of the
presence of the specific elements (ions or emission lines) above the detection threshold.
Furthermore, the intensity for each element is compared using the presence or absence of
the element, as well as the difference in intensity assuming the element is present in both
samples. If the range in intensity of all the replicates overlapped with the range of all the
replicates of the other sample for every element, the pair is said to be indistinguishable.>
The number of comparison pairs can then be calculated as: (n — 1)/2, where n represents
the number of samples. The percent discrimination is given by the ratio of distinguished
pairs over total number of pairs, multiplied by 100. This percentage of discrimination is
typically reported in forensic science as it can help assess the potential of a technique (or

analytical method) for the analysis and comparison of materials.
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Spectra overlay is useful as it provides a visual representation of the main
differences between two samples. In addition, spectral overlay is used to confirm
association between duplicates and to check inter- and intra-day variations samples used
as control. Moreover, spectra overlay allows the confirmation of the isotopic pattern of
each element. In the case of LIBS, the presence of more than one emission line improves

the certainty of identification of the presence of an element.

Although spectra overlay is user friendly and easily accessible, it presents
disadvantages such as being subjective to the analyst’s opinion and time consuming for
several samples. Multivariate analysis of the integrated peak areas of the elements of
interest can be used to determine if there is significant statistical difference between

samples when the sample size is large.
1.6.2 Statistical analysis

Multivariate statistical methods allow the analysis of a large number of samples
with several dependent variables automatically. Some examples of multivariate statistics
methods include Principal Components Analysis (PCA), Cluster Analysis (CA), Linear
Discriminant Analysis (LDA), and K-Nearest Neighbour (KNN). The multivariate
statistical methods are divided in two groups: supervised and unsupervised methods.
Supervised methods are those that start with a number of objects whose group membership
is known.>* Unsupervised methods are those that help to see whether objects fall into

groups without any prior knowledge of the groups to be expected.>*

Principal component analysis is an unsupervised technique for reducing the amount

of data when there is correlation present.* In PCA, the set of correlated variables is
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converted into linearly uncorrelated variables called principal components. For example,
in the case of LA-ICP-MS analysis of tapes, up to 28 elements are found for be present in
electrical tape samples. The comparison of samples of tapes using the 28 elements can be
time consuming and confusing to interpret. However, the use of PCA allows to further
reduce the data to three main principal components that account for the highest variability
between the samples. Cluster analysis, just like PCA is an unsupervised technique. In CA,
the distance between two points is used to determine the proximity of objects in the variable
space. Cluster analysis produces dendrograms that cluster groups. Linear discriminant
analysis consists in finding linear combinations within the sample set that can be used to
associate or separate two or more samples to previously designed classes.>* Linear
discriminant analysis uses the linear discriminant function, which is a linear combination
of the original variables. Linear discriminant analysis differs from PCA in that it is a
supervised technique. The method of KNN predicts the test sample’s category according
to the nearest neighbors to the test sample and classifies it to the category that has the
largest category probability. In KNN, a test sample is assigned the class most frequently
represented among the k nearest training samples. If two or more such classes exist, then

the test sample is assigned the class with minimum average distance to it.>

Univariate analysis is also useful to numerically compare different samples. As the
name implies, in univariate analysis one element is compared at a time. Analysis of
Variance (ANOVA) is a very useful method of comparing the means between samples. In
addition, a post-hoc Tukey-Kramer test can be coupled to ANOVA in order to identify
which sample mean is found significantly different from the rest. Analysis of variance was

used for tape comparisons for reporting the differences between different sections of
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selected tape rolls, different days of analysis for a same tape, and samples originating from

different sources.

Aside from ANOVA, different match criteria can be used for the univariate
comparison of tape samples. The match criteria typically used for tape comparisons for
both LIBS and LA-ICP-MS data consisted of Kmean = 3s, 4s, or 5s where Kmean represents
the mean of the “known” sample, and s represents the standard deviation of the “known”
sample. If the mean of the “question” sample Qmean falls within the range of the mean and
the selected standard deviations for all the monitored elements, then the samples are said
to be indistinguishable from each. If at least one element falls outside this range, the
samples are differentiated from each other. A very simple schematic of this is shown in
Figure 15; sample C would be reported as distinguished from sample A based on their
differences is element X. Sample A and sample B would be reported as indistinguishable

based on element X.

Element X
__+SSA __+5 SA
( Mean ( Mean
Sample A Sample A
Mean
T Sample B
-5s, L-5s4
Mean
Sample C

Figure 15 — Schematic representation of match criterion of mean +5s for the comparison
of two samples. Sample C is said to be distinguished from sample A based of their
differences in element X.

Typically, Kmean = 5s has been most useful for LIBS analysis, while Kmean £+ 4s, and 5s have
been used for LA-ICP-MS analysis.
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2 ELEMENTAL ANALYSIS OF ELECTRICAL TAPES BY LA-ICP-MS

2.1 Qualitative analysis of tapes

Qualitative analysis refers to the comparison of tapes using the intensity signals
generated by the LA-ICP-MS instrument. Although the quantity of the components present
in the samples are not reported by qualitative analysis, these constituents can be identified
and used for comparison of the samples. Two tape samples are compared on the basis of
spectral overlay (i.e., superimposing two spectra together to detect differences in the
abundance and presence or absence of an isotope of interest). In addition, integration of the
area under the curve for the selected isotopes allows to compare the samples numerically

by statistical analysis such as ANOVA, PCA, match criteria comparisons, among others.

Qualitative analysis has been extremely useful in comparing samples of interest to
forensic science such as inks and paper.>® The present chapter section evaluates the use of

LA-ICP-MS for the qualitative analysis of electrical tape samples.

The elemental composition of the electrical tapes examined in the chapter has been
analyzed previously by SEM-EDS.* The elemental characterization by SEM-EDS allowed
for 87% discrimination by pairwise comparison; SEM-EDS was the most discriminating
tool for electrical tape backings.* Although SEM-EDS proved useful for the inorganic
characterization of tapes, this technique presents some limitations such as low sensitivity

and selectivity.

Laser ablation ICP-MS is proposed as a valuable complementary tool in tape
examinations because of its superior sensitivity and selectivity, minimal sample

destruction, short analysis time, and little to no sample preparation. Moreover, the current
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study investigated if the chemical signature of tape backings could be used beyond

comparative purposes to provide useful intelligence information about sources of origin.
2.1.1 Instrumentation and measurements parameters

The analysis by LA-ICP-MS was performed using a quadrupole ELAN DRC II
(Perkin Elmer LAS, Shelton CT USA) ICP-MS coupled to a ns-Nd:YAG laser (NW
UP213, New Wave, California). Data were acquired in mass scanning mode from m/z "Li
to m/z 238U and in transient mode using the following isotopes: 2’Al, 13> 137Ba, 13C, 42 #Ca,
11Cd, 35CL, 7Fe, PK, 'La, "Li, 2 20Mg, 95 % 100Mo, 23Na, 206, 208pp, 121, 123G, 28,29 118,
119G, 86, 88Gy 47.48Tj, 232Th 64.667n, and °%°'Zr. Performance checks were conducted daily
and before each analysis. Standard reference material NIST 612 was used to monitor oxides
(ThO/Th) and doubly-charged (Ca*"/Ca) ratios we monitored, as well as the intensity
counts for the background (mass 220), and for light, medium, and heavier isotopes (L1, Ce,
La, U). The final element list was reduced to 29 elements that were found to be relevant
for characterization of the backing components. Table 1 shows the optimum instrumental
parameters for LA-ICP-MS of electrical tape backings. Spectral regions that were
anticipated to have large contribution from Ar isotopes and other polyatomic interferences
were excluded from the scanning method. The isotopes selected for area integration were

those with high abundance and small number of polyatomic and isobaric interferences.
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Table 1 — Optimized parameters for the analysis of tape backings by LA-ICP-MS.#

Laser ns-Nd:YAG (213 nm)
Energy 100% (2.6 mJ)
Stage Speed 40 pm/s
Spot Size 190 pm
Frequency 10 Hz
Ablation Mode Line
Line Length 4 mm
Scanned Spectra m/z 7 to m/z 238
Sweeps/Reading 40
Readings/Replicate 1
Carrier Gas Helium
Gas Flow 0.9 L/min

The analysis by SEM-EDS was conducted using a Philips XL 30 scanning electron
microscope (Philips, The Netherlands) coupled with an energy dispersive spectrometer
detector (EDAX, USA) using a method previously reported.* The SEM-EDS was operated
at 50X magnification, 15 mm working distance, 25 kV accelerating voltage and 200

seconds of acquisition time.
2.1.2 Sample collection and sample preparation

Six electrical tapes rolls (Table 2) were purchased at local retail stores. Each tape
roll was divided into six sections and each section was further split into three (11 inches)
subsections to constitute each analytical sample. The tape samples were placed on
transparency films (Apollo, Acco Brands) and stored in plastic protectors. The local tapes
were used to assess the intra-roll and inter-rolls variations in electrical tapes. Four out of

the six tapes were also used as intra- and inter-day duplicate controls.
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Table 2 — Locally purchased black electrical tapes.**

Sample Roll Brand Name UL
T02 Scotch (Super 88+) 539 H
T03 Scotch (Super 33+) 539 H
T04 Scotch 539 H
TO5 Commercial Electric E 305030
T06 General Electric 362 K
TO7 General Electric 362 K

A selection of 90 black electrical tapes previously analyzed by Py-GC-MS, SEM-
EDS, FTIR, and microscopical examination by Mebhltretter et al.>** was shared with our
research group to assess the capabilities of SEM-EDS and LA-ICP-MS analyses. The
samples were received as tape segments placed on plastic transparency films and were

stored in plastic protectors prior to and after analysis.

In addition to the six electrical tape rolls locally purchased for the preliminary inter-
roll and intra-roll studies, 45 electrical tapes were acquired for a more in-depth
homogeneity study and to assess the variability within and between rolls for the different
brands. A description of the 45 locally purchased tapes is included in Table 3. Packages
containing as many as 100 rolls (e.g., T45 in Table 3) were used to analyze the homogeneity
within rolls and between rolls of a same package, for different brands. The packages

containing only one roll of tape were also used for within-source variation studies.

Prior to LA-ICP-MS analysis, a piece of ~1 cm by 2 cm of tape was cut and placed

directly inside the ablation chamber.
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Table 3 — Locally purchased black electrical tapes for in-depth inter- and intra-roll
comparisons.

Sample Countr Rolls Per
Roﬁ Brand Name UL of Origi’n Package
TO8 Scotch 3M 539H USA 1
TO09 Scotch 3M 539H USA 1
T10 Scotch 3M 539H USA 1
T11 Scotch 3M 539H USA 1
T12 Scotch 3M 539H USA 1
T13 Duck 74HK  China 1
T14 Duck 21XH USA 1
T15 Scotch 3M 539H USA 1
T16 Scotch 3M 539H USA 1
T17 Scotch 3M 539H USA 1
T18 Scotch 3M 539H USA 1
T19 Scotch 3M 539H USA 1
T20 General Electric 362K  Taiwan 1
T21 Scotch 3M 539H USA 1
T22 Utilitech E219145 China 1
T23 Scotch 3M 539H USA 3
T24 Scotch 3M 539H USA 1
T25 Morris 3JHY China 1
T26 General Electric 362K USA 1
T27 Utilitech E219145 China 1
T28 FrostKing 906B  China 2
T29 Ace 74HK  China 1
T30 Temflex 539H Mexico 1
T31 Victor 57R] China 1
T32 Morris 3JHY China 1
T33 Shurtape ~ USA 1
T34 Duck 74HK  China 3
T35 Scotch 3M 539H USA 3
T36 Steren ~ China 10
T37 Power First 590  Taiwan 10
T38 Wonder 362K  Taiwan 10
T39 Scotch 3M 539H USA 5
T40 Utilitech E219145 China 10

Pipeman's .
T4l Installalzion Solution >90] Taiwan 10
T42 3M Tartan 539H USA 10
T43 Nitto 101K  Taiwan 10
T44 Scotch 3M 539H USA 40
T45 Scotch 3M s3o00  usa 0 (rf(l)l(s)/ rl(?lg‘gs
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2.1.3 Data reduction and statistical analysis

Data pre-processing included the removal of non-relevant mass-to-charge peaks
originating from polyatomic and isobaric interferences and normalization to the sum of the
intensity peaks to account for any shot-to-shot variation and/or inter-day variations and as
a mean to compensate for mass removal differences between replicates.>® In the absence of
an internal standard, the normalization strategy accounts for small differences in the ablated
mass between samples and improves both repeatability and reproducibility of each

individual sample.

Data reduction and statistical analyses were performed using Excel 2011 (version
14.6.1, Microsoft Corporation), JMP (version 12.0.0, SAS Institute Inc., NC), Plot2 for
Mac (version 2.0.8, Berlin, Germany), and an in-house searchable database that uses
machine-learning algorithms for classification and comparison of unknown samples to the
database collection, specifically Partial Least Squares Discriminant Analysis (PLSDA) and
K-Nearest Neighbor (KNN) spectral comparisons.’® The search algorithms generate
similarity scores that allow the user to identify the most similar samples in the data set.
Moreover, the database reports the top five most similar spectra to the sample in question,

therefore strengthening the confirmatory value of the comparison.
2.1.3.1 Estimation of discrimination power

The ability of a method to differentiate tape samples originating from different
sources 1s evaluated by estimating the percent discrimination power (DP). The

discrimination power was estimated as reported by Mehltretter et al.*
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2.1.3.2 Estimation of percentage of correct associations

A total of 129 duplicates were used to calculate the percentage of correct
associations to its corresponding tape roll. The 129 duplicates consisted of measurements
from different sections of the 90 tapes and 39 duplicates from the inter-day and intra-day
controls on four out of the six the locally purchased tapes. The 39 duplicates consisted of
eight different days for the intra-day tapes (T04, T05, and T06) which accounted for 24
duplicates, and 15 for all the different days for the inter-day tape T07 was analyzed. Each
duplicate was blind to the analyst and was compared by spectral overlay, PLSDA and

KNN.

2.1.3.3 Estimation of the accuracy of the method

The percentage of accuracy of the method was estimated as:

true positives+true negatives

% Accuracy = Equation 1

total number of test samples
2.1.3.4 Comparison criteria

Spectral overlay analysis was conducted using Plot2 (version 2.0.8). The spectral
overlay comparison method has been previously reported by our group.”® In order to
prevent bias in spectral overlay match decisions, the spectra were analyzed as a blind set
by a second analyst. Relative natural abundance of different isotopes was used to confirm
the identification of each element. The overlay comparisons accounts for variability within
replicate measurements, which include instrumental variations and compositional

variations in the sampled locations.
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In addition to spectral overlay, Analysis of Variance (ANOV A) was performed on
the integrated peak areas of different sections of the locally purchased tape rolls to assess
inter-day and intra-day variations, as well as intra-roll and inter-rolls variations for the 45

locally purchased tapes.

2.1.4 Results and discussion

The evaluation of the utility of LA-ICP-MS of electrical tape backings consisted of
two main phases: optimization and validation. The optimization phase carefully selected
optimal and practical acquisition parameters suitable for the typical physical and chemical
characteristics of electrical tape backings. For instance, aspects such as typical evidence
size recovered at the scene, thickness and tape morphology, relevant chemical information
and intra-roll variability were all considered during the method development and

optimization.

The validation was designed to answer questions that could demonstrate the
scientific validity of the method, such as:
e [s the intra-roll variability of the elemental composition of electrical tape
backings smaller than the inter-roll variability?

e If so, which elements are relevant for discrimination and association of

electrical tape backings?
e Are the elements detected correlated to components of the formulation?

e What is the capability of the method to differentiate electrical tape backings
originating from different sources and to correctly associate tape sections

that originated from the same roll or same source?

65



e  Which methods of comparison can be applied to the semi-quantitative

comparison of tape backings, and what is the estimated error rate?

e What is the overall value of LA-ICP-MS alone for the analysis of electrical
tape backings?

e What is the overall improvement anticipated if LA-ICP-MS is incorporated

as complementary tool to current analytical protocols?

e Could the elemental characterization of tape backings be used for the

classification of tapes and to provide lead information?

2.14.1 Optimization of instrumental parameters

The optimization of the method was aimed to obtain the best precision and signal
to noise ratio (SNR) with minimal destruction of the material. The ablation on the backing
of electrical tapes was optimized to control the penetration depth of the laser ablation crater
into the sample. The optimal penetration depth was selected to assure a general bulk
characterization of the chemical composition of the tape while preventing cross
contamination from adjacent layers (laser removal of backing layer without contribution
from the adhesive). Figure 16 shows the microscopical images of the cross-section of an
electrical tape after been ablated using a raster pattern with the selected optimal parameters;
the images were taken using a digital microscope (Model VHX-1000, Keyence, USA).
Penetration depth was controlled at ~30 um. The thinnest tape in our collection set was
~80 um; therefore, the optimal parameters would then be appropriate for the typical
thickness of backings even after being stretched. Table 1 represents the final optimized

parameters for the analysis of electrical tape backings by LA-ICP-MS.

66



Tape Cross-Section

81.09um 750.0 500.0

0.04m Adhesive oe—e
—1[30.49um ]

250.0 : 12 [110.59um ]

— 3[26.36um ]
4[47.54um ] —=

5[105.94pm]  i—— 100.00pm

Figure 16 — Microscopical images of an electrical tape after being ablated using a raster
pattern with the selected optimal parameters. Left: 3D image of the ablation pattern. Right:
Cross-section of the tape. Images were taken using a Keyence digital microscope.**

2.1.4.2 Intra-roll studies (homogeneity studies)

To investigate the heterogeneity of the elemental composition on small sampling
areas of a roll of tape (intra-roll variations), several of the locally purchased tape rolls were
separated in six sections. Six replicates were performed per section, which generated a total
of 36 replicates. Spectral overlay comparison was used to compare different sections of the
electrical tape rolls. All replicate measurements overlapped the range of replicates of all
the other sections of the tape, indicating small variability of the elemental profile across a

single tape roll.

In addition to spectral overlay, analysis of variance (ANOVA) was performed on
the integrated area for the element peaks for all the locally purchased tape rolls. No
significant differences were found for the elements studied within the different sections
within a single roll. Figure 17 illustrates the Tukey-Kramer analysis of the different
sections of electrical tape T04 (Scotch, Made in USA, UL 539H) for magnesium and

titanium. For both graphs, the horizontal line represents the overall mean between all the
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tape sections. The diamonds illustrate the group mean and confidence intervals. The wider
diamonds represent a larger number of replicates per group. No outliers were removed for

the creation of the ANOVA plots.
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Figure 17 — ANOVA of LA-ICP-MS analysis of locally purchased Scotch electrical tape
T04 within the different sections (A - F) of the roll for magnesium (top) and titanium
(bottom) by Tukey-Kramer.**

Analysis of variance was also performed on the integrated areas of the isotopes of
interest for the 45 locally purchased tape rolls. The sample set consisted of packages
containing from 1 to 100 rolls. Analysis of variance was used to study within-roll and
between-roll variations for all the packages. Figure 18 illustrates the ANOVA Tukey-
Kramer analysis of the different sections and rolls of electrical tape T44 (Scotch 3M, Made

in USA, UL 539H, Table 3) for antimony and strontium. No significant differences were
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found for the elements studied for the different sections within a single roll (T44-R01 A-
E), and among rolls in the 40-rolls package (T44 R01-R40). No significant differences
resulted from t-Test performed on the roll pairs that showed the largest separation (e.g.,

T44 R11 vs. T44 R40 for %Sr).

No significant differences were observed for the rolls originating from the same
package, or for different sections of the same tape roll for the 45 tape samples (Table 3).
The lack of difference between rolls of a same package and within a single roll was
extremely important, as it proved that the internal homogeneity within a sample of tape
does not change for a whole batch, or within a tape roll. Homogeneity within a roll is

needed before tape rolls from different sources (rolls) could be compared successfully.
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Figure 18 — ANOVA of LA-ICP-MS analysis of locally purchased Scotch electrical tape
T44 within the different sections of a roll (T44-R01 A-E) and between the different rolls
in the package (T44 R01-R40) for antimony (top) and strontium (bottom) by Tukey-
Kramer.
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2.1.4.3 Inter-roll variations (between source variations)

In order to evaluate the inter-roll variability and the discrimination capabilities of
LA-ICP-MS, the elemental profiles of 90 electrical tapes backings were compared to each
other. All 90 tapes were known to originate from different rolls. Elemental profiles

obtained by SEM-EDS were compared to those obtained by LA-ICP-MS.

Figure 19 represents the spectral overlay comparison for SEM-EDS of tape 4 (Tesa
Tape, Inc., Made in Taiwan, UL 362K) shown in blue and tape 32 (GE, Made in Taiwan,
UL 206T) shown in red. Each spectrum shows three replicates measured. Elements such
as calcium, antimony, barium, and titanium were often found as components of electrical
tapes used in the present study. Nonetheless, antimony La (3.61) and calcium Ko (3.69)
lines are not fully resolved as they are only 0.08 keV apart and typical SEM-EDS resolution
is in the order of 0.1 keV. The same issue is observed when barium and/or titanium are
present in the formulation. Moreover, barium and titanium were close to the detection
limits (Signal to Noise Ratio (SNR) ~3) in these samples. After evaluation of the EDS
spectra using spectra overlay, these two tapes were not distinguished by SEM-EDS using

the detected elements (Ba, Ca, Ti, Sb, Cl, Si, and Al).
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Figure 19 — Spectral overlay comparison for SEM-EDS of tapes 4 and 32.4

When the same tape samples were analyzed by LA-ICP-MS, the elemental profile
was clearly differentiated. Figure 20 shows the LA-ICP-MS spectra, where significant
differences were observed (e.g., tape 32 shows higher antimony and lower barium than
tape 4). Additional elements were also detected in the samples (Li, Na, Mg, Al, Si, S, Cl,

K, Cr, Cu, Zn, Br, Sr, Sn, Pb).
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Figure 20 — Spectral overlay comparison of LA-ICP-MS of tapes 4 (blue) and 32 (red)
showing the differences in the barium and antimony isotopes, and the identification of the
calcium and titanium isotopes.**

Moreover, LA-ICP-MS not only provided superior discrimination capability, but
also provided superior sensitivity and enhanced confirmatory value and selectivity. As
shown in Figure 20, barium and titanium are detected with a SNR>10 (as opposed to SEM-
EDS ~3 SNR). LA-ICP-MS was able to detect a greater number of elements on these tapes

providing not only better discrimination, but also better characterization capabilities.

