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ABSTRACT OF THE DISSERTATION
EVALUATION OF THE EVIDENTIAL VALUE OF THE ELEMENTAL
COMPOSITION OF GLASS INK AND PAPER BY LASER-BASED

MCIROSPECTROCHEMICAL METHODS

by
Tatiana Trejos
Miami, FL
Professor Jose R. Almirall, Major Professor

Elemental analysis can become an important piece of evidence to assist the
solution of a case. The work presented in this dissertation aims to evaluate the evidential
value of the elemental composition of three particular matrices: ink, paper and glass.

In the first part of this study, the analytical performance of LIBS and LA-ICP-MS
methods was evaluated for paper, writing inks and printing inks. A total of 350 ink
specimens were examined including black and blue gel inks, ballpoint inks, inkjets and
toners originating from several manufacturing sources and/or batches. The paper
collection set consisted of over 200 paper specimens originating from 20 different paper
sources produced by 10 different plants.

Micro-homogeneity studies show smaller variation of elemental compositions
within a single source (i.e., sheet, pen or cartridge) than the observed variation between
different sources (i.e., brands, types, batches). Significant and detectable differences in
the elemental profile of the inks and paper were observed between samples originating
from different sources (discrimination of 87 — 100% of samples, depending on the sample

set under investigation and the method applied). These results support the use of
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elemental analysis, using LA-ICP-MS and LIBS, for the examination of documents and
provide additional discrimination to the currently used techniques in document
examination.

In the second part of this study, a direct comparison between four analytical
methods (u#-XRF, solution-ICP-MS, LA-ICP-MS and LIBS) was conducted for glass
analyses using interlaboratory studies. The data provided by 21 participants were used to
assess the performance of the analytical methods in associating glass samples from the
same source and differentiating different sources, as well as the use of different match
criteria (confidence interval (+6s, +5s, +4s, +3s, £2s), modified confidence interval, t-test
(sequential univariate, p=0.05 and p=0.01), t-test with Bonferroni correction (for
multivariate comparisons), range overlap, and Hotelling’s T tests. Error rates (Type 1
and Type 2) are reported for the use of each of these match criteria and depend on the
heterogeneity of the glass sources, the repeatability between analytical measurements,
and the number of elements that were measured. The study provided recommendations
for analytical performance-based parameters for u-XRF and LA-ICP-MS as well as the
best performing match criteria for both analytical techniques, which can be applied now

by forensic glass examiners.
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1 INTRODUCTION
1.1 Research Motivation

Laser ablation is a leading technology for direct in-sifu micro-sampling. The
intrinsic advantages of laser ablation methods are very attractive for forensic analysis,
especially for its micro-destructive nature, sub-micron spatial resolution and good
discrimination potential [Almirall et al., 2010; Russo et al., 2011].

Laser ablation ICP-MS and LIBS have been used for several applications in the
areas of trace evidence, drugs, explosives, forensic toxicology and environmental
forensics [Almirall et al., 2010; Trejos et al., 2010].

My dissertation presents a comprehensive evaluation of the capabilities and
limitations of these laser ablation techniques for the elemental analysis and comparison of
paper, ink and glass samples. The ultimate goal is to evaluate the validity of these
methods in the forensic context.

Document fraud is a criminal activity affecting the economy of both developed
and developing countries. Crimes such as identity theft, altered contracts, falsified
checks, insurance fraud and the use of counterfeit money, cost billions of dollars annually
to the US government and citizens [Brunelle et al., 2003]. Examination of ink and paper
has been the focus of many of these criminal investigations. Current analytical methods
used to conduct examinations of questioned documents include the analysis of the ink
and/or the paper by their physical properties, microscopic examination, optical methods,
thin layer chromatography (TLC), FTIR, gas chromatography (GC, GC/MS), high

pressure liquid chromatography (HPLC), microspectrophotometry, X-ray fluorescence



(XRF) and/or capillary electrophoresis [ASTM E1422; Roux et al., 1999; Lewis 1996;
Pfelferli 1983; Sensi et al.,1982; Sinor et al.,1986; Zimmerman et al., 1988].

Although the majority of these methods are useful to some extent to identify
whether a document has been counterfeited or altered, counterfeiters are becoming more
skilled and some fake documents have almost identical features as an authentic
document, requiring more sophisticated and smarter methods of detection than are
currently available. Moreover, as a result of new market requirements, environmental
regulations and technological advances, the chemical composition of the formulations is
changing continuously, also creating new analytical demands within the forensic
community.

As a consequence, there is an increased interest in finding alternative and/or
complementary methods of analysis for inks and paper to assist document examiners to
overcome analytical challenges that otherwise are difficult to address using the
conventional methods [Brunelle et al., 2003].