Selectivity is also improved in LA-ICP-MS, as the different isotopes of interest are
resolved in the quadrupole. In addition to the ability to characterize the tape samples by
providing an extensive elemental menu, LA-ICP-MS has the advantage of providing
unambiguous identification of the elements by their m/z ratios and the relative abundance
of natural isotopic signatures. Furthermore, the multiple isotopic profiles helped minimize

potential interferences by comparing their ratios to natural abundance. Figure 21 shows the
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spectral overlay comparison of tape samples 2 (Advance, Made in England) and 10 (3M
Scotch Super 88, Made in USA, UL 539 H) and the relative abundance of the natural
isotopes of molybdenum. Molybdenum isotope peaks were detected in tape 10 with a much
higher intensity than in tape 2, and confirmation of molybdenum is possible by comparing
the natural isotopic abundance ratios. From a forensic perspective, the detection of
multiple isotopes per element adds certainty to the identification of inorganic compounds,

providing additional scientific validity to the analysis.
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Figure 21 — LA-ICP-MS spectral overlay for tape 2 (purple) and tape 10 (green),
demonstrating differences in molybdenum amounts and showing molybdenum natural
isotopic abundances profile.**

2.1.4.4 Discrimination capabilities and error rates

Table 4 represents a summary of the discrimination power calculated for SEM-EDS
and by LA-ICP-MS. Out of 4005 comparison pairs, SEM-EDS conducted in a previous

study,* as well as corroborated in the current work, distinguished 87% of them. Since all
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the samples originated from different sources, SEM-EDS by itself produced ~13% of false
inclusions. The estimation of false inclusions assumes that all 90 samples originated from
different sources, but there may be instances in which some of these samples may have
originated from the same manufacturing plant (i.e., same product) or possibly the same
jumbo roll. Interestingly, LA-ICP-MS distinguished 94% of the samples reducing false
inclusions to ~6%. More importantly, the analysis of tapes by SEM-EDS allowed grouping
of the samples into 15 distinctive groups and the determination of up to eight elements (Cl,
Al, Si, Ca, Ti, Sb, Mg, Pb). Laser ablation ICP-MS allowed separation into 50 distinctive
groups as a result of a superior characterization of the chemical components and the

detection of up to 29 elements (Table 4).

Table 4 — Discrimination power, correct associations, grouping, and element menu found
by SEM-EDS and LA-ICP-MS.*

SEM-EDS LA-ICP-MS
Number of Samples
from Different 20 . 20 .
Sources (4005 pairs) (4005 pairs)
T 87.3 % 93.9 %
Discrimination Power 3,95 £ 4005) (3760 out of 4005)
- 100%
Correct Associations N/A (129 out of 129 duplicates)
Number of Distinct 15 50

Groups
7Li, “B, 23Na, 24, 26Mg, 27A1, 28, 29Si’ BIP’
32, 34S, 35, 37CL 39K, 42, 44Ca, 47, 49Ti, 53CI‘,
55Mn, 57, 58Fe, 63, 65Cu, 66, 6SZn’ 81BI‘, SSRb,
SSSI., 90, 9lzr’ 93Nb, 95,97, 98MO, HICd,
IISSn’ 121, 123Sb, 135, 137Ba, 206, ZOSPb, 2094

Cl, Al, Si, Ca, Ti,

Detected Elements Sb, Mg, Pb

A review of several electrical tape and pressure sensitive adhesives patents
confirmed the use of these elements as raw materials in tape formulations.’'# For instance,

inorganic additives include fillers (aluminum oxide and aluminum silicate, barium sulfate,
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cadmium oxides and silicates, calcium carbonate and calcium sulfate, iron oxide, lead
oxides and silicates, magnesium oxide, silica, titanium oxides and silicates, zinc oxides and
silicates), flame retardants (antimony oxide and molybdenum oxide), heat resistant
components (aluminum, barium, calcium, chromium, iron, magnesium, niobium, sodium,
strontium, tin, titanium, and zirconium oxides), pigments, catalysts and others (aluminum
phosphate, calcium silicate, calcium stearate, iron salts, lead silicate, lithium catalysts,
titanium dioxide, and zinc oxide). Until now, no other analytical method used in tape
examinations allows for the comprehensive compositional characterization of tape
backings. These inorganic components and their concentration were found to vary per

brand and product.

The grouping found by SEM-EDS, LA-ICP-MS, and all the previously used
techniques combined to LA-ICP-MS is represented in Table 5. The SEM-EDS group i was
almost entirely separated by LA-ICP-MS into the individual tapes except for tapes 45
(Calterm, Made in Taiwan, 590J) and 55 (Manco, Made in Taiwan, 590J). Likewise, most

of the tapes not differentiated by LA-ICP-MS were tapes from the same brand (Table 6).
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Table 5 — Groups found by SEM-EDS, LA-ICP-MS and all the conventional techniques
combined to LA-ICP-MS.#

Slél\ﬁ)ilzs Sample Number LA(_]IrCOz;:[S Sample Number Techﬁigues* Sample Number
i 4 i 4
i 42 i 42
il 45,55 il 45,55
iv 51 iv 51
v 53 v 53
vi 56 vi 56
. 4,8,32,42, 45,51, 52, 53, 55, vii 58 vii 58
! 56, 58, 70, 81, 82, 86 viii 70 viii 70
iX 81 iX 81
X 82 X 82
xi 86 xi 86
xii 8 xii 8
Xiii 32 Xiii 32
Xiv 52 Xiv 52
XV 14,37 XV 14,37
i 14, 35,37, 50 xvi 35 xvi 35
XVil 50 Xvii 50
xviii 21,46 xviii 21,46
iii 21, 38, 46, 67 Xix 38 Xix 38
XX 67 XX 67
v 66 XX1 66 XX1 66
XXil 22 XXil 22
v 22,69 i 8 i )
XXIV 72 XXIV 72
vi 72, 74,76, 77,79, 80, 83 XXV 74,79 S 767747’77’983
XXVi 76,717, 80, 83 XXVil 80
vii 62 XXVil 62 Xxviii 62
XXViii 2 XXIX 2
XXX 10, 23, 24, 61, 63
A 10,11,12,13,15,17,18,19,[ .~ |11,12,13, 15, 18,20, 25,26,
2,10, 11, 12,13, 15, 17, 18, 19, XXix 20, 23, 24, 25, 26, 39, 41, 54, 39,41, 54, 64, 65, 68
viii 20,23, 24, 25,26, 27, 28, 39, 41, 61, 63, 64, 68 XXXil 17
54,61, 63, 64, 65, 68 XXXiil 19
XXX 65 XXXV 65
xxxi 27,28 XXXy 27
XXXVI 28
.. XXXViii 34
ix |16,29,30,34, 36, 40, 43, 44, 47 Xxxii 16,29,30,34,40,43,44,47 — o 16,29, 30, 40, 43, 44, &7
XXXiil 36 XXXIX 36
XXXiV 1,5,7,48, 49, 57 :111 L5, 75’74 8,49
X 1,5,7,48,49, 57,78, 84 ey 7 N 73
XXXVi 84 xliii 84
XXX Vil 3 xliv 3
XXXViil 6 xlv 6
XXXIX 31 xlvi 31
. x1 71 xlvii 71
xi 3,6,31,71, 87, 88, 89, 90 5 &7 i &7
xlii 88 xlix 88
xliii 89 1 89
xliv 90 li 90
.. xlv 73 lii 73
xii 73,85 xIvi 85 Tii 85
xlvii 9 liv 9
xiii %33 xvii 33 Iv 33
Xiv 59, 60 xlix 59, 60 Ivi 59, 60
XV 75 1 75 lvii 75
[*All techniques _include physical examination, FTIR, SEM-EDS and Py-GC-MS, as reported by Mehltretter et al., * and LA-ICP-MS
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Table 6 — Groups of tapes indistinguishable by all techniques.**

Indistinguishable Groups Comments
45, 55 Taiwan, UL 590J
14, 37 Taiwan, UL 206T
21, 46 Manco®, Taiwan, UL 590]
74,79 3M Scotch 700 commercial grade, USA, UL 539H
76,717, 83 3M Scotch Super 33+, USA, UL 539H
10, 23, 24, 61, 63 3M Scotch Super, USA, UL 529H

3M Scotch Super 33+ and 3M 700 commercial
11-13, 15, 18, 20, 25, 26, 39, 41, 54, 64, 65, 68 grade, USA, UL 539H
16, 29, 30, 40, 43, 44, 47 3M Tartan and 3M Temflex, USA, UL 539H
15,7, 48,49 Tape It and Marcy Enterp.rlses, Taiwan, unknown
manufacturing source
59, 60 Tuff ™ Hand Tools, China

The elemental composition of electrical tapes analyzed by LA-ICP-MS provides
enhanced discrimination, improved characterization capabilities and stronger conclusions
than those provided by conventional methods, as a result of its superior sensitivity,
selectivity and precision. In addition, LA-ICP-MS represents a complementary technique
to the methods currently used (physical examination, FTIR, SEM-EDS, and Py-GC-MS).
Table 7 shows the percentage of discrimination after LA-ICP-MS is combined with all the
other techniques. Additional grouping was achieved (57 groups) with a discrimination
power of 96.5%, and 3.5% of false inclusions, which is represented by the percentage of

indistinguishable pairs.

Interestingly, LA-ICP-MS alone was able to classify the majority of the tape
backings into the same groups as the combined conventional method (microscopic
examination, SEM-EDS, FTIR and Py-GC-MS). These results indicate that the elemental
signature detected by the laser ablation method has accurate classification capabilities and
therefore could be used in forensic laboratories as a fast screening method that can reduce

overall costs, time of analysis and reduce backlogs.
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Table 7 — Discrimination power and grouping found by SEM-EDS, LA-ICP-MS, and the
techniques combined, and percent of indistinguishable pairs for each method.**

LA-ICP-MS
All Current SEM +

SEM-EDS Methods™* LA-ICP-MS LA-ICP-MS + Current
Methods*

Percent Discrimination 87.3% 94.3% 93.9% 93.9% 96.5%

Distinguished Pairs 3495 3777 3760 3760 3865
Distinct Groups 15 40 50 50 57
Percent of 12.7% 5.7% 6.1% 6.1% 3.5%

Indistinguishable Pairs
*Current methods include physical examination, FTIR, SEM-EDS and Py-GC-MS
as reported for the same sample set by Mehltretter et al. 4

The comparison among the 50 different groups was performed by ANOVA to show
the variability in elemental composition for selected isotopes and to identify which groups
were different in each specific element. Antimony and strontium were selected because
they offered great discrimination between tapes, and because they were previously used in
the comparison between different rolls of a same package (see Intra-rolls studies section

Figure 18).

In contrast with Figure 18, Figure 22 shows the significant differences found
between the different groups for antimony and strontium. While the comparison between
different rolls for a same package showed no significant differences between these two
elements, the comparison between different sources showed clear differences for antimony
(e.g., groups 09, 12, 13, 22, 25, 36 etc.) and strontium (e.g., groups 38, 40, 41, 42, 45, etc.).
Most importantly, when combining both elements, increased discrimination is obtained
between groups, showing the main advantage of multi-element analysis to classify samples

into distinctive groups.
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Figure 22 — ANOVA of LA-ICP-MS analysis of the 50 distinct groups for antimony (top)
and strontium (bottom) by Tukey-Kramer.

2.1.4.5 Blind duplicate controls and evaluation of correct associations

The capability of the method to generate correct associations using the elemental
profiles was studied by selecting 129 duplicate controls. These controls included 94
different electrical tapes, 90 tapes obtained from the FBI collection and four locally
purchased tapes. The duplicates consisted of 4-6 replicates each, measured in different
locations across a section of tape. Some blind duplicates were acquired months apart to
account for any temporal variation or instrument drift. Figure 23 shows the spectra overlay
of tape 8 and its duplicate (tape 8 D). All the replicates overlapped for all elements under

study for the tapes and their duplicates, resulting in 100% correct association when using

spectra overlay.
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Figure 23 — Spectral overlay comparison of LA-ICP-MS of tape 8 (blue) and its duplicate
8 D (red) resulting in no significant differences for all the isotopes (antimony and barium
isotopes shown as example).**

The locally purchased tapes used as controls consisted of 39 intra-day and inter-
day blind duplicate controls analyzed on 14 different days, measured from two or three
months apart. The control tapes were run at the beginning, in the middle and at the end of
the analysis day. The spectra overlay plot shown in Figure 24; represents a control tape
(General Electric, Made in Taiwan, UL 362K) for 14 different days of analysis for a period
of three months. The results demonstrated that LA-ICP-MS provides good reproducibility

and repeatability, with small inter-day and intra-day variations.
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Figure 24 — Intra-day analysis of a locally purchased General Electric electrical tape in a
period of three months (14 different days).**

2.1.4.6  Overall evaluation of the accuracy of the method

The accuracy of the method can be calculated by Equation 1, where the true
positives are the samples that were correctly associated to their duplicates (129 duplicates
representing 100% correct association), true negatives represent the samples that were
distinguished from each other (3760 from Table 4), and the total number of test samples
represent the sum of the true positives and the total number of pairs (129 + 4005 = 4134).

The accuracy of the method was found to be 94.1% using spectral overlay.
2.1.4.7 Classification capabilities of LA-ICP-MS for the analysis of tapes

Principal component analysis was used to visualize the classification and grouping
of tapes by country of manufacture. Tapes from different countries were clearly separated
from each other, especially tapes manufactured in China (Figure 25). Moreover, a zoom-

in on the United States and Taiwan region (Figure 26) shows two main clustering areas for
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3M Scotch tapes manufactured in the USA. The main distinction between these groups (A
and B in Figure 26) was found in the composition of lead, barium, antimony, magnesium
and molybdenum, which might be due to differences in the source of the raw materials. It
is important to note that tape labels do not necessarily represent the actual manufacturer.
Tape distributors may provide their own label to a manufacturer, making it difficult to
determine the manufacturer of the tape.’ Therefore, the tapes labeled 3M made in Taiwan

were likely not made by 3M but by a company located in Taiwan.
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Figure 25 — PCA plot of the 90 electrical tapes selecting two principal components.**
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2.2 Quantitative analysis of electrical tapes by LA-ICP-MS

Quantitative analysis of tapes is necessary in order to create standard methods for
the comparison and interpretation of tape samples. Once the concentrations of the elements
present in tapes are known, a comprehensive database of tape samples can be populated
and shared among laboratories. A database facilitates the use of likelihood ratios for the

interpretation of tape evidence.

Two different quantitative methods were studied for the analysis of tapes. The first
method consisted of an external calibration curve. Polyvinyl acetate (PVA) calibration
point solutions were prepared using ICP-MS single element standards dissolved in 0.8 M
HNOs. Five calibration points were created; the linearity of the curves, percent bias
compared to the certified material, and percent RSD among replicates were used to test the
performance of the PVA external calibration method. External calibration curve methods
have been thoroughly studied and applied to LA-ICP-MS analyses for a wide range of
applications.’”! Most methods for external calibration require an internal standard to
improve the precision of the quantitative analyses. In the present method, gold was used as
a normalization standard by coating all the samples using a sputtering system. In addition,
carbon (*C) was also explored as an internal standard for this quantitative method of

analysis of polymers.

The second procedure to determine the concentrations of the elements present in
tapes and in other plastics consisted of the quantitative method without matrix-matched
standards previously reported by Aeschliman et al.%? In this method, the concentrations in

an unknown solid can be found by using a known or standard solid to calculate a response
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factor specific to each isotope. Solid samples of known concentrations used for the
quantitative method without matrix-matched standards included: NIST SRM-610 and
NIST SRM-612 glass standards, and BCR-680 and ERM®-EC681m polyethylene

standards.

In order to test the performance of the quantitative methods, polyethylene films

made of reference materials were created.

2.2.1 Polyethylene film standards preparation

Polyethylene standard films was prepared utilizing certified reference materials in
pellet form (ERM-EC681m and BCR680) that were purchased from the Institute of
Reference Materials and Measurements (IRMM, Geel, Belgium). The certified
polyethylene pellets were melted on glass slides and cut into strips of ~1 cm by 2 cm. The
thickness of the films was ~ 2 mm. Microwave digestion was performed using the SK-15
Ethos UP microwave digestion system (Milestone, Shelton CT USA) for both the films
and the pellets to determine any loss of analytes during the melting process and to assess

the performance of the digestion.
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Digestion Comparison for EC681m Standard
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Figure 27 — Comparison of digestion recoveries from the pellets and the in-house prepared
film.*

Figure 27 represents the comparison between the recovery for the pellets and the
recovery of the prepared film for the ERM-EC681m standard. The recovered
concentrations for the pellets and the films show no significant loss after the melting
process. Arsenic and tin resulted in high bias compared to the reported concentrations
(Table 8); however, the differences between the pellets and film are not significant.
Therefore, the high percent bias is the result of the digestion process (i.¢e., caused by known
interferences for arsenic in ICP-MS®® or to volatilization from the digestion process for

tin), and not to the preparation of the films by melting.
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Table 8 — Precision and bias for polyethylene pellets and films after microwave digestion
for a total of four digestion replicates.

Analyte EC681m Film EC681m Pellets

% RSD % Bias % RSD % Bias
Cr 53 3.8 2.0 5.0 0.7
Zn 66 3.6 7.5 5.9 5.1
As75 5.9 20.4 5.2 21.9
Cd 111 3.7 2.8 34 1.6
Sn118| 39.0 38.3 41.7 43.1
Sb 121 8.2 10.1 7.6 9.0
Pb 208 6.8 0.1 6.5 3.6

The plastic polyethylene films were created in order to test the performance of the
calibration methods. Although the electrical tapes used for quantitative analysis were made
of PVC backings, polyethylene represented a closer plastic alternative for comparisons in

lack of a PVC plastic certified standard.
2.2.2 Quantitative method by LA-ICP-MS using PV A calibration standards

External calibration curves were created using poly-vinyl acetate (PVA) solutions
at different concentrations (0 - 300 ppm). The samples were allowed to dry, and the new
concentration was calculated after the liquid evaporated. The calibration standards,
polyethylene films and tape samples were gold-coated using a sputtering system (Hummer
10.2, Anatech LTD, Michigan, USA). The samples were analyzed in the same manner as
the calibration standards. The integrated signals (divided by the gold signal) were
extrapolated to find the concentrations using the calibration curves for all the isotopes of
interest. In the case of carbon as internal standard, the integrated signals were divided by
the signal of carbon instead of the signal of gold, and a correction factor was applied to

account for differences in carbon for the different polymers.
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2.2.2.1 Reagents and standards

Polyvinyl acetate polymer (PVA, or PVAc) was provided by Celanese Corporation
(Dur-O-Set® Emulsions, Celanese, Texas, USA). A multi-element standard mix of 800
ppm was prepared by diluting Al, Cr, Sb, Sr, Ti (10,000 ppm, Inorganic Ventures, Virginia,
USA) and Ba, Cd, Fe, Mg, Mo, Pb, Zn (10,000 ppm, Ricca Chemicals, Texas, USA) single

element solutions in 0.8 M HNOs.

2.2.2.2  Sample preparation

The PVA polymer was in the form of a viscous white liquid capable of dissolving
the ICP-MS (5% HNO3) multi-element standards. A 400-ppm PVA mix was created by
dissolving the pure polymer with the 800-ppm multi-element HNO3; mix (1:1
volume/volume). The exact volume of the viscous liquid was determined using the mass
and the density reported by the manufacturer. The 400-ppm PVA mix was vortexed
exhaustively prior to the deposition of the polymer in the glass substrates. Solutions of
PVA at different concentrations were prepared using a 1:1 (v/v) PVA polymer/0.8 M HNOs
blank from the 400-ppm mix in order to create the calibration curves. The calibration points

were created using 0, 50, 80, 150, and 300 ppm solutions.

Paper disks of 6 mm in diameter were cut from filter paper (GE Healthcare
Whatman 542 Filter Paper, Fisher Scientific, Pennsylvania, USA) using a steel punching
tool (Office Depot Brand Single-Hole Punch in Chrome, Office Depot, USA). The pre-cut
disks were attached to double-sided adhesive tape (Double Sided Photo and Document
Mending Tape, 3M Scotch, Minnesota, USA) and mounted on 18 mm by 18 mm glass

slides (Fisherbrand Cover Glasses, Fisher Scientific, Pennsylvania, USA). A sample of 40
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uL of the polymer solutions was deposited on the paper disks using a micro pipette for all

the calibration point standards.

The weight measurements were recorded using a Mettler Toledo (XS Analytical
Balance, Mettler Toledo, Ohio, USA) analytical balance. The weight of dried polymer
consisted of the weight of the dried polymer in the glass slide subtracted from the weight
of the glass slide (filter disk, double-sided tape, and glass slide). The weight of the wet
polymer was recorded in order to calculate the new concentration of the elements in the

dried polymer after evaporation of the liquid.

The polymer calibration standards, polyethylene films and tape samples were
subsequently gold-coated using a sputtering system (Hummer 10.2, Anatech LTD,
Michigan, USA). The samples were coated in pulse mode for 20 seconds at 1200 V. A
schematic of the sample preparation process and of the analysis for this method is shown

in Figure 28.
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Figure 28 — Sample preparation schematic for the PVA external calibration method. A 40
uL drop was deposited on glass slides. The samples were allowed to dry overnight and
subsequently coated with gold. After LA-ICP-MS analysis, the integration of the area
under the curves were calculated and used to create the external calibration curves.

2.2.2.3 Instrumentation and measurement parameters

The analysis by LA-ICP-MS was performed using a quadrupole ELAN DRC II
(Perkin Elmer LAS, Shelton CT USA) ICP-MS coupled to a ns-Nd:YAG laser (NW
UP213, New Wave, California). Data were acquired in transient mode monitoring the
following isotopes: 27Al, 135 137Ba, ' 13Cd, $3Cr, 5Fe, 24 260Mg, 95 98 100\fq, 204, 206, 207,
208pp, 121, 123Gh, 88Gyr, 47 49T}, and ®* %°Zn. Performance checks were conducted daily and
before each analysis to ensure the correct operation of the instrument. Standard reference

material NIST 612 was used to monitor oxides (ThO/Th) and doubly-charged (Ca™/Ca)
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ratios were monitored, as well as the intensity counts for the background (mass 220), and

for light, medium, and heavier isotopes (L1, Ce, La, U).