For instance, gel pen inks have become a prominent type of ink in forensic
document examinations as a result of its widespread use and low cost of manufacture.
Nonetheless, the analysis of gel pen inks constitutes a challenge for the forensic ink
examiner since most of the gel inks are difficult to analyze by conventional techniques
such as TLC and capillary electrophoresis [Wilson et al., 2004]. As a result, other
methods such as Raman spectroscopy [Zieba-Palus et al., 2006; Zieba-Palus et al., 2008],
infrared spectroscopy [Zieba-Palus et al., 2008], XRF [Zieba-Palus et al., 2008], ion

paring HPLC/ MS/MS [Liu et al., 2006] and laser desorption mass spectrometry (LDI-



MS) [Weyerman et al., 2010; Gallidabino et al., 2010; Weyerman et al., 2012] have been
recently explored as alternative tools to cope with forensic comparisons of gel inks.

One of the purposes of the present work is to conduct method development and
evaluation of the capabilities of laser-based micro-spectrochemical methods, Laser
ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) and Laser
Induced Breakdown Spectroscopy (LIBS), for its novel application to document paper,
writing inks and printing inks.

Another key objective of my research consists of evaluating the meaning and
value of the elemental composition in the comparison of trace evidence materials.
Examinations such as elemental analysis generate quantitative data that permit the
application of statistical tools for a better characterization of evidence to measure
associations between variables, to calculate confidence intervals, to estimate systematic
or random errors and to determine discrimination values.

Nevertheless, there is still a lack of uniformity in match or association criteria
used among examiners to interpret and report conclusions on the basis of the elemental
composition of materials. The deficiency of standardization has been recently identified
by the National Academy of Sciences, and the NAS has encouraged the forensic
community to find solutions to overcome this challenge [NRC report 2009]. My
dissertation presents a systematic evaluation of the significance of the use of elemental

analysis in glass, ink and paper evidence.



1.2 Significance of the study

The main significance of this research will be to offer a thorough and critical
evaluation of the evidential value of the elemental composition of glass, ink and paper by
LA-ICP-MS and LIBS, including the study of the effect of match criteria selection on the
interpretation of results and conclusions.

In this study, LIBS and LA-ICP-MS methods were developed, optimized and
validated for the micro-chemical characterization of paper, printing inks and writing inks
on the basis of their elemental composition. More than 350 ink specimens were collected
and examined including black and blue gel inks, ballpoint inks, inkjets and laser toners
originating from several manufacturing sources and/or batches. Moreover, the variation
of the elemental composition in paper was studied within a single sheet, between pages
from the same ream, between papers produced by the same plant at different time
intervals and between papers produced by different plants. The paper sample collection is
composed of ~150 samples, from 20 different types of paper, from 7 different brands,
manufactured at 10 different plants, all in the US.

The analysis of these collection sets allowed the evaluation of the analytical
performance of the methods as well as their discrimination capability and error rates,
demonstrating for the first time the utility of both laser-based methods to provide
additional discrimination to the currently used techniques for the forensic analysis of ink
and paper.

My dissertation also presents important considerations in analytical method
validation for p-XRF, LIBS and ICP-based methods for the elemental analysis of glass

that may be used as guidance by scientists for the standardization of methods of analysis



and for providing a better understanding of the capabilities of these techniques, including
reporting figures of merit, match criteria and their informing power. The information
provided will be especially useful in the context of quality management, accreditation
and interpretation of the significance of evidence, which have become matters of

increasing relevance in trace evidence examination in recent years.

1.3 Utility of elemental analysis in trace evidence

A large variety of man-made materials can become available as physical evidence
of many criminal activities. Examinations such as elemental analysis can become a
valuable piece of information to assist an investigation.

The inorganic or elemental composition of these materials can be used in forensic
science for different purposes such as: a) chemical identification or characterization of
the material, b) forensic comparison of known and questioned samples and c) tracing
origin of the materials back to a geographical site and/or manufacturing place.

The chemical “characterization” of elements can be conducted qualitatively or
quantitatively, depending on the aim of the analysis. In this type of forensic
examinations, the main objective is to identify and characterize the target elements
present in an item. For example, the presence and quantification of arsenic in biological
specimens may be of utility to medical examiners to determine the cause of death.
Elemental analysis can be also used for the detection of some elements such as Pb, Ba

and Sb to assist gunshot residue investigations.



In the aforementioned examples, the main question to answer during the
examination is whether a specific element is present and if so, at what levels of
concentration and uncertainty.

On the other hand, forensic examinations that involve “comparisons” between a
known and a questioned sample require the identification and characterization of the
elemental profile of the samples to answer different questions such as: a) could two
items (i.e., questioned and known source) have come from a common source of origin,
and if so what does it mean? or b) is there evidence of falsification or forgery based on its
chemical composition?

Examples of this type of examinations are the elemental analysis and comparison
of glass, paint and questioned documents, to mention some. For instance, when two
vehicles crash, small fragments of glass and paint chips are often transferred from one
vehicle to the other. Elemental composition of glass and paint can then be used to show if
there is an association or exclusion between the chemical characteristics of the glass and
paint fragments recovered from the automobiles.

Finally, if there is enough information about geographical variation of the
elemental composition of materials to generate and maintain databases, the elemental
composition can be applied for tracing the materials to its geographical source of origin.
Examples of this type of examinations are food authentication, gold and diamond
provenance, sourcing of illicit drugs. Geographical provenance requires the use of
comprehensive databases and therefore can be applied only to samples that meet specific

requirements. This type of examination is outside of the scope of this research.



In my dissertation, the utility of elemental composition will be explored for
purposes of examinations related to “forensic comparisons” only, for matrices such as
paper, ink and glass. Therefore, some aspects of this type of examinations are discussed

in more detail below.

1.3.1 Utility of elemental analysis in forensic comparisons of man-made materials

When the elemental profile of some materials is used to do a comparison between
a known source and a suspect source, it is fundamental to know what the evidential value
of the findings is [Trejos et al., 2010].

The utility of elemental analysis for forensic comparisons depends on two main
aspects; the capabilities of the analytical method(s) used for the analysis and also the
variability of the elemental profile of the sample in the aimed population.

For instance, the analytical method used for the identification of elements in man-
made materials must be sensitive enough to detect the chemical components added during
the manufacturing process and also those relevant elements that are not added
intentionally as part of the formulation but are present as impurities in the raw materials.
The analytical method should also fit for purpose and ideally provide the required
selectivity, precision, accuracy, speed of analysis, minimum sample consumption and
good discrimination value.

The discrimination value or informing power of a method refers to the ability of a
method to differentiate between samples that came from different sources (i.e., glass from
vehicles of different brand, make or year) and to associate samples that came from the

same source (i.e., glass from the same window pane) [Almirall et al., 2006].



For example, it is required to have a large variability of the elemental
“fingerprint” within the population (i.e., large variability between glass produced in
different manufacturing plants and different batches) and at the same time a small
variability within the sample (i.e small variability of elements within a single glass sheet).

For forensic purposes, a clear understanding of other sample features is essential
to assign the proper value to the evidence, such as a) chemical and physical nature of the
sample, b) the manufacturing process and sources of trace elements, c) the variation of
raw materials within different plants, different batches, different production lines and d)
the warehouse, packaging and distribution processes after manufacture.

Forensic examiners should also be aware of the fact that the market is not static, it
is dynamic instead, and therefore changes in formulations, technology and/or
globalization of providers of raw materials may affect the relevance and value of the
elemental analysis.

The following sections will illustrate the manufacture and chemical composition
of the matrices of interest in this research and the different considerations taken to

evaluate its applicability in the forensic field.

1.4 The composition, manufacture and forensic examination of paper
1.4.1 Raw materials and chemistry of paper

Paper is defined as an aqueous deposit of a vegetable fiber in sheet form. It can be
made of a variety of fibers, including cotton, flax, manila, hemp, esparto, straw, banana

and jute. However, the most common fiber used is wood paper [Smook 1992].



The wood used for papermaking is segregated into two main groups: softwood
and hardwood. Softwood fibers are 3-7 mm long; they provide strength to the paper.
Examples of softwood trees are pines, spruce and fir. Hardwood fiber produce short
fibers of ~1 mm long and are responsible for adding bulk and the desired thickness to the
paper. Examples of trees that produce hardwood are birch, eucalyptus, beech, oak and
maple [Bierman 1993].

Some paper plants have their own mills so the pulp can be directly pumped to the
process. Otherwise, the dried pulp is packed into blocks and transported to the paper mill
for further processing.

Recycled paper is an important raw material for the paper industry. It is used in
the papermaking process, not only to reduce manufacturing costs but also to reduce the
waste disposals. It is commonly named secondary fiber. Recycled paper is collected,

sorted, graded, cleaned and processed before turning it into pulp [Scott 1996].

1.4.1.1 Cellulose
Cellulose fiber is a major constituent in fiber stems and therefore is a predominant
constituent of paper. It is a polysaccharide with molecular formula of (CsH;¢Os),, where

the number of saccharide units can range from hundreds to thousands.

1.4.1.2 Sizing agents
Sizing agents are used to resist the penetration of liquids in the paper; they have
key functional groups that allow orientation, anchoring or retention of molecules in the

fiber. A common sizing agent is rosin soap, which is obtained from the tall oil and can be



added to the paper at 1-5% wt [Hubbe 2012]. One of the major components of rosin soap
is the abietic acid [Hubbe 2012]. The carboxyl functional group can easily react with a
coupling agent, such as aluminum sulfate, to form an anchoring hydroxyl group that
adheres to the fiber [Isogai et al., 1997].