The instrumental parameters for the PVA external calibration method are
summarized in Table 9. It was previously noticed that different element spread differently
across the droplet (i.e., some elements concentrated more in the center, while other spread
through the ends of the droplet). A 6 mm radial line was used for all replicates to account
for the heterogeneity of the analytes in the droplet caused by chromatographic migration
effects of the elements across the filter paper. The ablation method has previously been
reported showing the advantages of radial scans for different types of liquids deposited on

filter paper.®*

Table 9 — Instrumental parameters for the PVA external calibration method.

LA-ICP-MS Parameters

Laser ns—Nd:YAG (213 nm)
Energy 100 % (2.6 mJ)
Stage Speed 40 pm/s
Spot Size 190 um
Frequency 10 Hz
Ablation Mode Line
Ablation Time 3 min
Analysis Time 4 min
Line Length 6 mm
Scan Mode Transient
Sweeps/Reading 2
Readings/Replicate 177
Carrier Gas Helium
Gas Flow 0.9 L/min

92



2.2.2.4 Results

To find the concentration of the dried polymer, Equation 2 was applied. The mass
of the analyte could be calculated by dividing the initial liquid concentration (e.g., 50 mg/L)
by the volume added (i.e., 40 pL = 40x10°% L). The final solid mass was measured using

the analytical balance after the subtraction of the paper/tape/glass slide substrate.

. m Mass of Analyte (m
Concentration (—g) = ! e (mg)
kg Mass of Dried Polymer (kg)

Equation 2

The concentrations after evaporation of the liquid are shown in Table 10. The
samples were allowed to dry overnight inside a ventilated laboratory hood. An increase by

a factor of 3.8, in average, was observed after evaporation.

Table 10 — Liquid and dried concentrations for the calibration point standards.

Calibration Liquid : Solid )
Point ID Concentration Concentration
(mg/L) (mg/kg)
0 PPM 0 0.0
50 PPM 50 141.8
80 PPM 80 227.6
150 PPM 150 452.8
300 PPM 300 748.1

Gold-coating as normalization standard

The calibration curves obtained for the PVA external calibration method for
selected isotopes are shown in Figure 29. To create the calibration curves, the gold-
normalized signals (y-axis) were plotted versus the solid concentrations reported in Table

10 (x-axis). The samples were previously coated with gold, as described in the sample
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preparation section. The calibration curves showed good linearity (R? > 0.98) for all the

isotopes monitored.
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Figure 29 — Calibration curves for the PVA external calibration method for selected

elements after gold normalization.

After extrapolating the normalized signals for the polyethylene standard EC681m,

the concentrations could be calculated and compared to the certified concentrations

reported in the plastic’s certificate. Figure 30 shows the calculated and certified

concentrations for the polyethylene film of the EC681m certified material. With the

exception of cadmium and chromium, the bias obtained was less than 25%. The high
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percent bias for cadmium and chromium could be reduced by using an internal standard

that is embedded into the sample, as supposed to deposited on the surface, like in the case

of gold coating.
EC681m Calculated and Reported Concentrations
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Figure 30 — Calculated (blue) and certified (green) concentrations for EC681m using the
PVA quantitative method of external calibration with gold normalization. The values above
the bars indicate the percent bias calculated with respect to the certified concentrations.

The concentrations of several tapes were calculated for selected isotopes and are
shown in Table 11. The concentrations shown are those above the detection limits of this
method. Signal limits of detection were calculated as the mean of the blank sample (0 ppm
sample) plus three times the standard deviation of the blank sample (0 ppm sample). This
signal was then converted to concentrations as for regular unknown samples by

extrapolation using each calibration curve.
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Table 11 — Calculated concentrations (mg/kg) for tape samples using the PVA external
calibration method with gold as normalization standard.

BPTI1 BPT74 BPT43 BPTS3 BPT73
Al 52+£59 592.5+ 46.1 - 756.6 + 27.3 4239+ 1.8
'Ba - 340+ 11 - 4152+3 1020.7 £ 20
Med - - - - 814.6 + 14.1
SCr - - - - 37.6+ 0.9
TFe - - - - 512+23
Mg 25.6+2.7 1267.9 + 67.4 - 1509.8 + 44.5 568.1+5.3
%Mo 138.1+£9.2 - 69.9+ 1.2 115.6+2.6 -

Avg.Pb  7028.5 + 369.7 - 6494.1 £ 102.8 - 154.4+32
1215 53258+ 9.6 5753.5+ 191.8  2403.4+72.5 55253+ 654 171+3
8sr - 44+15 - 43.4+0.1 95+ 1
T - - - - 2068.7 +217.2
7 3062+ 12.3 1842+32 179.6 + 4.2 396+ 9.7 701.7 £ 25.5

The PV A external calibration quantitative method shows great potential in terms of
precision (RSD) and linearity of the calibration curves. However, the use of gold as
normalization standard might not account for differences in the ablation process for all the
analytes of interest between different samples. An internal standard that is present in the
same concentrations in all the samples is needed in order to account for fractionation,
instrumental drift, and differences in ablation for the different materials. In lack of an
internal standard present in the samples at equal and known concentrations, the signal of
gold was used for normalization. All the samples were coated with gold in the same manner
and the signals for all isotopes were divided by the signal of gold. Gold-coating results in
a thin layer (typically in Angstroms, A), while the laser beam penetrates into the samples
up to 100 um. Therefore, gold coating does not account for most of the ablation process
differences between samples. Nonetheless, if plastic samples of interest are known to have
an analyte at very similar concentrations among the samples, such analyte can be easily

added to the PV A calibration solutions and used as an internal standard for a more accurate
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quantitative analysis. The PVA external calibration method can be used for different

plastics, and it is not limited to polyvinyl acetate.

Carbon as normalization standard

Another approach to normalization for the PVA external calibration method was
using the signal for '*C as the normalization internal standard. The external calibration
method with carbon as internal standard assumes that the concentration of carbon in all the
different polymers (PVA, PVC, and polyethylene) is the same, and that is obviously not
the case. Therefore, a correction factor was calculated as reported by Voss et al.®> The
carbon signals and correction factors are shown in Figure 31. All the signals for the isotopes
of interest were divided by the carbon-13 integrated signal. After the concentrations were
calculated from the calibration curves, they were multiplied by the corresponding
correction factor. As an example, the calculated concentrations for the BCR680

polyethylene film were multiplied by a factor of 3.3 before reporting the final results.

13C Signal for Different Polymers
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Figure 31 — Carbon signal for the different polymers showing the correction factors.
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The linearity of the calibration curves for the carbon normalizations ranged from
R?=0.92 to R?=0.99. The concentration and percent bias results for the EC681m polymer
are represented in Figure 32. Although the percent bias for aluminum, cadmium and
chromium improved with carbon normalization with respect to gold normalization, the
calculated concentrations for lead and antimony resulted in very high percent bias. Lead
and antimony are significant elements in tape analysis as they provide great discrimination
between samples. Several reasons for the poor performance of carbon as an internal
standard have been described before by Frick and Giinther.%® Carbon’s ionization potential
is significantly higher than those of commonly investigated elements, such as most
transition metals, and an altered carbon load in the plasma may change the ionization
efficiency of some of the analytes monitored. In addition, the transport of carbon into the
ICP can partly occur in the form of carbon dioxide, which will lead to transport properties
and efficiencies that can differ from those elements that are transported as particulate
matter only.®® For these reasons, carbon may not be suitable as an internal standard.
Moreover, the calculations of the correction factors between carbon signals represents and
approximation of the average for all the replicates of each polymer. The correction factor
greatly impacts the concentration results; therefore, this method of correction should be
regarded as an approximation to the actual concentration of the samples resulting in semi-

quantitate rather than quantitative analysis.
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EC681m Calculated and Reported Concentrations

326.7%
300.0
250.0
200.0
20.5% 72.7%

150.0

11.0%
100.0

13.5%
0.0
AL27 11cd Crs3 Pb208 Sbi21

B Calculated Concentration (mg/kg) @ Certified Concentration (mg/kg)
Figure 32 — Calculated (blue) and certified (green) concentrations for EC681m using the
PVA quantitative method of external calibration with carbon normalization. The values

above the bars indicate the percent bias calculated with respect to the certified
concentrations.

2.2.3 Quantitative by LA-ICP-MS without matrix-matched standards

The instrumental set-up for the LA-ICP-MS method without matrix-matched
standard is shown in Figure 33. In this quantitative method, a constant stream of standard
solution containing a mixture of elements is introduced into a spray chamber, where it is
mixed with the particles resulting from the laser ablation process of a solid sample. An
online measurement of the solid particles’ mass is achieved using a piezoelectric dust
monitor (Kanomax, 3521). The solution and ablation mixture are then introduced into an
inductively coupled plasma mass spectrometer where an intensity vs. time signal can be

obtained for each isotope (see Figure 34).
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Figure 33 — Instrumental set-up for the LA-ICP-MS quantitative method without matrix-
matched standard.

The total signal resulting from the analysis can be expressed as Equation 3 (see

Figure 34).
Signalipeaq; = Signalseia + Signalsoution Equation 3
The total signal in Equation 3 can also be written as:®?
Signalorar = Ry XV X [X]sowtion + Rxe X m X [X]so114 Equation 4

Where Ry is the response factor for the analyte (counts/ng), V is volume of the
solution that reaches the ICP-MS (L), [ X]solution Tepresents the concentration of the analyte
in the solution, m is mass measured by the piezobalance (ng) and [X]sla 1s the

concentration of the analyte in the solid sample.

100



Example of Signal Obtained for an Element ”X”
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Figure 34 — Schematic example of the signal obtained by the use of the LA-ICP-MS
quantitative method without matrix-matched standard representing the different parameters
(integrated signals) used in the calculations. Total signal consists of the sum of the solution
and solid signals. Six replicates were performed per sample.

(Y4

Equation 4 can also be expressed as the equation of a straight line with “y” as the
total signal, the slope as the response factor times the volume, and the y-intercept as the
signal of the solid. Once the volume is known, the slope of the plot of Siotal VS. [X]solution
yields the response factor. Using the response factor with the horizontal intercept allows

the calculation of the concentration of the solid in unknown samples.

Rearrangement of the signal of the solution equation allows to calculate the volume
(Equation 5). And rearrangement of the signal of the solid for a known standard material

allows to calculate the response factor for each analyte (Equation 6).

Ssolution
RxX[X]sotution

Equation 5

_ _ Ssolid
= e
mX[X]solid

Equation 6
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By using a solid of known concentrations, the response factor specific to each
isotope can be found and the concentrations of the elements present in an unknown solid
can be calculated after finding the transport volume. The response factor should correct for

matrix effects, since the solid sample matrix is present when Ry is measured.®?
2.2.3.1 Reagents and standards

Multi-element solutions at different concentrations were prepared using a 10-ppm
mix (Inorganic Ventures, Virginia, USA) of ICP-MS standard solution containing the
following elements: As, Ba, Cd, Cr, Cu, Fe, Pb, Sr, and Zn, and a 1000-ppm single element

solutions (SPEX CertiPrep, New Jersey, USA) of Pb, Sb, Sr, Ti.

Solid standards samples used for this method included: NIST SRM-610 and NIST

SRM-612 glass standards, and BCR-680 and ERM®-EC681m polyethylene standards
2.2.3.2 Instrumentation

The analysis by LA-ICP-MS was performed using a quadruple ELAN DRC II
(Perkin Elmer LAS, Shelton CT USA) ICP-MS combined to a commercial LIBS system
(J200, Applied Spectra, Freemont, CA) consisting of a ns-Nd:YAG 266 nm laser coupled
to a CCD detector. Data were acquired in transient mode. The optimization for the laser
was performed to account for the best signal to noise ratio (SNR), smaller percent RSD,
while adjusting the laser energy to prevent contamination from the adhesive layer, in the

case of tapes.

Measurement of the mass of solid particles was achieved using a piezoelectric dust

monitor (Dust Monitor v. 3521, Kanomax USA Inc., NJ, USA).
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2.2.3.3 Results

Optimization of instrumental parameters

The parameters for the laser analyses were optimized for tapes, as they are the
thinnest material being analyzed among all the samples (i.e., glass standards, PE films, and
tape samples). The optimization was performed by experimental design using the statistics

software JMP (this optimization is described in Chapter 3).

The piezobalance dust monitor has an ingoing flow of 1 L/min that is achieved by
a pump system inside the instrument. The optimized flow exiting the laser (J200) was found
to be 0.6 L/min; therefore, different diameter tubing and flow rates were explored in order
to obtain a flow rate of 0.6 L/min at the exit of the T-connector. The gas flow from the J200
for glass and tapes was optimized based of reproducibility among replicates (percent RSD)
and signal-to-noise ratio (SNR). Ideally, the optimized flow would produce small
variations (small percent RSD) and large intensity compared to the noise (large SNR). A

flow of 0.6 L/min resulted good SNR and the smallest percent RSD.
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Figure 35 — Experimental set-up for the selection of the optimum flow rate exiting the T-
connector towards the ICP-MS. Tubing of different inner diameters (ID) were utilized in
order to obtain a final flow of 0.6 L/min into the spray chamber and ICP-MS.

The experimental set-up for the particle transport from the laser to the ICP-MS is
shown in Figure 35. Tubing of different inner diameters (ID) were utilized in order to obtain
a final flow of 0.6 L/min into the spray chamber and ICP-MS instrument. A flow meter
was connected to the end of the T-connector in order to measure the resulting flow rate.
Table 12 shows the variation of the flow exiting the T-connector after balance suction using
different flow rates out of the laser ablation chamber. In order to obtain 0.6 L/min flow rate
into the ICP-MS, three possible combinations were feasible: a 3.1 ID mm tubing and an
inner flow of 1.6 L/min, a 1.6 mm ID tubing and an inner flow rate of 1.4 L/min, and finally
a 0.75 mm ID tubing with an inner flow rate of 0.8 L/min. The 0.75 mm ID tubing with 0.8
L/min was selected as the best combination of tubing and flow rate set-up as it provided

the best reproducibility between balance measurements and the smallest transport of
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particles into the balance, therefore reducing the loss of sample that would otherwise reach

the spectrometer.

Table 12 — Flow rate and tubing diameter optimization for the instrumental set-up of the
LA-ICP-MS quantitative method without matrix matched standard.

Tubing to J200 Flow Flow to ICP-MS
Balance (ID) (L/min) (Using Flow Meter)

0.8 0
3.1 mm 1.5 0.525
1.6 0.630
0.8 0
0.9 0.103
1.0 0.200
1.6 mm
1.3 0.490
1.4 0.594
1.5 0.718
0.8 0.559
0.9 0.687
0.75 mm
1.0 0.816
1.1 0.916

Once the flow rate was optimized, the velocity of the peristaltic pump was adjusted
to account for the best reproducibility of solution signal while maintaining the spray
chamber in the drier possible environment. A dry environment is desired in order to reduce
the humidity that could transfer to the balance through the tubing and to imitate the dry
aerosol resulting from the laser ablation, so that both laser and solution aerosols ionize in
similar manner. Figure 36 shows the percent RSD comparison for six replicate

measurements of the solution signal of a multi-element 10 ppb solution at 4 RPM and 6
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RPM. A peristaltic pump speed of 6 RPM was selected, as it provided the best percent RSD

while keeping minimum humidity in the spray chamber.

Comparison Between Peristaltic Pump Speeds (4 RPM vs. 6 RPM)

12.0

AsT75 Bal37  Cdlll Cr53 Cu63 Fe57 Pb208 Sb121 Sr88 Ti47 Zn66
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Figure 36 — Comparison of percent RSD for the delivery of 10 ppb multi-element solution
into the ICP-MS at peristaltic pump speeds of 4 RPM (orange) and 6 RPM (blue). Six
replicate measurements of the solution signal were recorded.

The laser energy was optimized to account for the best reproducibility (lower
percent RSD) between replicate measurements for the solid signals, while delivering
enough sample into the balance and ICP-MS for analysis. Two glass standards, NIST 612
and NIST 610, were ablated for 60 seconds at 50% and 100% energy with a line length of
6 mm at 100 um/s and a frequency of 10 Hz. The solid signals resulting from 50% energy
and 100% energy were both high enough to determine a signal-to-noise ratio larger than 3.
Therefore, 50% energy was selected as the optimum value, as it produced the smallest
variability between replicates, especially in the case of the NIST 610 glass (Figure 37,

bottom).
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Solid Signal %RSD for 50% and 100% Energy for NIST 612
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Figure 37 — Comparison of percent RSD for NIST 612 (top) and NIST 610 (bottom) glass
standards at 50% (green) and 100% (blue) laser energy. The red line represents a 10% RSD.
Six replicate measurements of the solid signal were recorded.

The final parameters used in the complete instrumental set-up are summarized in

Table 13 for the laser system, ICP-MS and piezoelectric balance.
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Table 13 — Optimized instrumental parameters for the LA-ICP-MS quantitative method
without matrix-matched standard.

Laser Parameters (J200)

Energy 50%
Stage Speed 100 pm/s
Spot Size 100 pm
Frequency 10 Hz
Ablation Mode Line
Line Length 6 mm
Ablation Time 60 seconds
Shots 403
Medium/Gas He (0.8 L/min into J200)
ICP-MS Parameters
Nebulizer Flow 0.6 L/min
Scan Mode Transient
Nebulizer Flow 0.6 L/min
Sweeps/Reading 2
Readings/Replicate 1285
Analysis Time 30 min (six replicates)
Peristaltic Pump Speed 6 RPM
Balance Parameters
Measurement Time 120 sec

Tubing to Balance
(Inner Diameter)
Intake Flow 1 L/min

0.75 mm

Glass comparisons

In order to optimize the parameters and to check the performance of the method,
glass standards NIST 612 and NIST 610 were used both as “known” and “unknown”
samples. Since the concentration of the elements present in NIST 610 is approximately ten
times the concentrations reported in NIST 612, the solution concentration was also adjusted
accordingly. Aeschliman et al.> and Umpierrez®’ applied this method to NIST 612 glass
samples using 1 ppb solution. In order to determine the best concentration of solution to be

used for the different samples, graphs of solid-to-solution ratios were created. The signal
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ratios of solid-to-solution between ~3 and ~20 were selected as the acceptable range. This
“threshold” was determined based on the percent bias of the final concentrations and

precision (percent RSD) of the method.

The solid-to-solution ratios for NIST 610 at 10 ppb are shown in Figure 38. A
solution of 10 ppb resulted in the best percent bias and reproducibility for the analysis of
the NIST 610 glass, which presents concentrations in the range from ~250 mg/kg to ~500

mg/kg.

Glass NIST 610 was analyzed as an “unknown” sample, utilizing NIST 610 as the
“known” standard. The glass samples were analyzed separately for a total of six replicates.
The response factor (Rx) and volume (V) for the analytes of interest were calculated using

the NIST 610 glass that was used as a “known” standard.

Solid Signal/Solution Signal for NIST 610 at 10 ppb
25.0

20.0

15.0

10.0

5.0

Signal of Solid/ Signal of Solution

0.0
As75 Bal37 Cdl11 Cr53  Cu63  Fe57 Pb208 Sbl21  Sr88 Ti47  Zn66

Figure 38 — Solid signal-to-solution signal ratio for NIST 610 glass sample using a 10 ppb
multi-element solution. The red lines show the solid/solution ratios of 3 and 20.
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The results for the LA-ICP-MS method without matrix-matched standard for NIST
610 are represented in Figure 39. The percent bias was found to be less than 15% for most
elements. In the case of iron and titanium, the percent bias was higher than 15% and this
can be a result of small solid-to-solution ratios for these elements (Figure 38), and also to
the selection of low abundance isotopes in order to prevent polyatomic and isobaric

interferences (i.e., *°Fe” and ArO*, and “®Ti and **Ca).

Reported and Calculated Concentrations for NIST 610 Glass
600

2.6%
0 20.3%
500 2.0% 2.9% ’ 0
15.8% 5.6%  1.7% 21.0% 05%
400 5 30,
300 11.8%
200
100
O * *
As75 Bal37 Cdl111 Cr53 Cub63 Fe57 Pb208 Sbi121 Sr88 Tid7 7n66

* Reported values B Calculated Concentration (mg/kg) BCertified Concentration (mg/kg)

Figure 39 — Reported and calculated concentrations for NIST 610 glass using a 10 ppb
multi-element solution. The values above the bars indicate the percent bias calculated with
respect to the certified concentrations.

Similarly, the solid-to-solution ratios for NIST 612 were studied to determine the
best concentration of solutions for the analysis of the NIST 612 glass. A mix solution of 1
ppb for As, Ba, Cd, Cr, Cu, Fe, Pb, Sb, Ti, and 5 ppb for Sr was selected as it provided the
best results for NIST 612 analyses. A solution of 1 ppb for Sr resulted in a solid-to-solution

ratio larger than 30, therefore the concentration in solution of strontium was increased to 5

ppb.
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Increasing the concentration of the rest of the analytes to 5 ppb, resulted in a solid
signal that was barely measurable with respect to the solution signal (Solid/solution < 3).

The calculated percent bias for NIST 612 were found below 15% for all elements.

Reported and Calculated Concentrations for NIST 612 Glass

90.0

0,
80.0 6.2%

70.0
13.9%
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50.0

25%  13.8% 8.9%  7.6%
40.0 2.3%
30.0
20.0
10.0
0.0

1.7% ©61%

As75 Bal37 Cdl11 Cr53 Cu63 Fe57 Pb208 Sb121 Sr88 Ti47

B Calculated Concentration (mg/kg) B Certified Concentration (mg/kg)

Figure 40 — Reported and calculated concentrations for NIST 612 glass using a 1 ppb multi-
element solution and 5 ppb for Sr. The values above the bars indicate the percent bias
calculated with respect to the certified concentrations.

The method provided good percent bias for most elements when comparing NIST
610 and NIST 612 glass samples as “known” samples, which evidently presented similar
concentration ranges. Additionally, NIST 612 glass was analyzed using NIST 610 as the
“known” standard to test the performance of the method to compare samples of different

ranges in concentrations.
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Figure 41 — Reported and calculated concentrations for NIST 612 glass using NIST 610 as
“known” standard for Ry calculations. The values above the bars indicate the percent bias
calculated with respect to the certified concentrations.