Some components such as alkenyl succinic anhydride (ASA) and alkylketene
dimer (AKD) can form bonds to cellulose. The efficiency of any of these sizing agents is
pH dependent. Rosin soap works under acidic conditions (pH 4-5), while AKD and ASA

operates at pH ranging from 6 to 9 [Isogai et al., 1997].

1.4.1.3 Pigments and fillers

These components are added to the paper to increase its brightness, opacity,
smoothness, receptivity to the ink and to add bulk. They can be added to the fiber at
amounts ranging from 1 to 10% wt [Hubbe 2012].

Calcium carbonate is a common filler used to provide brightness and opacity to
the paper, it also helps to control the pH of the formulation. It can be found as ground
calcite from limestone or chalk, or as precipitated carbonate (calcite and aragonite) [Scott
1996].

Aluminum silicate (Al4S140,9(OH)s) known as kaolin or china clay is used to
reduce costs and to add gloss and air flow resistance to the paper. Depending on the
particle size, kaolin can be used as filler or as coating of the paper. Other fillers found in
the paper industry are sulfates (Zn, Ca, Ba), oxides (Zn), silica, alumina, talc and asbestos
[Bierman 1993]. Titanium oxide is often used as pigment, however it is often used as a

mixture with other pigments as a result of its higher price.
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1.4.1.4 Coloring Dyes

Although most of the multipurpose paper reaches the market as white paper, some
colored paper is also marketed for specific purposes. Both dyes and pigments can be used
to color the paper stock. Basic dyes are usually preferred for this purposes for their high

affinity to the cellulose fibers [Bierman 1993].

1.4.1.5 Other additives

Starch, natural gums such as guar gum and polyacrylamide resins are used to
increase the water resistant properties of the paper. Starch is typically used modified as
amphoteric starch, with cationic and anionic groups that improve the adherence to the
fiber [Pierre 1993].

Silicon-based antifoams are helpful to improve the drainage properties during the
manufacture of paper. Their concentration has to be carefully controlled to avoid
undesirable interactions with sizing agents and dry strength agents [Pierre 1993].

Fluorescent whitening agents are added to increase the white appearance of the
paper by absorbing invisible UV light and re-emitting in the blue visible region. Direct
dyes can be used for whitening purposes. They are usually added in the size-press
formulation to avoid quenching and interaction with TiO, [Hubbe 2012].

Biocides such as chlorine dioxide, hydrogen peroxide and thio-compounds are
added to reduce the growth of bacteria. Because of their toxic nature, their concentration
and addition has to be carefully controlled in the manufacture. Detackifiers reduce the
pitch-like materials to reduce the deposition or agglomeration of components in the paper

surface; the most widely used detackifier is talc (Mg3;S1040,9(OH),) [Shetty 1994].
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1.4.2 Paper manufacturing

Paper can be manufactured using mechanical pulping or chemical pulping. The
main difference between these processes is that the former does not separate the lignin
from the cellulose. In mechanical pulping, the wood is ground against stone rotating
rollers softening the fibers by pressure and mechanical force. The paper produced by
these methods is greyish or yellowish and less strong than paper produced by chemical
pulping.

For chemical pulping, the wood chips are exposed to heat, pressure and chemical
treatment to remove the lignin from the cellulose. These methods produce harder paper
but the recovery yield of cellulose fibers is lower, having an effect in the production cost.
There are three main chemical pulping processes: a) the Kraft process, b) the sulfite
process and c) the soda pulping [Clark 1985].

In the Kraft process chemical liquor made of sodium hydroxide and sodium
sulfide is used for the removal of the lignin. The wood is segregated in two main groups:
soft wood and hard wood fiber. Both types of fibers are mixed in various proportions to
produce the desired quality in the paper [Bierman 1993].

Round wood is sent to a debarking drum, then the log is sent to a chipper where it
is cut into small wood chips. Once they are screened, the wood chips are stored in piles
until they enter the pulping operation. During the pulping operation the cellulose fiber is
separated from the lignin. The conversion of wood chips into fibers occurs in the digester,
followed by washing, screening and bleaching where the fibers are brightened to white

colors. Oxygen is used to remove any remaining lignin and extracts some color from the
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pulp. Nowadays, most milling plants use elemental chlorine free chemicals (ECF) for
bleaching [Bierman 1993].

Although printing and writing paper often use the Kraft chemical process, other
methods such as the sulfite or the soda pulping can be applied. The main sulfide process
is fairly similar to the Kraft method, the main difference remain on the composition of the
“liquor” chemicals. It uses a mixture of sulfurous acid and bisulfite ions (Ca, Mg, Na, K
or NHy). The pH of the process is carefully controlled between 1.5 and 5 in order to avoid
the emission of sulfuric acid. Most of the residual bisulfite ions can be recovered by
different chemical methods. The sulfite process produce very strong paper but has the
disadvantage that it can not be used in some wood species such as resinous softwoods
and tannin-hardwoods [Hubbe 2012].

On the other hand, soda pulping uses sodium hydroxide as the main chemical to
remove lignin. The caustic soda is easily recovered during this process. The method
produces relatively bulky and soft paper. Soda pulping process is used with species such
as straw and bagasse [Bierman 1993].

Some manufacturing plants have both the pulp mill and the paper mill in the same
location, while other paper plants purchase the pulp from a mill and then the pulp is sent
to a series of processes to form the paper.

In the paper plant, the first step in the paper making process is to refine the pulp.
During refining process the pulp is shortened and weakened to give more surface area
and to increase opacity. Both type of fibers are pumped into a blend chest where they are
mixed together in certain proportions with other components such as clay, calcium

carbonate ad titanium dioxide to improve surface and optical properties. Other chemicals
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can be added at this stage, including sizing agents, to control the penetration of liquids
and optical features. The blended mixture of fiber and additives is called the furnish
[Hubbe 2012].

The furnish flows from the blend chest to the fourdrinier of the paper machine.
When the fiber reaches this stage, it is ~99.5 % water and 0.5 % fiber, filler and additives.
The paper is then passed to a series of steps until the water content is reduced to
approximately 5% [Bierman 1993].

Finally, the paper reaches the calender stock, where the paper is compressed to
remove irregularities and produce smooth sheets. The paper can pass to high technology
scanners that are able to detect variations in paper’s weight, moisture, opacity, brightness
and physical defects [Bierman 1993].

At the end of the paper machine, the paper undergoes a slitting and rewinding
stage where the paper is wrapped in big rolls. Depending of the size of the paper machine
these rolls can hold up to 15 tons of paper and measure over 25 feet long [Trejos,
telephone survey 2012]. The paper is then slit into smaller rolls that can be more easily
transported to a warehouse or other location in the mill where packaging operations take
place. During the finishing step, smaller paper sheets are cut according to customer
requirements and placed into reams for further shipping. Depending on the size of the
plant, a ream may have paper from a single roll or from up to six different rolls produced
in a time interval ranging from a day to weeks [Trejos, telephone survey 2012].

This information becomes critical later in this research for the design of sampling

strategies and interpretation of results.
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Today paper is found everywhere; it is used for food packaging, paperboard,
printing and writing paper, to mention few applications. Environmental regulations in the
21% century have driven many changes in the paper industry and force the papermaking
sector toward processes that use renewable sources and that minimize the wastewater and
environmental emissions.

The largest consumers of wood paper in the world are Europe, North America and

China [http:/www.global-production.com/wood-pulp-paper/news/index.htm]. In 2010,

the world annual production and consumption of paper was 330 million metric tons

http://www.paperonweb.com/index.htm]. In that same year, the US used about 25 % of

the world paper production. The average American uses ~740 pounds of paper/year.
About 28% of the paper consumed in the USA is used for printing/writing paper
(approximately 24 million tons/year).

Paper is  produced  worldwide. In 2010 Paper on  Web

[http://www.paperonweb.com/index.htm] reported a total of 114 pulp manufacturers and

1210 paper manufacturers worldwide. For the pulp manufacturers, 35 pulp mills are
located in the US, 17 in South America, 38 in Europe and 24 in Asia, Africa ad Australia.

For the paper manufacturers, 475 paper mills are located in Europe, 472 in
Asia/Africa, 98 in South America and 10 in Australia. According to the Mills Online

database [http://www.cpbis.gatech.edu/data/mills-online-new], there are 350 mills

currently operating in the US.

15



1.4.3 Forensic Examination of paper

Several methods such as FTIR, Raman, NMR, XRF, AA, ICP, XPS and LIBS
have been used for purposes of characterization and restoration of cultural heritage paper
[Manso et al., 2009]. In spite of the application to historical documents, forensic paper
characterization has focused mainly on the measurement of physical properties, such as
thickness, color, fluorescence, strength, fiber content and fiber morphology [Polk et al.,
1977]. These methods are often deficient to detect differences between different brands
of papers produced by the different manufacturers or to associate two sheets of paper
with a high degree of certainty [Spence et al., 2000].

Quantitative elemental analysis of the inorganic components of paper has proven
to provide added discrimination [Spence et al., 2000]. The forensic usefulness of
elemental analysis of paper has been documented since 1970s and relies upon the premise
that, despite technological standardization in the manufacture of paper, minor variations
in the chemical composition remains between and within batches due to the natural trace
contaminants of raw materials, such as the pulp fiber, fillers and additives.