Calculating NIST 612 concentrations using NIST 610 as a standard solid for the

calculations of the response factor Rx resulted in percent bias lower than 15% for most

elements with the exception of copper, iron and titanium. Iron and titanium appeared to be

problematic for NIST 610 as well, as they produced higher percent bias than the other

analytes. Some reasons might be the difference in concentration between the standard and

the sample, as well as the low abundance of these specific isotopes. Although the

concentration ranges between NIST 610 and NIST 612 glasses varied significantly, both

glasses can potentially be analyzed by this method using NIST 610 as the solid standard.

Polymer comparisons

The polyethylene films were analyzed in the same manner as the glass standards.

The solution concentration that performed best for both plastics was a 5 ppb multi-element

solution. The polyethylene film made of the BCR680 certified standard was analyzed using
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the films made of EC681m certified standard as a “known” sample in the calculations of

the response factor for each element (see Figure 42).

BCR680 Calculated and Reported Concentrations
Using EC681m as “known” Standard
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140.0 16.2% .60,

120.0 070

100.0

80.

60.

40. 7.3%

20. . I 19.2%
0.0 miEm N

As75 Cd111 Cr53 Pb208 Sb121

(=]

(=]

(=]

(=]

B Calculated Concentration (mg/kg)  BCertified Concentration (mg/kg)
Figure 42 — Reported and calculated concentrations for BCR680 polyethylene film using

EC681m as “known” standard for Rx calculations. The values above the bars indicate the
percent bias calculated with respect to the certified concentrations.

Polyethylene film made of EC681m certified standard was subsequently used as a
“known” sample for the response factor calculations in order to study the concentration of

the elements present in PVC tape samples (Table 14).
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Table 14 — Calculated concentrations for Frost King® electrical tape and polyethylene
BCR680 film utilizing EC681m as “known” solid for Rx calculations.

As75 Cdll11  Cr53 Pb208 Sbl21 Zn66

. Concentration (mg/kg) 4 2104 39 5 37 1796
ijtsrt. KIm% © Std. Dev. (mgkg) 1 318 6 1 5 270
eetricat tape % RSD 19 15 14 15 15 15

Concentration (mg/kg) 28.6 140.1 96.0 98.4 5.0 -
Std. Dev. (mg/kg) 43 22.8 19.3 12.4 1.2 -
% RSD 149 16.3 20.1 12.6 24.0 -
Concentration (mg/kg) 309 140.8 114.6 107.6 6.2 -
BCR680 Certified Std. Dev. (mg/kg) 0.7 2.5 2.6 2.8 - -
Concentrations % RSD 2.3 1.8 2.3 2.5 - -
% Bias 7.3 0.5 16.2 8.6 19.2 -

BCR680 Calculated
Concentrations

Although good percent bias (<20%) was obtained for the polymer analysis, only
five elements were monitored for the polyethylene films. In addition, caution must be taken
when analyzing different materials by this method, as it does not account for elemental
fractionation. ® This method also works on the premise that the difference in the ablation
process would be accounted for by the use of the piezoelectric balance. Daily performance
checks on the balance should be performed to ensure the proper calibration of the sensor,

as well as a good reproducibility between balance measurements for the different materials.
2.3 Conclusions for the elemental analysis of tapes by LA-ICP-MS

A novel LA-ICP-MS method was developed, optimized and evaluated for the
chemical characterization and comparison of electrical tape backings. The results showed
the ability of LA-ICP-MS to improve the comparison capabilities for the analysis of
electrical tapes. The homogeneity studies in the tapes showed that the intra-roll elemental
variation was smaller than the inter-roll variation. The optimization of the penetration depth
accounted for the ablation of representative material without contamination from the

adhesive layer. The backings of 90 black electrical tapes were analyzed using LA-ICP-MS
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and the ability of the method to distinguish samples from different origin was evaluated by
calculating the percentage of discrimination. The discrimination for the LA-ICP-MS
analysis of the 90 samples was found to be 93.9%, which was greater than the
discrimination power found using SEM-EDS alone (87.3%). Moreover, 100% correct

association resulted for the 129 duplicate control samples evaluated in this study.

The great sensitivity of LA-ICP-MS provided improved discrimination over SEM-
EDS and offered enhanced characterization of the tapes by detecting over 25 elements,
most of which could not be detected by SEM-EDS. The discrimination between tapes
originating from different sources is improved through LA-ICP-MS, and this method could
be used to complement to organic methods for a full characterization of the tape samples.
The fast analysis capabilities and minimal sample destruction of this laser-based technique
makes it attractive for the analysis of this type of evidence. The increased sensitivity and
selectivity of these methods will provide enhanced discrimination and a more complete
characterization of the backing of electrical tape samples, making the method amenable to
the development of a classification scheme of tape groups (possibly by country or by
manufacturer) to support investigations. Finally, the numerical nature of the data generated
is also amenable for the creation of databases in the future that can be searched to compare

an unknown tape sample to tapes in a reference collection.

Two quantitative methods were developed for the analysis of tapes and other
polymers. In order to test the performance of the quantitative methods, polyethylene films

made of reference materials were created.
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The first method consisted of an external calibration curve suing Polyvinyl acetate
(PVA) solutions at different concentrations ranging from 0 ppm to 300 ppm. Five
calibration points were created; the linearity of the curves, percent bias, and percent RSD
were used to test the performance of this method. Due to lack of internal standard in the
tape and PVA samples, gold was used as a normalization standard by coating all the
samples using a sputtering system. Carbon ('3C) was additionally evaluated as an internal

standard for this method.

The second procedure to determine the concentrations of the elements present in
tapes and plastics consisted of the quantitative method without matrix-matched standards.
In this method, the concentrations in an unknown solid can be found by using a known or

standard solid to calculate a response factor specific to each isotope.

The accuracy of the method was tested using the different solid glass and plastic
standards. The percent bias for the NIST 610 glass standard was found to be below 10%
for most of the elements under study; the bias for the BCR-680 polyethylene plastic using
ERM®-EC681m polyethylene plastic resulted in less than 10% for most elements under
study. Tape concentrations were measured using ERM®-EC681m polyethylene as a
known standard and were found to be: 4 £ 1 ppm for As, 2104 = 318 ppm for Cd, 39 £ 6

ppm for Cr, 5 £ 1 ppm for Pb, 37 + 5 ppm for Sb, and 1796 + 270 ppm for Zn.

These quantitative methods can help in creating and populating databases which
can lead to the use of likelihood ratios and the development of standard methods of analysis
and interpretation for tape evidence. These methods also have the potential to be used for

different types of solids without the need to conduct aggressive acid digestions.
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3 ELEMENTAL ANALYSIS OF TAPES BY LIBS

3.1 Instrumentation and instrumental parameters

The analysis by Laser Induced Breakdown Spectroscopy (LIBS) was achieved
using a commercial system (J200, Applied Spectra, Freemont, CA) consisting of a ns-
Nd:YAG 266 nm laser coupled to a CCD detector. The optimization for LIBS was
performed to account for the best signal to noise ratio (SNR), smaller percent RSD, while
preventing contamination from the adhesive layer. The statistics analysis software JMP
(version 12.0.0, SAS Institute Inc., NC) was utilized to create the most efficient design of
experiment prior to the instrumental optimization. Design of experiment was used as an
automated method to assess the impact of each parameter in the resulting output, as well
as determining the combination of parameters that offers the best analytical results. A
randomized series of experiments composed of different parameter values were conducted
to determine the combination that accounted for maximizing the signal-to-noise ratio
(SNR) and minimizing the percent RSD. The optimized parameters used for LIBS analysis

are shown in Table 15.
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Table 15 — Optimized parameters selected for LIBS analyses.

Laser ns-Nd:YAG (266 nm)
Energy 100%
Stage Speed 100 pm/s
Spot Size 100 pm
Frequency 10 Hz
Ablation Mode Line
Line Length 4 mm

Spectrum Range 180 nm to 1045 nm

Gate Delay 0.9 us
Shots 403
Medium/Gas Air

3.2 Sample collection and sample preparation

A selection of 90 black electrical tapes previously analyzed by Py-GC-MS, SEM-

EDS, FTIR, microscopical examination,>* was shared with our research group to assess

the capabilities of LIBS and LA-ICP-MS analyses. The samples were received as tape

segments placed on plastic transparency films and were stored in plastic protectors. Prior

to analysis, a piece of ~1 cm by 2 cm of tape was cut and placed directly inside the ablation

chamber.

3.3 Data pre-processing and statistical analysis

Data reduction and statistical analyses were performed using Excel 2011 (version

14.7.7, Microsoft Corporation), the Aurora software for LIBS data integration and peak

identification (version 2.1, Applied Spectra, Freemont, CA), and Plot2 for Mac (version

2.3.7, Berlin, Germany).
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The selection of the peaks of interest and comparison between the abundance for
specific element line were performed by spectral overlay. The spectral overlay
comparisons account for variability within replicate measurements, which includes
instrumental variations and compositional variations in the sampled locations. Two
samples were differentiated if there were differences in the spectral overlay for at least one
element. The presence and abundance of two or more emission lines for the element in
question confirmed its presence in the samples. The element lines selected for LIBS
experimental design optimization were the following: Al 394.4 nm, Ca 393.4 nm, Ca 422.7

nm, K 766.5 nm, Li 670.8 nm, Mg 279.4 nm, and Na 589.5 nm.
3.4 Results and discussion
3.4.1 Optimization of instrumental parameters

Design of experiment was used to create a randomized series of experiments that
would allow for a more efficient optimization of the LIBS instrumentation. The parameters
selected were those that provided the best compromise between SNR and percent RSD. In
the same manner as with LA-ICP-MS, the cross-section of the tapes was examined under

the microscope to ensure that the laser beam did not penetrate into the adhesive layer.

Experimental design #1

The first experimental design consisted of 13 experiments and four factors: energy,
frequency, speed, and gate delay (Table 16). The energy values tested were 60%, 75% and
90%. The frequency values were 8 Hz, 9 Hz, and 10 Hz. The speed values were 50 um/s,

100 um/s, and 150 pm/s and gate delay values were 0.01 ps, 0.05 ps, and 0.09 ps.
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Table 16 — Experimental design #1 with four factors and 13 experiments.

Experiment Energy (%) Frequency (Hz) Speed (um/s) Gate Delay (us)

1 90 9 50 0.09
2 75 8 50 0.01
3 75 10 150 0.09
4 90 10 50 0.05
5 60 9 150 0.01
6 75 9 100 0.05
7 90 10 150 0.01
8 60 10 100 0.09
9 90 8 150 0.09
10 60 8 150 0.05
11 60 10 50 0.01
12 90 8 100 0.01
13 60 8 50 0.09

The first experimental design showed that, as expected, higher laser energy and
higher frequency resulted in increased SNR. In order to keep a higher percentage of laser
energy, the laser stage speed had to be increased in order to prevent contamination from
the adhesive layer. Higher gate delay values resulted in better SNR for the majority of the
elements monitored (both ionic and atomic lines were monitored). The RSD values
remained below 5% for all the elements under study using the all the different parameter

combinations.

Experimental design #2 was therefore focused of the effect of larger stage speed

and higher gate delay while maintaining the energy constant at 100%.

Experimental design #2

The second experimental design consisted of 13 experiments and three factors:

speed, gate delay, and frequency (Table 17). The energy of the laser was kept at 100%. The
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speed values tested were 100 pm/s, 150 um/s, and 200 um/s. The gate delay values were

0.1 us, 0.5 ps, and 0.9 us. The frequency values tested were 8 Hz, 9 Hz, and 10 Hz.

Table 17 — Experimental design #2 with three factors and 13 experiments.

Experiment Speed (um/s) Gate Delay (us) Frequency (Hz)

1 200 0.9 8
2 100 0.9 8
3 100 0.1 8
4 100 0.1 10
5 150 0.9 10
6 200 0.1 9
7 100 0.5 10
8 200 0.5

9 150 0.1

10 200 0.9 10
11 150 0.5 9
12 200 0.1 10
13 100 0.9 9

The second experimental design showed that higher gate delay values performed
best for most of the element lines monitored. A speed of 100 um/s and a frequency of 10
Hz resulted in the best SNR, while still preventing penetration of the beam into the adhesive
layer. Higher gate delay values were monitored keeping a constant energy, frequency and

speed. The best gate delay for most elements resulted in 0.9 ps.

The best parameters found after optimization are shown in Table 15. These
parameters accounted to the best compromise in SNR and percent RSD, while considering
the penetration of the laser beam onto the tape backing. Figure 43 shows the cross-section
for tape 59, which is the thinnest tape in the collection. Tape 59 had an average backing

thickness of 83.3 um (measured in three replicates with the Keyence digital microscope).
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Using the final optimized parameters, the laser beam penetrated about 50% into the backing

of the thinnest tape in a collection set of more than 120 electrical tapes.

Plastic Protector

I Adhesive

Figure 43 — Cross-section for tape 59 (thinnest tape in the collection, ~83 pum backing
thickness) using the final optimized parameters for the J200 LIBS system shown in Table
15.

3.4.2 Discrimination capabilities and error rates

Tape comparisons for LIBS analysis were performed by spectra overlay. The
grouping found by LIBS and LA-ICP-MS is shown in Table 18. By performing LIBS, 50
groups were found, which was the same number of distinctive groups found by LA-ICP-
MS. However, LIBS allowed to separate some pairs of tapes that were not distinguished
by LA-ICP-MS, such as tape pairs 45 and 55, 14 and 37, group xxix and 17 or 24, and 21

and 46.
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Table 18 — Groups found by LIBS and LA-ICP-MS and both techniques combined.

LA-ICP-
LA-ICP- Sample Number LIBS Sample Number IMS + LIBS Sample Number
MS Groups Groups
Groups
i 4 I 4
ii 42 1 4,42, 45,51 1 42
il 45,55 1 4
’ w 55
iv 51 11 55 V 51
v 53 111 53 1Z4 53
vi 56 I\% 56 VIl 56
vii 58 \ 58 | 2014 58
viii 70 VI 70 IX 70
ix 81 VII 81 X 81
X 82 VIII 82 X1 82
xi 86 IX 86 Xl 86
xii 8 X 8 X1 8
xiii 32 XI 32 X1V 32
Xiv 52 XII 52 XV 52
1437 XIIT 14 XVi 14
XV .
XIV 35,37 XVt 37
Xvi 35 XVIII 35
Xvii 50 XV 50 XIX 50
XVI 21 XX 21
xviii 21, 46 VI 46 1 2%
XiX 38 XVIII 38 XXI1 38
XX 67 XIX 67 XXII1 67
XX1 66 XX 66 X1V 66
XXii 22 XXI 22 XXV 22
XXiii 69 XXII 69 XXVI 69
XXiv 72 XXIIT 72 XXVII 72
XXV 74,79 XXIV 74,79 XXVIII 74,79
XXVi 76,717, 80, 83 XXV 76,717, 80, 83 XXIX 76,717, 80, 83
XXvii 62 XXVI 62 XXX 62
XXviil 2 XXVII 2 XXXT 2
10, 11, 12, 13, 15, 18, 19, 20,
. 10,11, 12,13, 15, 17, 18, 19, 20, 23, XXVIII 12(;’ 1216’ ;29’ L:i’ 152’ 1681, 16(:)3, 26(4)( 26:;’ XXXII 23,25, 26, 39,41, 54, 61, 63,
MUK 24,25, 26, 39, 41, 54, 61, 63, 64, 68 o 64, 68
XXIX 17,24 XXXi111 17,24
XXX 65 XXX 65 XXXTV 65
XXXI 27,28 XXXI 27,28 XXXV 27,28
XXXil 16, 29, 30, 34, 40, 43, 44, 47 XXXII 16, 29, 30, 34, 40, 43, 44, 47 XXXVI 16, 29, 30, 34, 40, 43, 44, 47
XXXiil 36 XXX 36 XXXvIl 36
o 1,5, 7,48, 49,57 XXXIV 1,5, 7,48, 49,57 XXXVIIT 1,5, 7,48, 49,57
XXXV 78 XXXV 78 XXX1V 78
XXXVi 84 XXXVI 84 XL 84
XXX Vil 3 XXX VI]| 3 XLI 3
XXXViii 6 XX)I(VH 6 XL1T 6
XXXIX 31 XXXIV 31 XLIIT 31
x1 71 XL 71 XLIV 71
xli 87 XLI 87 XLV 87
xlii 88 XLII 88 XLVI 88
xliii 89 XLIIT 89 XLVII 89
xliv 90 XLIV 90 XLVIII 90
xlv 73 XLV 73 XLIX 73
xlvi 85 XLVI 85 L 85
xlvii 9 XLVII 9 LI 9
xlviii 33 XLVIII 33 LIl 33
xlix 59, 60 XLIX 59, 60 LIl 59, 60
1 75 L 75 LIV 75
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Figure 44 shows the LA-ICP-MS and LIBS spectra of tapes 13 (3M Scotch Super
88, USA) and 17 (3M Scotch Super 33+, USA) and their comparison in lithium intensities.
These two tapes were not distinguished by LA-ICP-MS due to the limitations of this
technique for light elements such as lithium. Both lithium signals in LA-ICP-MS
overlapped and the signal was too low (SNR<3) for both tapes in order to add lithium in
the element menu. However, in the case of LIBS, the two samples were clearly
differentiated by their difference in lithium. Both tapes had lithium signals above the
detection limits (SNR>3). Lithium signal intensity for tape 13 was approximately six times
the lithium signal intensity of tape 17 by LIBS analysis. LIBS was especially useful in
detecting Li, which is a very difficult element to detect in LA-ICP-MS. Li can be difficult
to detect in LA-ICP-MS due to space-charge effects between light and heavy ions in the
mass spectrometer.® Li is a good emitter, easily detected by LIBS in most samples at very

low concentrations.

LA-ICP-MS LIBS
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Figure 44 — Spectral overlay for LA-ICP-MS (left) and LIBS (right) for tapes 13 (green)
and 17 (purple), showing their differences in lithium intensities.

Similarly, LIBS proved useful in detecting elements problematic to LA-ICP-MS

such as potassium (**K*), which is the most abundant isotope that can be measured by ICP-
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MS without “°Ar" interferences. Potassium is known to present interferences with Ar
(*’Ar'H") in ICP-MS but is easily detected by LIBS and confirmed by multiple lines

throughout the spectra.

Figure 45 shows the spectral overlay comparison for LA-ICP-MS (left) and LIBS
(right) for tapes 01 (Marcy Enterprises, Inc., Taiwan) and 02 (Advance, England) showing

the differences in potassium intensities.

LA-ICP-MS LIBS
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Figure 45 — Spectral overlay of LA-ICP-MS (left) and LIBS (right) for tapes 01 (blue) and
02 (violet), showing their differences in potassium intensities.

The element menu for LIBS for the set of 90 tapes is shown in Table 19. Although
the element menu for LIBS (up to 14 elements) is smaller than the number of elements
detected by LA-ICP-MS (up to 28 elements), it can be seen that elements such as lithium,
sodium and potassium are added to the characterization of specific samples when

combining both techniques.

The J200 tandem LIBS system allows to perform LIBS while also transporting the
particles to the ICP plasma for mass spectrometry analyses. Therefore, by optimizing and

performing these tandem experiments excellent characterization of the samples can be
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achieved in a matter of seconds. Tandem LA-ICP-MS and LIBS would be of great benefit
to forensic laboratories that currently perform time consuming analysis with poor
sensitivity and selectivity, and even the destruction of the tapes in order to characterize the

samples.

126



Table 19 — Element menu per tape group for LIBS for the set of 90 tape samples.

LIBS Sample Number Elements Detected by LIBS

Groups

I 4,42,45,51 Li, Na, Al Si, K, Ca, Ti, Ba, Pb

11 55 Li, Na, Al Si, K, Ca, Ti, Ba, Pb

I11 53 Li, Na, Al Si, K, Ca, Ti, Ba, Pb

I\'% 56 Li, Na, Al Si, K, Ca, Ti, Ba, Pb

Vv 58 Li, Na, Al Si, K, Ca, Ti, Ba, Pb

VI 70 Li, Na, Al Si, K, Ca, Ti, Ba, Pb
VII 81 Li, Na, Al Si, K, Ca, Ti, Sb, Ba, Pb
VIII 82 Li, Na, Al Si, K, Ca, Ti, Ba, Pb

IX 86 Li, Na, A, Si, K, Ca, Ti, Ba, Pb
X 8 Li, Na, Al Sj, K, Ca, Ti, Sb, Ba, Pb
XI 32 Li, Na, Al Sj, K, Ca, Ti, Sb,Pb
XII 52 Li, Na, Al Sj, K, Ca, Ti, Zn, Mo, Sb, Ba, Pb
XIII 14 Li, Na, Al, Sj, K, Ca, Ti, Cr,Ba, Pb
XIV 35,37 Li, Na, Al Sj, K, Ca, Ti, Cr,Ba, Pb
XV 50 Li, Na, Al, Sj, K, Ca, Ti, Cr,Sb, Ba, Pb
XVI 21 Li, Na, Al Sj, K, Ca, Ti, Cr,Sb, Ba, Pb
XVII 46 Li, Na, Al Sj, K, Ca, Ti, Cr,Sb, Ba, Pb
XVIII 38 Li, Na, Al, Sj, K, Ca, Ti, Sb,Ba, Pb
XIX 67 Li, Na, A], Si, K, Ca, Ti, Sb, Ba, Pb
XX 66 Li, Na, Al Si, K, Ca, Ti, Zn, Ba
XXI 22 Na, K, Ca, Sb, Ba, Pb
XXII 69 Na, Al, K, Ca,Sb, Ba, Pb

XXIII 72 Na, Mg, Al, K, Ca, Zn, Sb,Ba
XXIV 74,79 Li, Na, Mg, A], K, Ca, Zn, Sb,Ba
XXV 76,77,80,83 Li, Na, Mg, Al, K, Ca, Zn, Mo, Sb, Ba
XXVI 62 Li, Na, Al, K, Ca, Ti, Cr, Sb,Ba, Pb
XXVII 2 Li, Na, Al K, Ca,Zn, Sb, Pb

10,11,12,13,15,18,19, 20,23, .

XXVIII 25.26.39.41,54.61,63, 64,68 Li, Na, Al, K, Ca,Zn, Mo, Sb, Pb
XXIX 17,24 Li, Na, Al, K, Ca,Zn, Mo, Sb, Pb
XXX 65 Li, Na, K, Ca, Sb, Pb
XXXI 27,28 Li, Na, K, Ca, Zn, Mo, Sb, Pb
XXXII 16,29,30,34,40,43,44, 47 Li, Na, K, Ca, Zn, Mo, Sb, Pb

XXXIII 36 Li, Na, K, Ca, Cr,Zn, Mo, Sb, Pb

XXXIV 1,5,7,48,49,57 Na, Mg, A, K, Ca, Zn, Sb
XXXV 78 Li, Na, Mg, A, K, Ca, Zn, Mo, Sb, Ba

XXXVI 84 Li, Na, K, Ca, Zn, Sb, Ba

XXXVII 3 Li, Na, K, Ca, Ti, Ba, Pb

XXXVIII 6 Na, A], K, Ca,Ba, Pb

XXXIV 31 Na, K, Ca, Pb

XL 71 Na, K, Ca, Cr,Zn, Ba, Pb
XLI 87 Na, K, Ca, Zn, Ba
XLII 88 Na, K, Ca, Zn, Ba

XLIII 89 Na, K, Ca, Zn, Sb, Ba, Pb
XLIV 90 Na, K, Ca, Zn, Sb, Ba, Pb
XLV 73 Li, Na, K, Ca, Ti, Cr, Zn, Ba
XLIV 85 Li, Na, Mg, Al, K, Ca, Ti, Cr,Zn, Ba, Pb
XLVII 9 Na, K, Ca, Ba, Pb

XLVIII 33 Na, K, Ca, Zn, Ba, Pb
XLIX 59,60 Na, K

L 75 Li, Na, Al K, Ca,Zn
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3.5 Normalization strategies

Two normalization strategies were applied to LIBS analyses: normalization to the

total emission light (see Chapter 5) and Standard Normal Variate (SNV) normalization.

Standard normal variate (SNV) normalization has been previously used for LIBS
analyses.®®7! This method has assisted in reducing the standard deviation (and percent
RSD) between replicate measurements that occurs due to signal fluctuations or matrix

effect.

The mathematical form of the SNV normalization method is shown in Equation 7.

[[RawA)—IpL(A)]—p
Isyy(4) = . GBL

Equation 7

Where IgL (L) is the background or baseline intensity for a specific wavelength
point, Iraw is the raw intensities for a specific wavelength point, u is the average of the net
intensities (Iraw - IsL) and o is the standard deviation of the net intensities. The baseline
intensities and the net intensities were calculated by using the statistical software R, as
described by D. Syvilay et al.%” In order to perform the normalization, a baseline correction
constant had to be selected. Three different correction constants were evaluated: 104, 107,
and 10°. The best correction constant used for the analysis of electrical tapes by LIBS was
10° (Figure 46); the baseline is shown in blue. Using the larger constant did not fit the
wider background bands, while using the smaller constant resulted in over-correction of

some of the signals of interest.

Figure 47 shows the comparison between two spectra before and after SNV

normalization.
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The resulting normalized spectra can be used for further data processing and

statistical analysis, but also for spectral overlay comparisons.
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Figure 46 — SNV normalization for a tape samples using 10° as the baseline correction
constant.
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Figure 47 — LIBS spectra before (left) and after (right) SNV normalization for an electrical
tape sample.

3.6 Conclusions for the elemental analysis of tapes by LIBS

The method of analysis for laser induced breakdown spectroscopy was developed
for electrical tape backings. Design of experiment was used for the optimization of LIBS

instrumental parameters. The different factors used for the experimental design included
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energy, gate delay, stage speed, and frequency. The best parameters were those that
provided a good compromise between maximizing the SNR, minimizing the percent RSD,
and preventing the laser beam penetration into the adhesive layer of the tapes. The
optimized parameters accounted for a penetration of about 50% into the backing of the

thinnest tape in the collection (~83 pum).

After the optimization of the instrumental parameters, a set of 90 electrical tapes
previously examined by LA-ICP-MS was analyzed by LIBS. Fifty (50) groups were found
by LIBS analysis, which was the same number of distinctive groups found by LA-ICP-MS.
Moreover, LIBS allowed to separate some pairs of tapes that were not previously
distinguished by LA-ICP-MS by detecting differences in lithium, calcium, and potassium.
These elements are problematic in ICP-MS analysis, but typically good emitters in optical
spectroscopic techniques such as LIBS. Although the element menu for LIBS was found
to be smaller than of LA-ICP-MS, elements such as lithium, sodium and potassium were

added to the characterization of specific samples when combining both techniques.

Standard normal variate normalization was applied to LIBS spectra. The SNV
method assisted in reducing the standard deviation (and percent RSD) between replicate

measurements that occurs due to signal fluctuations or matrix effect.

The tandem analysis of LIBS and LA-ICP-MS provides excellent characterization
of the samples in a matter of seconds and would greatly benefit to forensic community in
reducing the analysis time and destruction of the samples, while obtaining improved
characterization of the samples by detecting up to 14 elements by LIBS, and up to 29

elements by LA-ICP-MS.
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4 INTERLABORATORY EXERCISES FOR THE COMPARISON OF TAPES

Adhesive tapes are occasionally received in forensic laboratories as substrates to
different types of evidence such as DNA, fingerprints, fibers, and trace evidence. The tape
itself, however, represents a very important type of evidence that can assist investigations
in a variety of crimes that include the use of tapes in bindings, drug packaging, and the
construction of improvised explosive devices, for example. The construction- and
composition-related comparison of adhesive tapes in forensic laboratories consists
typically of physical and microscopic examination followed by the analysis of the organic

and inorganic components.

The physical and microscopic examination of tapes include the description of the
texture of the backings, the color of the adhesive, the thickness of the different layers of
the tapes, the number of different layers present, and when possible, the examination of
potential physical fit between torn edges.>> '6-1% 24 For most laboratories, visual
examination is the first step of the analytical scheme and is usually followed by a
supplemental instrumental method of analysis. The identification of the organic
components of the tapes is usually accomplished by Infrared spectroscopy (IR) and
Pyrolysis Gas Chromatography Mass Spectrometry (Py-GC-MS).>4 30:37. 7273 These two
methods are almost orthogonal and therefore, when combined, provide improved
characterization of the organic constituents and superior discrimination.* The inorganic
analysis of tapes is commonly conducted by Scanning Electron Microscopy with Energy
Dispersive Spectroscopy (SEM-EDS) and X-ray Fluorescence (XRF).3 1617 These

techniques have proved useful in characterizing the elemental composition of tape samples.
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SEM-EDS has shown to produce the best discrimination compared to physical

examination, IR, and Py-GC-MS for the analysis of the backings of 90 electrical tapes.*

More recently, the methods of analysis incorporating Laser Ablation Inductively
Coupled Plasma Mass Spectrometry* and Laser Induced Breakdown Spectroscopy*® have
been developed for the chemical analysis of tape samples. These techniques have shown
promising results for the analysis of tapes by increasing the detected element menu, the
confirmatory value of the results, and the sensitivity and selectivity of the analysis. The
present work evaluates the informing power of the conventional methods (physical
examination, IR, Py-GC-MS, and SEM-EDS), and of LA-ICP-MS and LIBS for the

analysis of electrical tapes by different laboratories.

Elemental analysis provided valuable information about the inorganic components
present in tapes. These components were found to be part of the fillers, stabilizers, flame
retardants, driers and other additives that are incorporated to the formulation of tapes. The
formulation of tapes varies significantly between manufactures and products and this
information can be used in forensic examinations of tapes to characterize and classify tapes
into groups of similar composition. Elemental profile of tapes has shown to be an
informative analytical step that adds certainty to the conclusions derived from the complete

examination and comparison of tape samples.

Two interlaboratory exercises were designed to study the performance of different
analytical methods for the forensic analysis of electrical tapes. The exercises were
developed with the objective to imitate forensic case scenarios where known (K) samples

are compared to question (Q) samples following the laboratory’s analytical scheme. Seven

132



laboratories participated in two interlaboratory exercises. The participants were asked to
compare the tape samples as in a regular forensic case, using their standard protocol for the

analysis of tapes by the available techniques.

4.1 Interlaboratory tests design

Interlaboratory test #1 consisted of seven participant laboratories. Six samples of
tapes: three known samples (K1, K2, and K3) and three questioned samples (Q1, Q2, and
Q3) belonging to 3M Scotch and GE brands were sent out to the participant laboratories.
There was a total of three pairs corresponding to the same rolls: K1 and Q2, K2 and Q3,
and K3 and Q1 (Table 20). The participants were asked to compare the tape samples as in
a regular forensic case, using their regular standard protocol for the analysis of tapes and
available techniques. Four laboratories performed SEM-EDS analysis, three performed
LIBS analysis, two performed LA-ICP-MS analysis. All laboratories performed
physical/microscopic examination of the tapes and IR spectroscopy. Four laboratories

performed Py-GC-MS to analyze the tape samples.

The results of interlaboratory #1 were discussed and evaluated among the
participants before the design of interlaboratory test #2. The first interlaboratory test
showed the potential of the elemental methods (mainly LIBS and LA-ICP-MS) to not only
correctly distinguish the different pairs of tapes and associate the tapes from the same rolls,
but also to increase the characterization of the samples. Interlaboratory test #2 was
therefore focused on testing the performance of the different elemental techniques for the
analysis of similar samples of tapes not previously distinguished by the organic analysis

methods.
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The effect of different parameters in the performance of a specific technique was

also evaluated.

Interlaboratory test #2 consisted of five participant laboratories performing only
elemental methods of analysis (SEM-EDS, LIBS and LA-ICP-MS). In order to produce a
more challenging set of samples, interlaboratory #2 consisted of four samples of tapes: a
known sample (K1) and three questioned samples (Q1, Q2 and Q3) all belonging to the
same brand (3M Scotch). The pairs K1 and Q2 originated from the same roll of tape (3M
Scotch 700) (Table 20). These samples were selected from a set of tapes formerly analyzed
by most of the techniques in question, and were not previously differentiated by physical
and microscopic examination, IR spectroscopy, or Py-GC-MS.* Four participant
laboratories performed SEM-EDS analysis, five performed LIBS analysis, and three

performed LA-ICP-MS analysis.

The participant laboratories provided their conclusions as to which pair of tapes
could be distinguished and which ones were not differentiated. False positive and false
negative error rates were estimated by documenting any disagreement between the
anticipated conclusion (e.g., known source of origin to be considered a true association or
exclusion) and the conclusion reported by the participants based on their measured data. In
addition, the raw instrumental data from interlaboratory #2 was re-processed to compare

the spectral data quantitatively using different match criteria: +3s, +4s and +5s.
4.2 Sample set description for interlaboratory test #1 and #2

The samples of tapes were prepared by selecting a section (~20 cm) of the tape rolls

and attaching them to a plastic substrate (Apollo Plain Paper Copier Transparency Film).

134



The individual samples consisted of six (~2 cm by ~2 cm) pieces of tapes labeled as K1,
K2, K3, Q1, Q2, and Q3 for interlaboratory test #1 and KI, Q1, Q2 and Q3 for
interlaboratory test #2. Table 20 shows the sample description for both interlaboratory
exercises. Each laboratory was asked to compare the known sample to all the questioned
sample, for a total of nine comparison pairs for interlaboratory test #1, and three

comparison pairs for interlaboratory test #2.

Table 20 — Sample description and expected results for interlaboratory test #1 and #2.

C -
Test on;pérlson Sample Origin Expected Results
air
K1 { Same brand, different model, different roll  Different elemental
vs-Q (3M Scotch Super 88/3M Scotch 700) composition
K1 vs. Q2 Same brand, same model, same roll Same elemental
' (3M Scotch Super 88, made in USA) composition
K1 vs. Q3 Different brand, different model, different roll Different elemental
VS.
(3M Scotch Super 88/GE) composition
K2 vs. Q1 Different brand, different model, different roll Different elemental
' (GE/3M Scotch 700) composition
. K ) Different brand, different model, different roll Different elemental
vs-Q (GE/3M Scotch Super 88) composition
Same brand, same model, same roll Same elemental
K2 vs.Q3 ) . o
(GE, made in Taiwan) composition
K3 vs. Q1 Same brand, same model, same roll Same elemental
' (3M Scotch 700, made in USA) composition
K3 vs. Q2 Same brand, different model, different roll  Different elemental
VS.
(3M Scotch 700/3M Scotch Super 88) composition
K3 3 Different brand, different model, different roll Different elemental
vs-Q (3M Scotch 700/GE) composition
Same brand, different model, different roll )
Different elemental
K1 vs.Ql (3M Scotch 700/3M Scotch Super 33+, ..
. composition
made in USA)
2 K1 vs. Q2 Same brand, same model, same roll Same elemental
' (3M Scotch 700, made in USA) composition
K1 3 Same brand, same model, different roll Different elemental
vs-Q (3M Scotch Super 33+, made in USA) composition
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Samples for interlaboratory test #1 were selected in order to include three different
situations: two tape samples originating from a same roll that should be indistinguishable,
two different tape samples of a same brand that may be differentiated by some of the most
selective and sensitive methods, and two different samples from different brands that

should be distinguishable by most techniques.

Samples for interlaboratory test #2 were selected in order to include tape fragments
originating from a same tape roll, and tape samples from the same brand which could not
be distinguished by physical examination or IR spectroscopy, but that showed differences
in their elemental composition. The purpose of interlaboratory test #2 was to evaluate the
performance of the different elemental techniques for the comparison of similar tapes from

the same brand.
4.3 Instrumental parameters

Participants were asked to compare each known and question samples by their
available methodology. For the participants without a protocol for a specific
instrumentation, a set of parameters were suggested for the analysis of tapes by such
technique, based on previous studies.* * The participant laboratories were asked to provide
detailed description of the parameters used for the elemental analysis techniques; this
would allow to estimate the effect of some parameters in the sensitivity and selectivity of
the method. Table 21, Table 22, and Table 23 show the parameters for SEM-EDS, LIBS
and LA-ICP-MS, respectively. The instrumental parameters for the different
instrumentation were optimized in order to obtain the best signal to noise ratio (SNR) and

smaller relative standard deviation (% RSD). The identification code (A, B, C, ...) for the
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laboratories was randomly assigned for each individual technique; this identification code

was also rotated among analytical methods so that lab A performing SEM-EDS was not

the same as lab A performing LIBS, etc.

Table 21 — Parameters for SEM-EDS for interlaboratory tests #1 and #2.

SEM-EDS Instrumental Parameters

Lab ID Lab A Lab B Lab C Lab D
. JEOL JSM
Instrument Tescan Vega3  FEI Explorer Zeiss EVO 40 6490LV
Detector Apollo v EDs  Omegalax OXf‘ngISNCA INCA x-Sight
Magnification 50 Variable 180 50
Acceleration
Voltage (KV) 25 25 20 25
Working Distance 15 15 25 15
Take off Angle 30 37 35 30
Dead Time (%) 30 16 - 30
Counting Time (s) 200 100 152 120
Table 22 — Parameters for LIBS for interlaboratory test #1 and #2.
LIBS Instrumental Parameters
LABA LAB B LAB C LAB D* LAB E*
Instrument 1200 J200 RT100 J200 J200
Laser Nd:YAG Nd:YAG Nd:YAG Nd:YAG Nd:YAG
266 nm 266 nm 266 nm 266 nm 266 nm
Laser Energy 100% (19 mJ) 100% (19 mJ) 100% (~30 mlJ) 100% 50%
Spot Size (um) 100 100 100 100 100
Gas Used Air Ar Air Air Ar
Shots 403 403 403 403 325
Gate Delay (usec) 0.9 0.9 0.9 0.5 1.0
Frequency (Hz) 10 10 10 10 10
Stage Speed (um/s) 100 150 100 100 300
Line Length (mm) 4 6 4 4 2

*Data reported for interlaboratory test # 2
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Table 23 — Parameters for LA-ICP-MS for interlaboratory test #1 and #2.

LA-ICP-MS Instrumental Parameters

LABA LABB LAB C*
MS Instrument Agilent 7700x PE ELAN 6100 PE NEXION 350X
Laser 193 NWR ESI (193 nm) New Wave Applied Spectra
ns—Nd:YAG (213 nm) ns—Nd:YAG (266 nm)
Energy 0.7 mJ 2.6 mJ 19 mJ
Stage Speed 40 um/s 40 um/s 40 um/s
Spot Size 150 pm 190 pm 200 pm
Repetition Rate 20 Hz 10 Hz 10 Hz
Ablation Mode Line Line Line
Line Length 5.6 mm 4 mm 4 mm
Sampling Time 140 s (2 min 20 sec) 180 s (3 min) 150 s (2 min 30 sec)
Blank Time (Laser Off) 30 sec 40 sec 40 sec
Carrier Gas Helium Helium Helium
Gas Flow 0.8 L/min 0.9 L/min 0.6 L/min

*Data reported for interlaboratory test # 2

4.4 Data reduction and statistical analysis

Data reduction and statistical analyses were performed using Excel 2011 (version
14.7.7, Microsoft Corporation), the Aurora software for LIBS data integration and peak
identification (version 2.1, Applied Spectra, Freemont, CA), and Plot2 for Mac (version

2.3.7, Berlin, Germany) for spectral overlay comparisons.

Each data file originally obtained from the instrument was converted into a .csv file
for further data processing. The .csv files consisted of a column for the intensity/counts
representing the y axis and a column for the measurement variables representing the x axis
(e.g., energy in eV for SEM-EDS, mass/charge ratio for LA-ICP-MS in mass scan mode,
time in seconds per each isotope for LA-ICP-MS in transient mode, wavenumbers in nm"!
for IR, and retention time for Py-GC-MS). The .csv files were used to further graph the
data for spectral comparison and for integration of the area under the curve for the selected

element peaks, emission lines, and isotopes.
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4.4.1 Data pre-processing

The data collected for SEM-EDS was in the form of energy spectra (counts vs. x-
ray energy). Data pre-processing included background subtraction and estimation of SNR

as reported by Ernst et al.”*

All of the emission lines selected for LIBS were confirmed by the presence, and
abundance, of two or more emission lines for each element. The emission lines selected

were those with no known interferences, smaller percent RSD, and larger SNR.

All of the emission lines selected for LIBS were confirmed by the presence, and
abundance, of two or more emission lines for each element. The emission lines selected
were those with no known interferences, smaller percent RSD, and larger SNR. Integration
of the area under selected peaks of the elements of interest followed by the ratio of the
elements was applied to the data used for numerical comparison. The element lines selected
for LIBS match criteria comparison were the following: Sb 259.8 nm, Si 288.2 nm, Ti
334.9 nm, Mo 386.4 nm, C 247.8 nm, Ca 393.4 nm, Al 396.2 nm, Cr 427.5 nm, Cd 480.0
nm, Zn 481.1 nm, Pb 405.8 nm, Sr 407.8 nm, Mg 518.4 nm, Na 589.0 nm, Ba 614.2 nm,

Li670.8 nm, K 766.5 nm. These elements were determined to be present if the SNR>3.

The data collected for LA-ICP-MS was in the form of mass scan (intensity counts

vs. mass-to-charge ratio) and transient mode (intensity counts vs. time).

The spectra in mass scan mode for LA-ICP-MS were especially useful for spectral
overlay comparison. Data pre-processing for LA-ICP-MS for spectral overlay included the
removal of non-relevant mass-to-charge peaks originating from polyatomic and isobaric

interferences and normalization to the sum of the intensity peaks as a mean to compensate
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for any shot-to-shot variation and inter-day variations.** 3* In the absence of an internal
standard, normalization to the sum of the intensity peaks accounts for small differences in
the ablated mass between samples and improves both repeatability and reproducibility of
each individual sample.** All of the isotopes selected for LA-ICP-MS were confirmed by

their isotopic pattern and natural abundance.

The data collected for LA-ICP-MS in transient mode (intensity vs. time) is not
suitable for spectral overlay comparison. Instead, the GeoPRO (CETAC Technologies, v
1.0, NE) software was used to integrate the area under the curve for the selected isotopes
for further statistical analysis using different match criteria. The elements were determined
to be present if the SNR>3. The isotopes selected were those with larger abundance and no
known interferences. The isotopes used for LA-ICP-MS match criteria comparison are the
following: 27Al, 135 137Ba, 13C, 42 #4Ca, 1''Cd, 5Cl, S'Fe, ¥K, '¥La, "Li, 2 Mg, 2Na, 206

208pt, 121, 123Q1 28,29Q; 118,119Q., 86,88Qy 47,487 2327} 64,667 90,91
Pb Sb, Si, Sn, Sr, Ti, =<Th 7n, Zr.
4.5 Comparison criteria

Physical and microscopic examination comparison criteria varied greatly between
laboratory. Most laboratories compared tapes based on the thickness of the backing and

adhesive layer and the texture of the backing.

The laboratories comparing backing texture determined that tapes were
distinguished base on the shiny or matte finish, and on dimples or marks on the surface.
Physical examination and microscopy were, however, followed by a more confirmatory

technique (IR, Py-GC-MS, SEM-EDS, LIBS, or LA-ICP-MS).

140



IR comparisons were performed by spectral overlay between the samples. The
samples were differentiated by the presence or absence of peaks in the overlay comparison.

In some cases, these peaks were attributed to adipates or phthalates present in the tapes.

Py-GC-MS samples were differentiated by the retention time, fragmentation
pattern, and confirmation of the presence of specific organic components using the
different fragmentation patterns. The identified organic components were present in some
tapes and not others, therefore allowing to differentiate the tape pairs originating from

different sources.

The comparisons by SEM-EDS, LIBS and LA-ICP-MS were performed by spectral
overlay. The spectral overlay comparisons account for variability within replicate
measurements, which includes instrumental variations and compositional variations in the
sampled locations. Two samples were differentiated if the variation of the spectral peaks
of the replicates of the questioned item did not fall within the observed range of variation
of the respective spectral peaks of the replicates of the known sample. The variability was
documented for the x-axis of the analyte peaks (e.g., identification of elements by energy,
wavelength or m/z) and for the y-axis (e.g., counts, peak intensity or area correlated with
the concentration of each element on the samples). Two samples were differentiated if at

least one element fall outside the spectral overlay criteria.

In the case of LIBS comparisons, the presence and abundance of two or more
emission lines for the element in question confirmed its presence in the samples. For LA-
ICP-MS, relative natural abundance of different isotopes was used to confirm the

identification of each element.
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In addition to spectral overlay comparisons, different match criteria were tested for
the numerical comparison of tapes for LIBS and LA-ICP-MS. Although spectral overlay
provides a visual comparison of the samples and allows for the identification of the element
menu in the samples, it can be subjective when samples are very similar to each other.

Spectral overlay is also time consuming when the sample comparison set is large.