Chemical identification of some elements has been used to discriminate sources
of paper by several techniques such as NAA [Lukens et al., 1970], SEM-EDX [Polk et
al., 1977], FTIR [Kuptsov et al., 1994], XRF [Rozic et al., 2005] and ICP-MS [Spence et
al., 2000].

Each of these techniques has their own advantages and limitations. Nevertheless,
ICP-MS provides significant advantages over the aforementioned methods. Mass
spectrometry ICP allows for rapid quantitative multi-elemental analysis of elements with

superior detection limits than FT-IR, SEM and XRF and therefore has the potential of
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detecting more elements; providing additional comparison points and improving the
discrimination capabilities. [Spence et al., 2000]. Inductively coupled plasma mass
spectrometry (ICP-MS) methods also offer excellent precision, reproducibility and
selectivity. Additionally, this technique is generally more readily available to forensic
laboratories than NAA.

Inductively coupled plasma mass spectrometry has proven to be particularly
suitable for paper, whose major component is wood pulp, a natural product rich on
elements whose distribution reflects its source of origin. Spence et al., showed that this
technique can be effectively used for characterization and discrimination of white copy
paper. The authors were able to distinguish 17 different brand of papers based on the
trace elemental composition. Paper produced at the same plant, but manufactured a
month apart was also discriminated [Spence et al., 2000].

Likewise, McGaw et al reported the evaluation of ICP-MS for the forensic
comparison of paper originated from two different vendors [McGaw et al., 2009].
Moreover, ICP-MS has the potential to be coupled to different sample introduction
systems, such as solution nebulization and laser ablation. In 2009 van Es et al reported
the use of LA-ICP-MS, XRF and IRMS as complementary methods for paper
examination [van Es et al., 2009].

Laser ablation has added advantages over solution methods. Since there is no
need to digest the paper, the amount of sample will be drastically reduced. Spence et al,
reported the use of solution ICP-MS that require the digestion of samples in the range of
100 to 110 mg (approximate area of 3 cm by 4 cm), which implies the destruction of the

paper. [Spence et al., 2000]. In contrast, using LA-ICP-MS, fibers from the paper are just
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partially removed from microscopic areas of approximately 200 by 500 um (~14 pg),
leaving the paper almost intact after the analysis [Trejos et al., 2010]. Moreover,
quantitative analysis of the inks is feasible, which represents a benefit for document
examinations where differences on elemental composition between ink and paper
samples of different origin are rather quantitative than qualitative [Zieba-Palus et al.,
2008].

Elemental analysis of paper has been used in casework. In 2002, ICP-MS was
successfully applied in a homicide. Document examiners were asked to compare a
threatening letter received by a business partner of the victim with paper samples seized
from the suspect. Quantitative elemental analysis of the concentration of nine elements
(Na, Mg, Al, Mn, Sr, Y, Ba, La and Ce) was conducted within the questioned and known
documents. [Spence et al., 2002].

In 2010, as a result of the present research a paper was published describing the
utility of laser ablation methods (LA-ICP-MS and LIBS) for the elemental analysis of
paper [Trejos et al., 2010].

The development of these LA-ICP-MS and LIBS methods for the elemental
analysis of paper will offer document examiners better tools to assist criminal

investigations.

1.5 The composition, manufacture and forensic examination of ink
Ink can be defined as a colored liquid or paste used for writing, printing or
drawing. Ink has an ancient origin and has influenced our civilization in many ways. One

of its greatest contributions to our society was the spread of knowledge in writing and
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printed forms [Hickman et al., 1993]. The main components of modern inks are a) the
coloring agent, b) the vehicle and c) additives. Their formulations can be composed of a
large variety of natural and synthetic products, organic and/or inorganic components
[Brunelle et al., 2003].

Inks can be classified according to the vehicle as a) aqueous, b) liquid, c) paste or
d) powder form. Another common classification defined on the basis of their end-use,
includes two major categories as writing inks and printing inks. The following sections

will discus each of these two types of inks in more detail.

1.5.1 History of writing inks

The history of writing inks is important for forensic purposes because forensic
examiners may be asked to estimate the date of an ink entry. Some formulations have
been produced on specific time periods and therefore the identification of their chemical
composition may assist the examiner with their opinion. For this reason the history of
inks is briefly discussed here.

In early days, writing inks were commonly named based on its main composition
such as Indian/carbon inks or iron gallotannate inks [Brunelle et al., 2003]. Nowadays
writing ink formulations are typically classified according to its corresponding writing
instrument, such as fountain pen inks, ballpoint inks, fiber/porous tip pen inks, rolling
ball marking inks and gel pen inks.