In efforts to numerically compare the elements in the samples for LIBS and LA-
ICP-MS, different match criteria were studied: +3s, +4s and £5s, where s represents the
standard deviation of the known sample. If the mean of at least one element or ratio in the
sample in question falls outside these ranges of the mean and standard deviation of the
known sample, the two tapes are said to be distinguished from each other by the measured
properties. If all elements in the question sample fall within the range of standard deviation

of the known sample, the two tapes are indistinguishable from each other.

In order to perform the different match criteria for all laboratories, the data was
processed in the same manner for all laboratories and the selected elements or ratios were

those detected by the laboratories in at least one sample.
The best match criterion for LIBS and LA-ICP-MS was found to be the £5s interval.
The £5s match criterion allowed to correctly associate the tapes belonging to the same rolls

and differentiate the tapes from different rolls.

In the case of LIBS comparisons, the match criteria were applied to the ratios of the
peak areas. The variability between replicate measurements for LIBS, as well as the effect
of the sample matrix in the resulting spectra can be minimized by the use of ratios. The

element ratios method works on the premise that ratios between different elements should
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remain relatively constant, regardless of the matrix composition and instrumental

variations.

4.6 Results and Discussion

The results for both interlaboratory tests are summarized by technique.
Interlaboratory test #1 consisted of SEM-EDS, LIBS, LA-ICP-MS, physical and
microscopic examination, IR spectroscopy, and Py-GC-MS. Interlaboratory #2 consisted

only of the elemental methods of analysis (SEM-EDS, LIBS and LA-ICP-MS).

4.6.1 Interlaboratory test #1

Four laboratories performed SEM-EDS analysis, three performed LIBS analysis,
two performed LA-ICP-MS analysis for interlaboratory test #1. All laboratories performed
physical/microscopic examination of the tapes and IR spectroscopy. Four laboratories

performed Py-GC-MS to analyze the tape samples.

4.6.1.1 SEM-EDS

All the laboratories performing SEM-EDS in interlaboratory #1 were able to
correctly associate K1 to Q2 (3M Scotch Super 88, USA), K2 to Q3 (GE, Taiwan), and K3
to Q1 (3M Scotch 700, USA), therefore the rate of false negatives was zero; these pairs of
tapes belong to the same rolls and based on predistribution analysis were expected to be
indistinguishable (Table 20). However, laboratories C and D were not able to detect enough
differences between the different models of 3M Scotch tapes (K1 vs. Q1, and K3 vs. Q2).
In the case of K2 (GE, made in Taiwan), this tape was always correctly distinguished from

the 3M Scotch tapes based on its elemental profile.
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The total number of comparison pairs for interlaboratory test #1 was 9 (Table 20)
for a total of 4 participating laboratories. From these 36 comparison pairs, 12 correspond
to same roll comparisons, and 24 correspond to different roll comparisons. Two of the
laboratories performing SEM-EDS incorrectly associated two pairs of tapes belonging to
different rolls, therefore 4 comparison pairs contributed to a 16.7% false positives rate (4

undistinguished pairs out of 24 comparison pairs) (Table 24).

Table 24 — False positive rate (FPR) and false negative rate for the elemental techniques
for interlaboratory test #1 and #2.

Method Test # 1 Test #2
FPR (%) FNR (%) FPR (%) FNR (%)
SEM-EDS  16.7 (4 out of 24) 0 12.5 (1 out of 8) 0
LIBS 0 0 0 0
LA-ICP-MS 0 0 0 0

Figure 48 shows the SEM-EDS spectral overlay comparison for Lab D for K1, Q1, Q2,
and Q3. Sample K1 was differentiated from sample Q3 based on the higher amounts of Al
(1.486 Ka) and Si (1.740 Ka) present in Q3. Sample K1 was not distinguished from Q1
and Q2 using SEM-EDS by laboratory D.
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Figure 48 — SEM-EDS spectral overlay comparison of K1 vs. QI, Q2, and Q3 for Lab D
for interlaboratory test #1. Sample K1 was differentiated from sample Q3 based on the

higher amounts of Al (1.486 Ka) and Si (1.740 Ka) present in Q3. Sample K1 was not
distinguished from Q1 and Q2 by SEM-EDS by this laboratory.
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In contrast, Lab A was able to differentiate the 3M Scotch tapes (Super 88 and 700)
(see Table 20). Figure 49 shows the SEM-EDS spectral overlay comparison of K1, QI,
Q2, and Q3 by Lab A for interlaboratory test #1. Sample K1 was differentiated from Q3
based on the presence of a shoulder next to the largest Sb (3.606 La) peak, due to the higher
amounts of Ca (3.691 Ka) in K1 and Q2. The difference in Ca (3.691 Ka) was detected by
Lab C and Lab D, but not considered enough for an exclusion due to the lack of resolution
among the Ca and Sb peaks and the relatively low SNR of the signal. It is worth noting that
the SNR for the Sb La /Ca Ka peak observed by laboratories C and D was at least one
order of magnitude lower than the respective SNR observed by laboratories A and B,
indicating that the sensitivity of the SEM-EDS instruments is highly dependent on

instrumental configurations.
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Figure 49 — SEM-EDS spectral overlay comparison of K1 vs. Q1, Q2, and Q3 for Lab A

for interlaboratory test #1. Sample K1 was differentiated from Q2 based on the presence
of Ca (3.691 Ka) in K1 and Q2.
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The relatively lower sensitivity of instrumental configurations C and D in
comparison to those of laboratories A and B is also reflected in the overall element menu
detected by SEM-EDS for the participant laboratories (Table 25). Although the laboratories
selected up to 4-7 elements by SEM-EDS, only Ca appeared to differentiate the 3M Scotch
tapes for laboratories A and B. One factor that contributed in the discrepancy of calcium
content is the relatively low selectivity and sensitivity observed by the Ca Ka peak.
Laboratories C and D did not differentiate the pair K1 and Q1 based on just the wider signal
around the 3.4 keV area (Figure 49); the difference between the samples was not considered
large enough to constitute an exclusion. In the case of the GE tape, all laboratories

differentiated this tape from the 3M Scotch tapes based on Al and Si.
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Table 25 — Element menu detected for the elemental techniques for each tape pair by the
different laboratories in interlaboratory exercise #1.

Tape SEM-EDS LIBS LA-ICP-MS
Pairs
K102 CL Ca/Sb, Mg, Al, Ba, C, Ca, K,Li, Mg, Al, Ba, Co, Cu, La, Mn, Mo, Ni,
' Q AL Si, Zn Mo, Na, Sb, St, Zn Pb, Sb, Sr, Ti, W, Y, Zn
K2, Q3 Cl, Ca/Sb, Mg, Al C, Ca, K, Li, Mg, Al Ba, Co, Cu, La, Mn, Mo, Nd,
’ Al, Si Mo, Na, Sb, Si, Ti Ni, Pb, Pr,Sb, Sr, Ti, W, Y, Zn
K3.01 CL Ca/Sb, Mg, Al, Ba, C, Ca, K,Li, Mg, Al, Ba, Cu, La, Mn, Mo, Ni, Pb,
Q AL Si Mo, Na, Sb, Sr Sb, St,Ti, W, Y, Zn
K1.02 Cl, Ca/Sb, Mg, Al Ba,C, Ca, K,Li, Mg, Al, Ba, Ca, Cl, K, Mg, Na, Sb,
Q Al, Si, Zn Mo, Na, Sb, Sr, Ti, Zn Si, Sn, Sr,Zn
K2, Q3 Cl, Ca/Sb, Mg, Al C, Ca, K, Li, Mg, Al, Ca, Ce, Cl, Fe, K, Mg, La,
’ Al, Si Mo, Na, Sb, Si, Ti, Zn Na, Nb, Sb, Si, Ti, Th, Zn
K3. Q1 Cl, Ca/Sb, Mg, Al Ba,C, Ca, K,Li, Mg, Al, Ba, Ca, Cl, K, Mg, Na, Sb,
’ Al, Si, Zn Mo, Na, Sb, Sr, Zn Si, Sn, Sr, Zn
Cl, Ca/Sb, Mg, Al, Ba, C, Ca, K, Li, Mg,
K1, Q2 Al, Si Na, Sr,Zn
Cl, Ca/Sb, Mg, Al C, Ca, K, Li, Mg,
K2, Q3 AL Si Mo, Na, Sb, Si -
Cl, Ca/Sb, Mg, Al Ba, C, Ca, K, Li, Mg,
K3, Ql AL Si Na, Sr
K1, Q2 Cl, Ca/Sb, Mg, Al
D Cl, Ca/Sb, Mg,
K2, Q3 Al Si - -

K3,Q1 Cl, Ca/Sb, Mg, Al

4.6.1.2 LIBS

The pairs of tapes belonging to the same rolls: K1 and Q2 (3M Scotch Super 88,
USA), K2 and Q3 (GE, Taiwan), and K3 and Q1 (3M Scotch 700, USA) were all correctly
associated by LIBS analysis in interlaboratory test #1. All the laboratories correctly
differentiated the two different 3M Scotch tape pairs (K1 vs. Q1 and K3 vs. Q2) (Table
20). In contrast with SEM-EDS, Ca was easily detected by LIBS (Figure 50). Moreover,
LIBS allowed to detect the same elements identified by SEM-EDS with the addition of C,

Ca, Ba, K, Li, Na, Mo, Si, Sr, and Ti.
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Figure 50 shows the LIBS spectral overlay comparison for samples K1, Q1, Q2,
and Q3 for laboratory A. Sample K1 was differentiated from Q1 based on the higher
amounts of Mo and Ca in sample K1. Also, K1 was differentiated from Q3 based on Ba,
Ca and Ti. Additionally, the three pairs of tapes originated from the same roll were
correctly associated and the element menu detected is shown in Table 25. The main
differences between the two 3M Scotch tapes (Super 88 and 700) consist of the higher
amounts of Mo and Ca in K1 and Q2 (3M Scotch Super 88). The Super 88 electrical tape
is of a higher quality compared to the commercial grade 3M Scotch 700, therefore some
extra components might have been added to the formulation in order to improve its
performance. A review of several electrical tape and pressure sensitive adhesives patents®
14 confirmed the use of calcium carbonate and calcium sulfate, as well as zinc oxides and
silicates and inorganic fillers. Similarly, molybdenum oxide is known to be a flame
retardant added to the formulation of tapes. These differences in Ca were not always
resolved from the Sb peaks by SEM-EDS due to lower selectivity of the technique. In the
same manner, Mo and Zn were not always detected in SEM-EDS due to the lower

sensitivity of the technique compared to LIBS.

The higher sensitivity and selectivity of LIBS allowed to detect more elements per
sample and this permitted to further distinguish the similar 3M tapes that belong to different

rolls (K1 vs. Q1 and K3 vs. Q2), which were not always distinguished by SEM-EDS.

The rate of false negatives and false positives for LIBS was found to be zero (see
Table 24) as LIBS allowed to correctly associate all tapes belonging to the same rolls and

differentiate the tapes from different rolls of the present study.
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Figure 50 — Spectral overlay comparison by LIBS of K1 vs. Q1, Q2, and Q3 for Lab A for
interlaboratory test #1. Sample K1 was differentiated from Q1 based on the higher amounts
of Mo and Ca in sample K1. K1 was differentiated from Q3 based on Ba, Ca and Ti.

4.6.1.3 LA-ICP-MS

All the laboratories performing LA-ICP-MS were able to correctly associate pairs
of tapes belonging to the same rolls which were expected to be indistinguishable (Table
20). The 3M Scotch tapes belonging to different rolls (K1 vs. Q2 and K3 vs. Q2) were
correctly differentiated by LA-ICP-MS analysis as well. Table 25 shows the element menu
obtained by LA-ICP-MS for interlaboratory test #1 for each pair of tapes. The element
menu obtained by LA-ICP-MS increased compared to LIBS by the addition of Ce, Co, Cu,
Cl, Fe, La, Mn, Nb, Nd, Ni, Pr, Sn, W, and Y. These elements are present in the tapes at
concentrations below the limits of detection of LIBS but could be detected by LA-ICP-MS

due to the improved sensitivity and selectivity of this method. The rate of false positives
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and false negatives for LA-ICP-MS comparisons were found to be zero ( Table 24). It is
important to note that LIBS was especially useful in detecting Li, which is a very difficult
element to detect in LA-ICP-MS. Li can be difficult to detect in LA-ICP-MS due to space-
charge effects between light and heavy ions in the mass spectrometer.® Li is a good emitter,
easily detected by LIBS in most samples at very low concentrations. Similarly, LIBS
proved useful in detecting elements problematic to LA-ICP-MS such as potassium (*®K*),
which is the most abundant isotope that can be measured by ICP-MS without *°Ar*
interferences. Potassium is known to present interferences with Ar (*?Ar'H") in ICP-MS

but is easily detected by LIBS and confirmed by multiple lines throughout the spectra.

Figure 51 shows the LA-ICP-MS spectral overlay comparison between K1, Q1, Q2,
and Q3 for laboratory B for interlaboratory test #1. K1 was differentiated from Q1 based
on the higher amounts of Sr and Sn in K1. K1 and Q3 were differentiated based on the
higher amounts of Ti in Q3, and the higher amounts Mo, Sr and Sn in K1. K1 and Q2 were
not distinguished by LA-ICP-MS based on spectral overlay comparisons; this pair of tapes

belong to the same roll.
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Figure 51 — LA-ICP-MS spectral overlay comparison of K1 vs. Q1, Q2, and Q3 for Lab B
for interlaboratory test #1. K1 was differentiated from Q3 based on Ti, Mo, Sr, and Sn
Sample K1 was differentiated from Q1 based on the higher amounts of Mo, Sr, and Sn in
sample K1.

Interlaboratory #1 showed the potential of the elemental methods (mainly LIBS and
LA-ICP-MS) to not only correctly distinguish the different pairs of tapes and associate the
tapes from the same rolls, but also to increase the characterization of the samples by

detecting up to 14 elements by LIBS and 20 elements by LA-ICP-MS.
4.6.1.4 Additional techniques

Physical examination was performed as part of interlaboratory test #1 by all seven
participant laboratories. Although each lab used a different method for comparing the
tapes, they all correctly associated the tape pairs belonging to the same rolls. However,
physical examination alone was not always able to differentiate the 3M Scotch tapes

belonging to different rolls (3M Scotch Super 88 and 700). Further tests (IR, Py-GC-MS,
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SEM-EDS) were needed to confirm if there were chemical differences between the tapes.
Microscopic and physical examination of tapes typically include the measurement of the
thickness and width of the tapes, the number of layers present, and the description of colors
of the backing and the adhesive. In addition, the backing texture is described according to
its shine and individual characteristics or imperfections such as dimples, craters, lines, etc.

Moreover, the tape ends are evaluated to determine if a fracture match is present.

Infrared analysis was performed by all the laboratories for interlaboratory test #1.
Out of the seven participant laboratories, six correctly associated the tapes belonging to the
same rolls. One laboratory reported false exclusions between K1 and Q2 and between K3
and Q1 based on their IR spectra. Out of the seven laboratories, four could not differentiate
the different 3M Scotch tape pairs belonging to different rolls. All laboratories correctly

associated the GE tapes (K2 and Q3).

IR spectroscopy is a quick universal technique that provides identification of
organic compounds without the need for sample preparation. By using IR spectroscopy,
the backing polymer can be identified as polyvinyl chloride, polyethylene, or butyl rubber.
Components in the tapes such as phthalates and adipates could also be detected when
present at higher concentrations.?* 3% 72 However, in some instances, FTIR presents some
limitations for the analysis of electrical tape backings because primary components of the
plasticizer may mask the detection of other components, and the carbon black in the PVC

backing creates sloping baselines for the IR spectrum.!

Pyrolysis gas chromatography was performed by four laboratories. The laboratories

compared the chromatograms between tapes. Furthermore, the fragmentation spectra
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obtained from the mass spectrometry analysis allowed to identify specific components in
the tapes such as the backing polymer, phthalates, adipates, mixtures of phthalates and
adipates, sebacate, trimellitate, among others.?** 37- 7273 Py-GC-MS allowed for the correct
association of the tapes belonging to the same rolls, and correctly differentiated the pairs

of tapes from different rolls.

The main advantage of Py-GC-MS is that it provides separation (retention time)
and identification (mass spectrometry) of the organic compounds present in tapes.
However, Py-GC-MS is a destructive and time-consuming technique, and therefore is

recommended as the last analytical step in tape examinations.

SEM-EDS produced the best discrimination power compared to physical
examination, IR, and Py-GC-MS for the analysis of the backings of 90 electrical tapes.*
LIBS and LA-ICP-MS show the potential for even better discrimination than all of these

techniques combined.
4.6.2 Interlaboratory test #2 results

In order to produce a more challenging set of samples, interlaboratory #2 consisted
of four tapes: a known sample (K) and three questioned samples (Q) all belonging to the
same brand (3M Scotch), but from different rolls (Table 20). The pairs K1 and Q2 belong
to the same roll of tape (3M Scotch 700). These samples were selected from a set of tapes
that was previously analyzed by most of the techniques in question, and were not
previously differentiated by physical and microscopic examination, IR spectroscopy, or

Py-GC-MS, but were differentiated by LA-ICP-MS.* #
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Four participant laboratories performed SEM-EDS analysis, five performed LIBS

analysis, and three performed LA-ICP-MS analysis.

4.6.2.1 SEM-EDS

The four laboratories performing SEM-EDS compared the samples by spectral
overlay. Figure 52 shows the spectral overlay by SEM-EDS for Lab B for interlaboratory
test #2. Sample K1 was differentiated from sample Q1 based on the higher amounts of Mg
(1.254 Ka)in K1, and P (2.013 Ka), Pb (2.342 Ma) and Ca (3.69 Ka) present in Q1. Sample
K1 was distinguished from Q3 for based on the Ca (3.691 Ka) shoulder on the Sb (3.604
La) peak. K1 was not distinguished from Q2 by SEM-EDS; K1 and Q2 belong to the same

tape roll (Table 20).

In the case of Laboratory D, the difference in the Ca shoulder between the signals
was reported as inconclusive and not enough to differentiate the two samples for the same

issues of selectivity and sensitivity discussed for the first test.

The total number of comparison pairs for interlaboratory test #2 was 3 (Table 20)
for a total of 4 participating laboratories. From these 12 comparison pairs, 4 correspond to
same roll comparisons, and 8 correspond to different roll comparisons. One of the
laboratories performing SEM-EDS incorrectly associated two pairs of tapes belonging to
different rolls, therefore 1 comparison pair contributed to a 12.5% false positive rate (1
undistinguished pair out of 8 comparison pairs) (Table 24). The element menu obtained by

SEM-EDS analysis for interlaboratory test #2 is reported in Table 26.
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Figure 52 — SEM-EDS spectral overlay comparison of K1 vs. QI, Q2, and Q3 for
laboratory B for interlaboratory test #2. Sample K1 was differentiated from sample QI
based on the lower amounts of Mg (1.254 Ka) and higher amounts of P (2.013 Ka) and
Pb (2.342 Ma), and the Ca (3.691 Ka) shoulder in Q1. Sample K1 was distinguished from
Q3 based on the Ca (3.691 Ka) shoulder on the Sb (3.604 La) peak.
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Table 26 — Element menu detected for the elemental techniques for each tape sample by

the different laboratories in interlaboratory exercise #2.

Lab 1P° SEM-EDS LIBS LA-ICP-MS
Pairs
. Al, Ba, C, Cr, K, Li, La, Mg, Mo, Na,
Cl, Ca/Sb,Mg, Al Ba, C, Ca, K,Li, Mg, P T T e e e
K1, Q2 AL Si Mo, Na, Sb, Sr, Zn Nb, Ni, Pb,Rb, Sb, Sr, Ti, TL W, Y,
/n, Zr
. Al, Ba, Bi, C, Ca, Cd, Cr, Cu, K, Li,
N (;aivi%Mg’ Al, Bi}f’lﬁcba’sf’zL;’ Mo, 1 4, Mg, Mn, Mo, Na, Nb, Nd, Ni. Pb,
’ T Pr,Rb, Sb, Si, Sr, Ti, T, W, Y, Zn, Zr
CL Ca/SbMg, Al Ba, C, Ca, K, Li, Mg, /b Ba G Ca Cd, Co, Cr, Cu, K, L,
Q3 AL S Mo. Na. Sb. Sr. 7n La, Mg, Mn, Mo, Na, Nb, Nd, Ni, Pb,
’ P e Pr,Rb, Sb, Si, Sr, Ti, T, W, Y, Zn, Zr
K1, Q2 ClL, Ca/Sb,Mg, Al Ba, C, Ca, K,Li, Mg, Al, Ba, Ca, Cd, Cl, Cr, Fe, K, Mg, Na,
’ Al Si Na, Sb, Si, Sr, Ti, Zn Pb, Sb, Sn, Sr, Ti, Zn, Zr
B .
o ChCasbMe, 1\/}(1) %acg’bKétEl’sliw% Al, Ba, Ca, Cd, Cl, Fe, K, Mg, Na, Pb,
Al, Si, Zn, Pb T ZI’I T Sb, Sn, Sr, Ti, Zn, Zr
Q3 ClL, Ca/Sb,Mg, AL Ba, C, Ca, K,Li, Mg, Al, Ba, Ca, Cd, Cl, Fe, K, Mg, Na, Pb,
Al, Si, Zn Mo, Na, Sb, Si, Sr, Ti, Zn Sb, Sn, Sr, Ti, Zn, Zr
K1, Q2 Cl, Ca/Sb,Mg, Al Ba, Ca, Cd, Cr,K, Li, Al Ba, Ca, Cd, Cl, K, Mg, Na, Pb, Sb,
’ Al Si Mg, Mo, Na, Sr, Ti Sn, Sr, Ti, Zn, Zr
Cl, Ca/Sb,Mg, . Al, Ba, Ca, Cd, CL, K, Mg, Na, Pb, Sb,
C Ql Al Si, Pb Ca, K, Li, Mo, Na, Pb Sn, Sr, Ti, Zn, Zr
Q3 Cl, Ca/Sb,Mg, Al, Ba, Ca, K, Li, Mg, Al Ba, Ca, Cd, Cl, K, Mg, Na, Pb, Sb,
Al, Si Mo, Na Sn, Sr, Ti, Zn, Zr
Cl, Ca/Sb,Mg, Al Ba,C, Ca, K,Li, Mg,
K1,Q2 Al Na, Sb
D Q1 Cl, Ca/Sb,Mg, Al C, Ca, K, Li, Mo, Na,
Al Si, Pb Pb, Sb i
3 Cl, Ca/Sb,Mg, Al Ba, C, Ca, K, Li, Mg,
Q Al Mo, Na, Sb
Al, Ba, Ca, K, Li, Mg,
K1,Q2 Mo, Na, Sb
Al, Ba, Ca, K, Li, Mo,
EQl - Na. Pb, Sb -
Q3 Al, Ba, Ca, K, Li, Mg,
Mo, Na, Sb
4.6.2.2 LIBS

All the tape samples belonging to different rolls (K1 vs. QI, and K1 vs. Q3) were

correctly differentiated by LIBS analysis for interlaboratory #2.
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The samples K1 to Q2, which belong to the same roll, were always correctly

associated by LIBS.
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Figure 53 — Spectral overlay comparison by LIBS of K1 vs. Q1, Q2, and Q3 for Lab C for
interlaboratory test #2. Sample K1 was differentiated from Q1 and Q3 based on the higher
amounts of Ca and Ba in K1.