The invention of writing inks goes parallel to the history of paper. The Romans
created a form of fountain pen from stems of marsh grasses to write on parchment

[Brunelle et al., 2003].
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The chinese invented a basic ink formulation made of hide glue, carbon black and
bone black pigment. The manufacture of this ink, later known as “Indian ink™ or “carbon
ink”, was mastered in the 220 AD [Carvalho 1999].

By 600 A.D iron gallotannate inks were developed using a composite of iron
salts, nutgalls and gum. Iron gallotannate ink became one of the most important writing
inks used since Middle Ages until the 20™ century. One distinctive feature of these iron
inks is that they induce degradation of the paper substrate. From a forensic perspective,
this characteristic degradation is advantageous since it can be used for the purpose of
dating documents [Carvalho 1999].

Modern washable fountain pen inks were introduced in the 1940s [Brunelle et al.,
2003]. Although fountain pens only cover a small portion of the current pen market, they
are commonly used to sign important documents and therefore they are encountered in
forensic document examinations.

The hungarian Laszlo Biro developed the first ballpoint pen in Europe in 1939.
He decided to create a pen that used the same type of ink that was in use to print the
newspapers. In order to facilitate the flow of the ink in the writing pen, he designed a tiny
ball bearing in its tip, which rotated as the pen moved along the substrate retrieving ink
from the barrel. The ballpen invention reached the US market in 1945 and is still in use
[Brunelle et al., 2003]

Numerous changes in the chemistry of ballpoint ink in the following decades
provided a mean to link the chemical composition to specific periods of time. For
example, the first ballpoint ink formulations contained natural oils such as mineral oil and

linseed oil. In 1950 the ink formulation shifted from oil-based to glycol-based solvents.
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In 1954 more stable chelated metallized inks such as the blue-green copper
phtalocyanine began to be used. Nine years later in 1963, pressurized ballpoint inks were
introduced in the market. In 1978, ballpoints were formulated with a dye that is erasable
and marketed as “erasable-ballpoints” with significant chemical differences in the dyes
applied [Brunelle et al., 2003].

In 1962, Pentel, a manufacturing company from Japan, introduced a fiber tip
writing pen. Three years later these types of pens were manufactured in the US. The inks
used in fiber tip pens can be either water based or water resistant [Wilson et al., 20041].

The roller ball pen was marketed since 1978, having a similar ink composition to
the fiber tip pens. Fiber diffusion is commonly observed in writing made with a roller
pen, the ink usually flows freely into the fibers of the substrate eliminating the striations
left by ballpoint pens. [Brunelle et al., 2003]

In 1975, the Bureau of Alcohol, Tobacco and Firearms initiated an ink-tagging
program for intelligence purposes, where each manufacturer was asked to add chemical
taggants such as rare earth elements to their formulations to be able to track the actual
year and ink manufacturer. Unfortunately, this program only lasted 10 years. [Brunelle et
al., 2003]

Finally, Sakura Color Products Corp in Japan first created the newest gel pen inks
in 1984. They arrived to the US market in 1990s and very quickly became a common
writing instrument in the US as a result of its smooth characteristics and inexpensive
manufacture. It was not until 1996 that the first guide for the forensic identification of gel
inks was published in a peer review paper [Gernandt et al., 1996]. In gel inks, as the

name implies the ink is a gel, not a liquid and predominantly use pigments rather than
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organic dyes. However, some formulations manufactured after 1999 may contain both

pigment and dye-based inks. [Wilson et al, 2004]

1.5.2 History of printing inks

The history of printing dates far back to the BC era, where the use of printing in
cloth was documented in different regions including China, Europe and India. A major
boost for the advance in printing was the availability of paper, near the 1400’s, which led
to the evolution from block printing to printing with casting in movable parts. [Hickman
etal., 1993].

Germany had two notable inputs in the advancement of printing with the
contribution of Johannes Gutenberg in the 15" century and Friedrich Koenig in the 19"
century. Among Gutenberg’s most outstanding inventions is the use of alloys in the
metal-based movable printing technology, the formulation of more durable oil-based inks
and the introduction of colored prints. Koenig developed the steam press that had a
significant leap in the efficiency of printing. [Carvalho 1999]

The introduction of the personal computer and word processing in the 20" century
made printing more widely accessible to everyone. Since then, a number of technological
innovations have evolved printing technology from dot matrix impact printers to offset
lithography, laser printers and ink-jet printers [Hudd 2011].

Printers can be classified as impact and non-impact printers. Impact printers use a
mechanical mechanism to bang a head against an ink ribbon to make the imprint;
examples of this type of printers are lithographic offset, dot-matrix printers, daisy-wheel

printers and line printers. On the other, non-impact printers are based on digital
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processes. Examples of non-impact printers are copy machines, inkjets and laser printers
[Hudd 2011].

Two or the most common printers used in home and office are inkjet and laser
printers; therefore it is not surprising that they are often found in questioned documents

[Hudd 2011].