Figure 53 shows the spectral overlay comparison of K1 vs. Q1, Q2, and Q3 for Lab
C for Interlaboratory test #2 for Ca and Ba lines. Sample K1 was differentiated from QI
and Q3 based on the higher amounts of Ca and Ba in K1. Samples K1 and Q2 were
indistinguishable for all the elements examined, these samples belong to the same tape roll

(Table 20).

All laboratories performing LIBS analysis compared the samples by spectral
overlay. Some laboratories further compared the samples using £3s, +4s and £5s match

criteria for the peak area and peak ratios comparisons.

The element lines and ratios selected varied greatly between laboratories. In order
to further study the best match criterion, the data obtained from the five different
laboratories was re-processed and analyzed in the same manner for all laboratories. Table

27 shows the match criterion results for interlaboratory test #2 for LIBS.
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Table 27 — Distinguished ratios by +5s match criteria comparison for LIBS for
interlaboratory test #2.

Tape Pairs Lab A Lab B Lab C Lab D Lab E
Mo/Sb, Ca/Sb,
Ca/Mo, Al/Ca, I\C/Ia‘;ﬁt(’) %sz’ Ti/Mo, ga‘/’ﬁz i?//gz’ Mo/Sb, Ca/Sb,
K1,Q1  AIPb, Pb/Sr, ’ > CaMo, Al/Pb, ’ * AlCa, Na/Mg,
St/Zn, NaMg, ~ “VPb, Pb/ST, Ba/Li AlPb, Na/Mg, Ba/Li
Bali © Suzn NaMg Ba/Li, K/Li
1
K1, Q2 None None None Na/Mg None
Mo/Sb, Ca/Sb, Mo Mo/Sb, Ca/Sb,
K103 CaMo, AUCa,  Mo/Sb, Ca/Sb,  ~ nroape,  Ca/Mo, AlCa, Mo/Sb, Ca/Sb,
Q Srizn,NaMg,  CaMo,AlCa  Jonio i NaMe, Bali, Ba/Li
Ba/Li & K/Li

Using the proposed match criterion for the comparison of ratios, four out of the five
laboratories correctly associated samples K1 and Q2 which belong to the same roll of tape.
In the case of laboratory D, the two tapes originating from the same roll were distinguished
based on the Na/Mg ratio. Sodium has been found to be detected in tapes due to handling
contamination (sweat), which might have caused the false exclusion between K1 and Q2.
If Na is removed from the element menu before ratio analysis, the two samples are
indistinguishable from each other. Sodium differences found emphasize the importance of
selecting a representative element menu that explains the variations between samples due
to the manufacturing process of different tapes, and not due to contamination interferences.
The match criterion allowed to correctly discriminate the tape samples belonging to
different rolls (K1 vs. Q1, and K1 vs. Q3). The element menu obtained by each laboratory

for LIBS is shown in Table 26. The elements present were those with a SNR>3.
4.6.2.3 LA-ICP-MS

All the laboratories performing LA-ICP-MS correctly differentiated the tape

samples from different rolls (K1 vs. Q1, and K1 vs. Q3).
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All laboratories correctly associated K1 to Q2, which belong to the same roll (Table
20).

Figure 54 shows the LA-ICP-MS spectral overlay comparison for Lab B for
interlaboratory test #2 using the mass scan mode. Sample K1 was differentiated from Q1
based on their differences in Mo, Sr, Cd, Sn, Cu, and Zn. K1 was distinguished from Q3
based on Mo, Nb, Sr, Cd, Sn, and Cu. K1 and Q2 were not distinguished by LA-ICP-MS,
both belong to the same tape roll. The element menu detected (SNR>3) by LA-ICP-MS for

interlaboratory test #2 for each laboratory is summarized in Table 26.
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Figure 54 — Spectral overlay comparison for LA-ICP-MS of K1 vs. Q1, Q2, and Q3 for
Lab B for interlaboratory test #2. Sample K1 was differentiated from Q1 based on their
differences in Mo, Sr, Cd, Sn, Cu, and Zn. K1 was distinguished from Q3 based on
differences in Mo, Nb, Sr, Cd, Sn, and Cu.

Using the proposed match criterion (£ 5s) for the comparison of integrated signal,
all the laboratories performing LA-ICP-MS correctly associated samples K1 and Q2. The

method also allowed to correctly discriminate the tape samples belonging to different rolls.
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Match criteria comparisons allowed to objectively compare two samples and report the
elements that produced the highest variability between sample pairs. The method can be
automated to facilitate the comparison between several sample pairs without the need of

performing one-to-one spectral overlay comparisons.

Analysis by LA-ICP-MS allowed detecting most of the elements identified by LIBS
with the addition of Cl, Co, Cu, Fe, La, Mn, Nb, Nd, Ni, Pr, Rb, Sb, Sn, Sr, T, W, Y, Zn
and Zr, which were not detected by LIBS due to the lower sensitivity of this method.
Similarly to interlaboratory #1, LIBS proved useful in detecting problematic elements for

LA-ICP-MS such as Li, Ca, and K.

Table 28 — Distinguished ratios by £5s match criteria comparison for LA-ICP-MS for
interlaboratory test #2.

Tape Pairs Lab A Lab B Lab C
K1,Ql Al, Ba, Ca, Fe, K, Al, Ba, Ca, Cd, Cr, Fe, K, Al, Ba, Ca, Cd, K, Mg,
’ Mg, Pb, St, Ti, Zn, Zr Mg, Pb, Sb, Sr, Ti, Zn, Zr Na, Pb, Sr, Ti, Zn, Zr

K1, Q2 None None None

Al, Ba, Ca, Cd, Cr, Fe, K,

K1, Q3 Ca, Fe,Pb, Ti, Zn \1o "Na, Pb, Sb, Sr. Ti, Zn, Zr

Ca, Cd, Na, Pb, Ti, Zn

4.7 Conclusions for interlaboratory tests

Two interlaboratory exercises were designed to study the performance of different
analytical methods for the forensic analysis of electrical tapes. The exercises simulated
forensic case scenarios where known (K) samples are compared to question (Q) samples

following the laboratory’s analytical scheme.

Two of the laboratories performing SEM-EDS for the first interlaboratory test

incorrectly associated two pairs of tapes belonging to different rolls, therefore resulting in
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a 16.7% false positives rate. One of the laboratories performing SEM-EDS for
interlaboratory test #2 incorrectly associated two pairs of tapes belonging to different rolls,
resulting in a 12.5% false positive rate. These false inclusions were the result of the lower
selectivity of the method which prevented from detecting differences in calcium and
antimony for selected samples, as well as the lower sensitivity of the technique which
prevented the detection of elements present in tapes below SEM-EDS detection limits. It
is important to clarify that these false positive and false negative rates were calculated for
a small number of comparison pairs with the purpose of evaluating the performance of the
different instrumental methods for this sample set. A larger set of comparison pairs is
needed to fully assess type 1 and type 2 errors. Up to 7 and 8 elements were detected by

SEM-EDS for interlaboratory test #1 and #2, respectively.

Elemental analysis of electrical tape backings provided valuable information about
the inorganic components added to the formulation of tapes. The increased sensitivity and
selectivity of LIBS and LA-ICP-MS methods allowed to always distinguish the pairs of
tapes originating from different sources, to correctly associate the tapes belonging to the
same rolls, and to increase the characterization of the samples by detecting up to 14
elements by LIBS and 27 elements by LA-ICP-MS for interlaboratory test #1, and 17

elements by LIBS and 32 elements by LA-ICP-MS for interlaboratory test #2.

Elemental analysis alone seems to have informative capability similar to combined
organic analytical tools (i.e., IR and Py-GC-MS) with the advantage that analyses are less
destructive and faster than Py-GC-MS, therefore it may be used as a fast screening step

early in the analytical protocol to reduce backlog.
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A match criterion of £5s allowed to objectively compare LIBS ratios and LA-ICP-
MS signal areas. The method proved useful in providing an automated way to show the
elements/ratios responsible for the distinction of tapes originating from different sources,
as well as confirmation of the level of association for tape samples originating from the

same roll.

The informing power, discrimination capabilities, classification potential, and
certainty in the identification of elemental components increased with superior sensitivity

and selectivity of the methods in the following order SEM-EDS < LIBS < LA-ICP-MS.

Standardized methods currently exist for SEM-EDS, IR and Py-GC-MS. The
present study is a first effort towards standardization of the LA-ICP-MS and LIBS
analytical and comparison methods. The results show there is good analytical agreement
among the participating laboratories. Further developments in the standardization of
methods for comparison of spectrochemical data will improve the overall forensic utility

of the methods described.
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5 ANALYSIS OF PACKAGING TAPES BY LA-ICP-MS AND LIBS

Pressure-sensitive adhesive tapes are often submitted as evidence as they are used
for packaging drugs, in the manufacture of improvised explosive devices, to immobilize

victims in assault and rape cases, among other criminal activities.

Packaging tapes are usually composed of a backing layer and a pressure sensitive
adhesive layer. The backing material for packaging tapes is usually polypropylene, but
polyethylene can also be used. There may be colorants, fillers, cross-linkers, plasticizers,
stabilizers, and fire retardants added to the polymer.! The backing composition varies
greatly depending on the type of tape and the manufacturer. Colorants commonly used
include titanium dioxide, aluminum oxide, and iron oxide. Antimony trioxide has been

used as a flame retardant, and fillers such as calcium carbonate can also be present.!

Typically, the investigator is asked to compare a tape fragment found at the crime
scene to a tape roll in the possession of a suspect. If the known and question samples belong
to different brands or manufacturer, the differences may be clearly observed by the naked
eye, microscopy, or molecular spectroscopic techniques.’-> 32 However, similar tapes from
different sources such as different tapes from the same brand may only be distinguished
using more advanced techniques. Different analytical methods have been applied to the
analysis of adhesive tapes including XRF7>, SEM-EDS?*?, Py-GC-MS?#:32. 73 and FTIR*
432,73 SEM-EDS presents limitations in terms of sensitivity for detecting the elements in
tapes below detection limits (approximately 1000 ppm). In addition, SEM-EDS has shown
selectivity limitations, not being able to detect differences between elements such as

antimony and calcium, and barium and titanium.** Py-GC-MS is complementary to IR and
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allows for the identification of the organic components of tapes, however it is a destructive

and time-consuming technique.

Laser Ablation Inductively Coupled Plasma Mass Spectrometry has been
previously applied to the analysis of electrical tape, and has been found capable of detecting
over 20 elements therefore increasing the characterization and discrimination potential
over more conventional elemental analysis methods such as SEM-EDS.** In addition, LA-
ICP-MS analysis has been used for the analysis of several materials of interest to forensic
science such as soils,’® inks,> and glass,”” providing excellent sensitivity and selectivity
with minimum sample preparation and virtually no sample consumption. It is therefore

expected that LA-ICP-MS would perform effectively for the analysis of packaging tapes.

Laser Induced Breakdown Spectroscopy is proposed, for the first time, as a fast,
sensitive, and selective method for the analysis of packaging tapes. The instrumentation
for LIBS is considerably less expensive than LA-ICP-MS systems, and most matrices can
be analyzed without the need for a carrier gas such as helium and argon. Laser induced
breakdown spectroscopy has been applied to many different solid samples such as
automotive paint,’® glass,” soils,® printing inks,>* among others. The potential of LIBS for
forensic analyses lies on the simplicity of its operation, speed, and the minimal destruction
of the samples. In addition, multiple emission lines can be used for each element, therefore

increasing its confirmatory value.

The present study aims to test the performance of LIBS for the characterization,
association and discrimination of packaging tape samples originating from Asia (see Table

29 for the list of samples). Laser ablation inductively coupled plasma mass spectrometry
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is compared to LIBS for the elemental analysis of eight packaging tape samples. The
current work includes the method development and optimization for both techniques, as
well and the element menu obtained for the sample set under study. Spectral overlay
comparisons were used to determine any differences between the tapes as previously
reported by our group.> Principal component analysis of the multivariate data was used to
visualize the groupings obtained by both techniques for samples known to originate from
different sources. Duplicate tape samples were analyzed on separate days to assess the

capabilities of both methods to generate correct associations.

The lack of matrix-matched quantitative standards required a normalization
strategy in order to compare the tape samples for the LIBS results. The normalization
strategy consists of normalization of each spectrum to the entire emission intensity
followed by the integration of the area under selected peaks of the elements of interest. The
normalization strategy has been found useful for the analysis of inks and electrical tapes.**
33 A normalized spectrum produced an improvement in both between-replicate
repeatability and inter-day reproducibility across the mass regions of interest for the mass
spectrometry application.’? Internal normalization (normalization to a single element line)
remains the most popular method for the normalization for LIBS data, however the internal
normalization method requires that the element of interest must be the same concentration
in all the samples.?' An alternative would be to have different concentrations of the internal
standard element line where these different concentrations are known. In the case of this

sample set, the concentrations of elements are not known and therefore signal intensity

normalization was used instead.
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5.1 Instrumentation and measurement parameters

The analysis by LA-ICP-MS was performed using a quadruple ELAN DRC II
(Perkin Elmer LAS, Shelton CT USA) ICP-MS coupled to a ns-Nd:YAG laser (NW
UP213, New Wave, California). Data was acquired in mass scan mode scanning from m/z
"Li to m/z 2*8U. The final element list was reduced to 18 elements that were found to be
relevant for the characterization of the backing components. Spectral regions that were
anticipated to have large contribution from Ar isotopes and other polyatomic interferences
were excluded from the scanning method. The measurements parameters for LA-ICP-MS
were adapted from previous work performed on the backing of electrical tapes,** with
minor changes in the energy of the laser to prevent contamination from the adhesive layer

due to excess penetration of the laser into the backing layer.

The analysis by laser induced breakdown spectroscopy was performed using a
commercial LIBS system (J200, Applied Spectra, Freemont, CA) consisting of a ns-
Nd:YAG 266 nm laser coupled to a CCD detector. The optimization for LIBS was
performed to account for the best signal to noise ratio (SNR), smaller percent RSD, while
adjusting the laser energy to prevent contamination from the adhesive layer. The statistics
analysis software JMP was utilized to create the most efficient design of experiment prior
to optimization. Design of experiment was used and an automated method to assess the
impact of each parameter in the resulting output, as well as determining the combination
of parameters that offers the best analytical results. A random series of experiments
composed of different parameter values were conducted to determine the combination that

accounted for maximizing the Signal to Noise Ratio (SNR) and minimizing the Relative
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Standard Deviation (% RSD). Table 30 shows the optimum instrumental parameters for

LA-ICP-MS and LIBS.

Table 29 — Packaging tapes sample set information.*3

Sample No.  Sample Name  Manufacturer Country Barcode
1 No.141 Teraoka Japan 4964833141506
2 No.1532 Teraoka Indonesia 4964833153257
3 No.102N Nichiban Japan 4987167029418
4 No.123 Nichiban Japan 4987167029906
5 No.600V Sekisui Japan 4901860184625
6 No.357 Rinrei Japan 4951107030215
7 No.750 Nito Japan 4562168980014
8 No.3375 Sliontec Indonesia 4961068001094

Table 30 — Optimized parameters for LA-ICP-MS and LIBS for packaging tape analysis.*

LA-ICP-MS Mass Scan

LIBS

Laser
Energy
Stage Speed
Spot Size
Frequency
Ablation Mode
Line Length
Spectrum Range
Sweeps/Reading
Readings/Replicate

Carrier Gas

ns—Nd:YAG (213 nm)
80% (0.6 mJ)
40 pm/s
190 pm
10 Hz
Line
~4 mm
m/z 7 to m/z 238
40
1
Helium (0.9 L/min)

Laser
Energy
Stage Speed
Spot Size
Frequency
Ablation Mode
Line Length
Spectrum Range
Gate Delay
Shots
Medium/Gas

ns-Nd:YAG (266 nm)

80% (19 mJ)
1 mm/s
100 pm
10 Hz
Line
~20 mm
180 nm to 1045 nm
0.5 pus
204
Air
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5.2 Sample collection and sample preparation

The sample set consisted of eight packing tapes purchased in Japan on 2016,

comprising two different countries of origin and six different manufacturers (Table 29).

The tape rolls were extended, and the first 20 cm of the rolls were discarded to
avoid contamination. The tape samples were placed on transparency films (Apollo, Acco
Brands) and stored inside plastic protectors. Prior to LA-ICP-MS and LIBS analyses, a

piece of ~1 cm by 2 cm of tape was cut and placed directly in the ablation chamber.

In the case of LIBS, seven replicates were analyzed for each 1 cm by 2 cm piece of
tape for both the sample and the duplicate. In the case of LA-ICP-MS, six replicates were
analyzed for each 1 cm by 2 cm piece of tape, and three replicates were analyzed for the
duplicate samples. The duplicate samples consisted of another 1 cm by 2 cm tape fragment

taken from a different location of the tape roll.
5.3 Data reduction and data analysis

Data reduction and statistical analyses were performed using Excel 2011 (version
14.6.1, Microsoft Corporation), JMP (version 12.0.0, SAS Institute Inc., NC), Plot2 for
Mac (version 2.0.8, Berlin, Germany), and the Aurora software for LIBS data integration

and peak identification.
5.3.1 Data pre-processing

Data pre-processing for LA-ICP-MS included the removal of non-relevant mass-
to-charge peaks originating from polyatomic and isobaric interferences’® and

normalization to the sum of the mass spectrum intensities to account for any laser shot-to-
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shot variation and/or inter-day variations and as a mean to compensate for mass removal
differences between replicates. In the absence of an internal standard, this normalization
strategy accounts for small differences in the ablated mass between samples and improves
both repeatability and reproducibility.** All of the emission lines selected for LIBS were
confirmed by checking the presence, and abundance, of more two or more emission lines
for each element. The emission lines selected were those with no known interferences,

smaller percent RSD, and larger SNR.
5.4 Comparison methods

Comparisons between samples, and between techniques, were performed by
spectral overlay, principal component analysis, and by applying three different comparison
criteria. The three comparison criteria used consisted of range overlap, Kmean = 4s, and
Kimean = 58, where the Kiean represents the average of the sample in comparison and s is the

standard deviation of the sample (n = 7).
5.4.1 Spectral overlay

Comparison between samples was performed by spectral overlay as previously

43-44.33 Overlay comparisons were conducted using Plot2 (version

reported by our group.
2.0.8). In order to prevent bias in spectral overlay match decisions, the spectra were

analyzed as a blind set by a second analyst.

Relative natural abundance of different isotopes was used to confirm the
identification of each element for the LA-ICP-MS data. The presence or absence, and the
relative peak height of different emission lines were used to confirm the identification of

each element for the LIBS data. The overlay comparisons accounts for variability within
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replicate measurements, which include instrumental variations and compositional

variations in the sampled locations.**
5.4.2 Principal components analysis

In addition to spectral overlay, principal component analysis (PCA) was performed
on the integrated peak areas for both techniques for visualization of the grouping between
samples. The two-components PCA graphs were constructed using the software JMP
(version 12.0.0, SAS Institute Inc., NC). The PCA plots for LA-ICP-MS included the
following isotopes: 2’Al, 33Cr, 'Fe, '7®Hf, 2*Mg, **Nb, '2!Sb, ¢4Zn, and °°Zr. The PCA graph
for LIBS data included the following emission lines: Ca (422.7 nm), Cr (520.6 nm), K

(766.5 nm), Li (670.8 nm), Na (589.0 nm), Ti (334.9 nm), and Zn (481.1 nm).
5.4.3 Comparison criteria

In an effort to numerically compare the elements in the sample set, different
comparison criteria were considered. The three comparison criteria used consisted of range
overlap, Kmean = 4s, and Kmean £ 5s, where the Kiean represents the average of the sample
in comparison and s is the standard deviation of the sample (n = 7). If the average of the
sample in question falls within £4s or 5s of the sample in comparison, the two samples are

determined to be indistinguishable from each other.

Signal intensity normalization followed by the integration of the area under selected
peaks of the elements of interest was applied to the data used for numerical comparison.
Signal intensity normalization was selected based on the success of this method for the

normalization of mass spectrometry data previously reported by our group.?
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5.5 Results and discussion

The results were separated by the different techniques: LA-ICP-MS and LIBS. The
samples for each technique were compared by spectral overlay and by the different match

criteria.

5.5.1 LA-ICP-MS results

Spectral overlay comparisons were performed to LA-ICP-MS data to estimate the
grouping and element menu for each tape sample. LA-ICP-MS improved sensitivity and
selectivity allows for a more complete characterization that provides confirmatory value to
LIBS results. Therefore, LA-ICP-MS was compared to LIBS in terms of correct

association, discrimination, and characterization capabilities.
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Figure 55 — Spectral overlay comparison by LA-ICP-MS for samples (Teraoka, Indonesia)
and 6 (Rinrei, Japan) showing the differences in Cr and Zr.*3
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Analyses by LA-ICP-MS were performed using the parameters shown in Table 30.
Six replicate measurements were taken for each sample. Figure 55 shows the spectral
overlay comparison between samples 2 and 6. These samples were differentiated based on
the significantly higher amounts of chromium in sample 6, and the higher amounts of
zirconium in sample 2, as well as their differences in the zinc and antimony isotopes.
Sample 2 corresponded to a Teraoka packaging tape manufactured in Indonesia, and
sample 6 corresponded to a Rinrei packaging tape manufactured in Japan. Figure 56 shows
the spectral overlay comparison between sample 5 (Sekisui, Japan) and sample 8 (Sliontec,
Indonesia). Although these two tapes presented more similar elemental patterns, they were
differentiated by LA-ICP-MS by the higher amounts of iron in sample 5 and the higher

amounts of Niobium (Nb) in sample 8.
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Figure 56 — Spectral overlay for LA-ICP-MS for the comparison of samples 5 (Sekisui,
Japan) and 8 (Sliontec, Indonesia) showing the main differences in Fe and Nb.*?
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Figure 57 shows the spectral overlay comparison between samples 1 (Teraoka,
Japan), 4 (Nichiban, Japan), and 7 (Nito, Japan). Sample 1 was distinguished from 4 and 7
based on the higher amounts of zinc present in sample 1 (Figure 57). Sample 7 was
distinguished from 1 and 4 based on the higher amounts of zirconium in sample 7. These
three samples presented a very similar elemental pattern by LA-ICP-MS; they were
distinguished from each other by only one or two elements. Figure 57 also shows that

lithium could not be detected by LA-ICP-MS (SNR<3).

The detection of eight distinctive groups from the eight samples was achieved by

LA-ICP-MS.
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Figure 57 — Spectral overlay comparison by LA-ICP-MS for samples 1 (Teraoka), 4
(Nichiban) and 7 (Nito) manufactured in Japan showing the Li, Fe, Zn and Zr isotopes.
Samples 1 and 4 were both distinguished from sample 7 based on zirconium. Lithium was
not detected by LA-ICP-MS with a SNR>3 for any of the three samples.*?

A set of duplicate samples was analyzed months apart to assess the association

capabilities of LA-ICP-MS for the analysis of packaging tapes. All the eight samples
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duplicates were indistinguishable from their originals analyzed on different months for all

the monitored elements.

5.5.2 LIBS results

Spectral overlay comparisons were performed to LIBS results to estimate the
grouping and element menu for each tape sample. The spectra were compared to each other,
and to the respective duplicate, by examining the presence and abundance of the selected
element lines and two or more lines for element. In addition, spectral overlay comparisons
allowed to determine the element menu obtained by LIBS for the set of packaging tapes

under study.

Analyses by LIBS were performed using the Aurora software for peak integration
and peak identification. Seven replicate measurements were performed for each sample
using the parameters shown in Table 30. Prior to spectral overlay comparisons, LIBS
spectra were normalized to the entire emission intensity for each sample. Figure 58 shows
the spectral overlay comparison for sample 3 and its duplicate analyzed days apart, before
(left) and after (right) normalization. A normalized spectrum produced an improvement in

both between-replicate repeatability and inter-day reproducibility.
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Figure 58 — Spectral overlay comparison for sample 3 and its duplicate before (left) and
after (right) normalization.*

Figure 59 shows the spectral overlay of samples 2 (Teraoka, Indonesia) and sample
6 (Rinrei, Japan). The two samples were clearly distinguished from each other by their
differences in chromium, lithium, iron, and zinc. These samples were distinguished by the
same elements by LA-ICP-MS with the exception of lithium, which was not observed in

the ICP-MS analyses.
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Figure 59 — Spectral overlay comparison by LIBS for samples 2 (Teraoka, Indonesia) and
6 (Rinrei, Japan) showing the main differences in the Cr, Li, Fe, and Zn.*3
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Figure 60 shows the spectral overlay of samples 1 (Teraoka, Japan), 4 (Nichiban,
Japan), and 7 (Nito, Japan). Sample 4 was distinguished from samples 1 and 7 based on
lithium. Samples 1 and 7 were discriminated from each other based on zinc. However, zinc
is the only element that is different between samples 1 and 7, and the differences are small.
Additional measurements from different sections of the tape roll would help to further

evaluate the variation of the Zn content between and within the samples.
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Figure 60 — Spectral overlay comparison by LIBS for samples 1 (Teraoka), 4 (Nichiban)
and 7 (Nito) showing the differences in Li and Zn.*

Figure 61 shows the spectral overlay for samples 5 (Sekisui, Japan) and 8 (Sliontec,

Indonesia). These tapes were not distinguished from each other by LIBS.
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Figure 61 — Spectral overlay comparison by LIBS for samples and 8. These two samples
were not distinguished from each other by LIBS.*?

A set of duplicate samples was analyzed days apart to assess the association
capabilities of LIBS for the analysis of packaging tapes. All the duplicates for the eight
samples were indistinguishable when analyzed on different months for all the monitored

elements.

From the eight samples in this sample set, seven distinctive groups were found by

LIBS. Samples 5 and 8 constituted the only pair that was not discriminated.
5.5.2.1 Normalization strategy and numerical comparison criteria

Due to a lack of matrix-matched quantitative standards, a normalization strategy
was used to compare the tape samples for the LIBS results. The normalization strategy
consists of normalization of each spectrum to the entire emission intensity followed by the
integration of the area under selected peaks of the elements of interest (7 elements, 1

integrated area per element) (Figure 58).
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The resulting data obtained after the integration allowed applying different match
criteria for the numerical comparison of each packaging tape sample. The match criteria
under comparison included range overlap, Kmean = 4s and Kmean = 5s, in addition to spectral

overlay.

The duplicate samples where compared to the originals by the match criteria using
the same normalization technique, and without any normalization. When the spectrum or
peak areas were not normalized, samples 3 and its duplicates and 5 and its duplicates were
distinguished from each other by 5s comparison criteria. When the spectrum is normalized
all the duplicates were undistinguished from the original for all elements by 5s comparison
criteria. When using range overlap, sample 5 was differentiated from its duplicate based
on the potassium lines. Range overlap does no account for the variation within the samples,
as opposed to 4s and S5s. In the presence of outliers, range overlap might incorrectly
associate two samples that are otherwise different. For the analysis of tapes using LIBS, 5s
was found to be more suitable as 4s was not appropriate for the reproducibility and

repeatability of LIBS measurements.

In the same manner, each sample was compared to each other using the same
comparison criteria before and after normalization. After normalization, the grouping
corresponded to the one found by spectral overlay, where samples 5 and 8 were not
distinguished from each other. All the other sample pairs were discriminated except from
5 and 8. Prior to normalizing the data, several samples pairs were not distinguished from
each other by the match criteria under study. Examples of pairs that were not distinguished

but that belong to different groups include samples 1 and 2, 1 and 7, 2 and 5, and 2 and 8.
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These pairs of samples were distinguished from each other by spectral overlay, and in most
cases by more than one element. As expected, normalization of the spectra reduced the

variation between replicates, therefore decreasing the comparisons limits.

Table 31 — Distinguished elements using £5s match criteria before and after normalization
for LIBS, and spectral overlay comparison for both LIBS and LA-ICP-MS.*

LIBS LA-ICP-MS
. + 5s Comparison Criteria
Comparison Spectral Spectral
Pairs Before After Overlay Overlay
Normalization Normalization
1vs. 4 K, Li, Na, Zn Li, Ti Li Zn
1vs.7 K, Na, Zn Zn Zn Zn, Zr
2vs. 6 Cr, K, Li Ca, Cr, K, Li, Zn Ca, Cr, K, Li, Zn | Cr, Fe, Hf, K, Nb, Sb, Ti, Zn, Zr
S5vs. 8 None None None Nb, Fe, Zr

Table 31 shows the differentiated elements before and after normalization for the
sample pairs 1 vs. 4, 1 vs. 7,2 vs. 6, and 5 vs. 8. These samples were selected because they
represent good examples of undistinguishable (5 vs. 8), similar (1 vs. 4 vs. 7), and
dissimilar (2 vs. 6) tapes. Both, spectral overlay and the normalized comparisons for LIBS,

agree in the grouping of samples 5 and 8 together.
5.5.3 LIBS and LA-ICP-MS comparison

Multivariate analysis was performed to visualize the complementarity between LA-
ICP-MS and LIBS to group the eight packaging tape samples according to their elemental
composition. PCA graphs were constructed for both techniques using two principal

components and the selected element isotopes or emission lines.

The PCA plot of LA-ICP-MS data (Figure 62 left) shows two main groups of more
than one sample: the first group consisting of samples 1, 4 and 7 and the second group

consisting of samples 5 and 8. The rest of the samples were grouped individually. Samples
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5 and 8 were discriminated based on niobium, iron and zirconium by spectral overlay
(Figure 56). Samples 1, 4 and 7 were separated from each other by spectral overlay based

on zinc and zirconium (Figure 57).

In the case of LIBS (Figure 62 right), samples 5 and 8 grouped together in the PCA
plot and they were also not differentiated based on spectral overlay (or by any other
comparison criteria). Samples 1, 4 and 7 grouped closer in the PCA plot as they present
similar elemental patterns. However, the detection of lithium on sample 4 allowed
separating this sample from samples 1 and 7. For both LA-ICP-MS and LIBS, samples 3

and 6 were completely separated from the rest of the groups.
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Figure 62 — Principal component analysis plot of LA-ICP-MS (left) and LIBS (right)
showing the grouping by both techniques.*?

Principal component analysis assisted in understanding the grouping by both
techniques, and the complementarity of LIBS to LA-ICP-MS. The elements responsible
for the highest variability included hafnium, niobium, and zirconium for the first principal
component, and iron and zinc for the second principal component. It is interesting to notice

the similarities of both techniques in grouping closer samples 5 and 8, and 1, 4 and 7.
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However, because of the higher sensitivity of LA-ICP-MS samples such as 1 and 2, and 5
and 8 were more separated due to the detection of elements such as antimony, iron, niobium
and zirconium by ICP-MS. These elements are not easily observed by LIBS. Likewise,
because of the superiority of LIBS to detect good emitters such as lithium, sodium, and

potassium, sample 4 could be separated from samples 1 and 7 based on lithium.

5.5.4 Discrimination potential and complementarity

The discrimination potential for both techniques was assessed using the spectral
overlay comparison criterion. LA-ICP-MS allowed for the individual separation of the
eight samples, while LIBS found seven distinctive groups. Samples 5 and 8 were not
distinguished by LIBS due to the inability of LIBS to detect elements such as niobium,

iron, and zirconium in this set of packaging tapes.

Table 32 shows the grouping found by LA-ICP-MS and LIBS using spectral
overlay comparison and the element menu detected by each technique. LA-ICP-MS was
able to detect up to 10 elements and LIBS was able to detect 7 elements, including lithium,
potassium and sodium, which are problematic elements for LA-ICP-MS but very good
emitters for LIBS. By combining both techniques, the element menu increased to 12
elements, with the addition of lithium and sodium. Potassium was additionally found in
most samples by LIBS, and only detected in sample 6 by LA-ICP-MS. However, sodium
and potassium must be carefully monitored in casework as they have shown to be present

due to contamination from hand sweat.>?
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Table 32 — Grouping obtained for LIBS and LA-ICP-MS, and elements detected for each
sample of packaging tape.**

LA-ICP-MS LIBS
Groups  Sample ID Elements Detected Groups  Sample ID Elements Detected
1 1 Al, Fe, Ti, Zn I 1 Ca, K, Na, Ti, Zn
II 2 Al, Fe, Hf, Ti, Zn, Zr II 2 Ca, K, Na, Ti
11 3 Al Fe, Hf, Ti, Zn, Zr I 3 Ca, K, Li, Na, Ti
v 4 Al Fe, Ti, Zn v 4 Ca, Li, Na, Ti
v 5 Al Fe, Ti
VI 6 Al Cr, Fe, K,Nb, Sb, Ti, Zn v >3 Ca ko Na T
VII 7 Al, Fe, Ti, Zn, Zr VI 6 Ca, Cr, K, Li, Na, Ti
VI 8 Al Fe, Nb, Ti, Zr VII 7 K, Na, Ti
Total Number of 10 (Al, Cr, Fe, Hf,K, Nb, Total Number of 7 (Ca, Cr, K, Li, Na,
Elements Sb, Ti, Zn, Zr) Elements Ti, Zn)

Relative standard deviation (RSD) percentages were calculated for both LIBS and
LA-ICP-MS using either six or seven replicate measurements for each sample by both
techniques. The percent RSD values were calculated using the integrated area under the
element line (LIBS) or isotope (LA-ICP-MS) of interest. For both LA-ICP-MS and LIBS

the percent RSD values were below 10%.
5.6 Conclusions for the analysis of packaging tapes by LA-ICP-MS and LIBS

The methods for LIBS and LA-ICP-MS were developed and optimized for the
analysis of packaging tapes. The use of LIBS is reported for the first time for the analysis
of packaging tape backings tapes. The sample set under study consisted of eight packaging
tapes originating from Asia comprising six different manufacturers and two countries of
origin. The results by LA-ICP-MS were used to compare to LIBS results, for the same set
of samples. The analysis by LA-ICP-MS allowed separation of all the samples from each

other. The analysis by LIBS was not able to distinguish between samples 5 and 8, which
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were separated by LA-ICP-MS based on niobium, iron and zirconium. A total of 10
elements with a SNR>3 was detected by LA-ICP-MS. The element menu obtained by LIBS
consisted of up to 7 elements, including lithium, potassium and sodium, which were not

easily detected by LA-ICP-MS.

Signal intensity normalization was applied to the LIBS data to account for the
variability between the measurements due to instrumental sources. Signal intensity

normalization provided the best reproducibility and repeatability for this sample set.

The use of +5s comparison criteria allowed to numerically compare the tape
samples without the potential subjectivity of the spectral overlay method. The comparison
criterion of £5s produced the lowest error rates for the comparison of packaging tapes for

the selected elements.

The results show the potential of LIBS for the analysis and comparison of adhesive
tapes, and possibly other types of polymer materials. Laser induced breakdown
spectroscopy represents an attractive alternative to the well-established LA-ICP-MS due
to its operation simplicity, less expensive instrumentation, and its ability to analyze

problematic elements to ICP-MS such as lithium and potassium.

The present work was used as a proof of concept for the utility of LIBS for the
analysis of tapes, as well as a preliminary study of the complementary of LIBS and LA-
ICP-MS for this type of samples. A more extensive sample set would be needed to fully

validate LIBS for its use in tape analysis.
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6 OVERALL CONCLUSIONS

A novel LA-ICP-MS method was developed, optimized and evaluated for the
chemical characterization and comparison of electrical tape backings. The results showed
the ability of LA-ICP-MS to improve the comparison capabilities for the analysis of
electrical tapes. The homogeneity studies in the tapes showed that the intra-roll elemental
variation was smaller than the inter-roll variation. The optimization of the penetration depth
accounted for the ablation of representative material without contamination from the
adhesive layer. The backings of 90 black electrical tapes were analyzed using LA-ICP-MS
and the ability of the method to distinguish samples from different origin was evaluated by
calculating the percentage of discrimination. The discrimination for the LA-ICP-MS
analysis of the 90 samples was found to be 93.9%, which was greater than the
discrimination power found using SEM-EDS (87.3%). Moreover, 100% correct association

resulted for the 129 duplicate control samples evaluated in the present study.

The greater sensitivity of LA-ICP-MS provided improved discrimination over
SEM-EDS and offered enhanced characterization of the tapes by detecting over 25
elements, most of which could not be detected by SEM-EDS. The discrimination between
tapes originating from different sources is improved through LA-ICP-MS, and this method
could be used to complement to organic methods for a full characterization of the tape

samples.

The fast analysis capabilities and minimal sample destruction of this laser-based
technique makes it attractive for the analysis of tape evidence. The increased sensitivity

and selectivity of the LA-ICP-MS method provided enhanced discrimination and a more
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complete characterization of the backing of electrical tape samples, making the method
amenable to the development of a classification scheme of tape groups (possibly by country

or by manufacturer) to support investigations.

Two quantitative methods were developed for the analysis of tapes and other
polymers. In order to test the performance of the quantitative methods, polyethylene films
made of certified reference materials were created. The first method consisted of an
external calibration curve using poly-vinyl acetate (PVA) solutions at different
concentrations ranging from 0 ppm to 300 ppm. Five calibration points were created; the
linearity of the curves, percent bias, and percent RSD were used to test the performance of
this method. Due to lack of internal standard in the tape and PVA samples, gold was used
as a normalization standard by coating all the samples using a sputtering system. Carbon

('3C) was additionally evaluated as an internal standard for this method.

The second procedure to determine the concentrations of the elements present in
tapes and plastics consisted of the quantitative method without matrix-matched standards.
In the quantitative method without matrix-matched standards, the concentrations in an
unknown solid can be found by using a known or standard solid to calculate a response

factor specific to each isotope.

The accuracy of the method was tested using the different solid glass and plastic
standards. The percent bias for the NIST 610 glass standard was found to be below 10%
for most of the elements under study; the bias for the BCR-680 polyethylene plastic using
ERM®-EC681m polyethylene plastic resulted in less than 10% for most elements under

study.
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Tape concentrations were measured using ERM®-EC681m polyethylene as a
known standard and were found to be: 4 £ 1 ppm for As, 2104 = 318 ppm for Cd, 39 £ 6

ppm for Cr, 5 £ 1 ppm for Pb, 37 + 5 ppm for Sb, and 1796 + 270 ppm for Zn.

These quantitative methods can help in creating and populating databases which
can lead to the use of likelihood ratios and the development of standard methods of analysis
and interpretation for tape evidence. These methods also have the potential to be used for

different types of solids without the need to conduct acid digestions.

The method of analysis for LIBS was developed for electrical tape backings. Design
of experiment was used for the optimization of the LIBS instrumentation for the analysis
of tapes. Different factors were using for the experimental design: energy, gate delay, stage

speed, and frequency.

The best parameters were those that provided a good compromise between
maximizing the SNR, minimizing the percent RSD, and preventing the laser beam
penetration into the adhesive layer of the tapes. The optimized parameters accounted for a

penetration of about 50% into the backing of the thinnest tape in the collection (~83 pum).

A set of 90 electrical tapes previously examined by LA-ICP-MS was analyzed by
LIBS using the optimized parameters. Fifty (50) groups were found by LIBS analysis,
which was the same number of distinctive groups found by LA-ICP-MS. Additionally,
LIBS allowed to separate some pairs of tapes that were not previously distinguished by
LA-ICP-MS by detecting differences in lithium, calcium, and potassium. These elements
are problematic in ICP-MS analysis, but typically really good emitters in optical

spectroscopic techniques such as LIBS. Although the element menu for LIBS was found
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to be smaller than of LA-ICP-MS, elements such as lithium, sodium and potassium were

added to the characterization of specific samples when combining both techniques.

The tandem analysis of LIBS and LA-ICP-MS provides excellent characterization
of the samples in a matter of seconds. The tandem analysis would greatly benefit the
forensic community by reducing the analysis time and destruction of the samples, while
obtaining improved characterization of the samples by detecting up to 14 elements by

LIBS, and up to 29 elements by LA-ICP-MS.

Two interlaboratory exercises were designed to study the performance of different
analytical methods for the forensic analysis of electrical tapes. The exercises simulated
forensic case scenarios where known (K) samples are compared to question (Q) samples

following the laboratory’s analytical scheme.

Two of the laboratories performing SEM-EDS for the first interlaboratory test
incorrectly associated two pairs of tapes belonging to different rolls, therefore resulting in
a 16.7% false positives rate. One of the laboratories performing SEM-EDS for
interlaboratory test #2 incorrectly associated two pairs of tapes belonging to different rolls,
resulting in a 12.5% false positive rate. These false inclusions were the result of the lower
selectivity of the method which prevented from detecting differences in calcium and
antimony for selected samples, as well as the lower sensitivity of the technique which
prevented the detection of elements present in tapes below SEM-EDS detection limits. Up
to 7 and 8 elements were detected by SEM-EDS for interlaboratory test #1 and #2,

respectively.
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Elemental analysis of electrical tape backings provided valuable information about
the inorganic components added to the formulation of tapes. The increased sensitivity and
selectivity of LIBS and LA-ICP-MS methods allowed to always distinguish the pairs of
tapes originating from different sources, to correctly associate the tapes belonging to the
same rolls, and to increase the characterization of the samples by detecting up to 14
elements by LIBS and 27 elements by LA-ICP-MS for interlaboratory test #1, and 17

elements by LIBS and 32 elements by LA-ICP-MS for interlaboratory test #2.

Elemental analysis alone seems to have informative capability similar to combined
organic analytical tools (i.e., IR and Py-GC-MS) with the advantage that analyses are less
destructive and faster than Py-GC-MS, therefore it may be used as a fast screening step

early in the analytical protocol to reduce backlog.

A match criterion of £5s allowed to objectively compare LIBS ratios and LA-ICP-
MS signal areas. This method proved useful is providing an automated way to show the

elements/ratios responsible for the distinction of tapes originating from different sources.

Standardized methods currently exist for SEM-EDS, IR and Py-GC-MS. The
present study is a first effort towards standardization of the LA-ICP-MS and LIBS
analytical and comparison methods. The results show there is good analytical agreement
among the participating laboratories. Further developments in the standardization of
methods for comparison of spectrochemical data will improve the overall forensic utility

of the methods described.

The methods for LIBS and LA-ICP-MS were developed and optimized for the

analysis of packaging tapes. The use of LIBS is reported for the first time for the analysis
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of packaging tape backings. The sample set under study consisted of eight packaging tapes
originating from Asia comprising six different manufacturers and two countries of origin.
LA-ICP-MS results were used to compare to LIBS results, for the same set of samples. The
analysis by LA-ICP-MS allowed separation of all the samples from each other. The
analysis by LIBS was not able to distinguish between two samples, which were separated
by LA-ICP-MS based on niobium, iron and zirconium. By using LA-ICP-MS, 10 elements
were detected with a SNR>3. The element menu obtained by LIBS consisted of up to 7
elements, including lithium, potassium and sodium, which were not easily detected by LA-
ICP-MS. The use of +5s comparison criteria allowed to numerically compare the tape

samples without the potential subjectivity of the spectral overlay method.

The present work has shown that trace elemental analysis of tapes by LIBS and LA-
ICP-MS can provide an improvement over traditional methods given the higher sensitivity
and selectivity of these techniques. However, further work is needed to develop rugged
quantitative analysis so that databases can be populated and probed to better estimate the
statistical significance of tape comparisons. Nonetheless, the qualitative data obtained from
LA-ICP-MS for tape analysis in the form of integrated intensity vs. m/z was successfully
used for the application of a likelihood ratios approach using principal component analysis.
The results for the likelihood ratios research by Gupta A. et al.®? on the LA-ICP-MS data
for the 90 electrical tapes analyzed at FIU suggests the potential of the PCA likelihood
ratios estimation method to overcome the highly-dimensional data for the comparisons of
tape samples by a large number of elements. In addition, low error rates and the absence of
strongly misleading evidence for both, within- and between-source, comparisons were

reported.
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