1.5.3 Inkjet printers

Inkjet technology relies on the efficient ejection of tiny drops of ink onto a
substrate. It was developed in the 1950’s and is currently the most popular type of
computer printer used in personal and professional settings. There are two main types of
industrial inkjet printers, the continuous (CIJ) and the drop-on demand (DOD). Figure 1
list the main type of inkjet printers available in the market and the main manufacturers.
Hewlett-Packard (HP), followed by Canon, Epson and Lexmark, captures the majority of
inkjet printer sales [Hudd 2011]. Most printer manufacturers produced their own brand-
specific ink, nonetheless, the high cost of OEM ink cartridges have opened market

opportunities to third-party ink suppliers.

1.5.3.1 Continuous inkjet

A CIJ delivers a continuous stream of ink to the material of interest. A vibrating
piezoelectric crystal ejects the drops at high speed through microscopic nozzles. An
electrostatic field then charges the small drops, which are later exposed to a deflection
field to direct the drops to the final substrate. The charged droplets are deflected to a

certain angle, while the un-deflected drops that do not reach the substrate can be directed
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to a recirculation container to reuse the ink [Hudd 2011]. Figure 2 shows a schematic

representation of a C1J system.
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Figure 1. Scheme of the main manufacturers of CI1J and DOD inkjet printers (modified

from Hudd 2011)

Although the print resolution of CIJ is low, it is widely used in labeling of
packages and date coding because its high speed (~25-50m/s) allows for convenient
location between print head and the receptor material. Typically the inks used in CIJ are
formulated in volatile solvents, such as ketones and alcohols, to aid the rapid drying

required in industrial environments. [Hickman et at., 1993]
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Figure 2. Schematic of a CIJ printer

1.5.3.2 Drop on demand
As the name implies, DOD inkjet ejects ink drops only when needed. A pressure
pulse, which can be thermal, piezo or electrostatic, generates the drops [Hickman et al.,

1993]. Figure 3 shows a typical scheme of a DOD printer.

1.5.3.2.1 Thermal DOD inkjets
Thermal DOD inkjets use a heating element in a small cavity to form the ink
drops. A current is passed through the heating resistive element, which raises the

temperature in the chamber to approximately 350-400 °C. At that temperature, the ink
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rapidly vaporizes above the heater creating a bubble that force the ink drop to move
through the nozzle [Hickman et al., 1993].

The main advantage of thermal DOD technology is its capability to use compact
devices, which reduce manufacturing costs. In addition, the use of aqueous inks
formulations reduces pollution of VOCs [Hudd 2011].

Thermal DOD is the most used in consumer desktop printers [Hudd 2011]. The

main manufacturers of this type of printers are HP, Lexmark and Canon (see figure 1).

1.5.3.2.2 Piezoelectric DOD inkjets

The DOD printers use a piezo crystal to eject the ink droplets. The most common
piezo crystal used in this technology is lead zirconium titanate, also called PZT for their
respective chemical composition abbreviation (Pb, Zr, Ti). As a result of its piezoelectric
properties, this crystal physically changes shape when an external electric field is applied;
creating a pressure pulse that causes the ejection of the droplet from the nozzle [Hickman
etal., 1993].

The main advantages of this technology are the long life of the printing head and
the outstanding capability of delivering tiny droplets of variable size only when needed.

Piezolectric DOD inkjets are the most used technology for commercial and
industrial applications. They are also encountered in some consumer desktop printers
manufactured by Epson and Brother [Hudd 2011]. However, they are more expensive to

manufacture and therefore less common in low-end products.
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1.5.4 Laser printers

Laser printers are computer driven and use an electrostatic process to print. A
laser printer can use different electrostatic processes such as: a) electrophotography, b)
ion deposition, c¢) electrostatic, d) magnetograhic and e) electrographic. From these, the
electrophotographic method is the most widely used in photocopiers and laser printers.
This process was invented in 1938 by Xerox to reproduce documents in photocopiers

[Hickman et al., 1993 Hickman et al., 1993].

1.5.4.1 Electrophotography
The main components of a laser printer that operate under this principle are a) the
photoreceptor or drum, b) the fuser, c) the printer controller, d) the laser assembly and e)

the toner. Figure 4 shows a scheme of the main components of a typical laser printer.
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The printer controller is the printer’s main board that gathers and organizes data received
by the host computer. In order to print the information sent by the printer controller, a
photoreceptor is charged with static electricity by application of current through a corona
wire. This photoreceptor has usually a drum or revolving cylinder shape which surface is
sensitive to light. As this drum moves, a laser beam discharges certain areas of the
photoreceptor creating a latent image to be printed called the electrostatic image
[Hickman et al., 1993].

The photoreceptor uses chalcogenides (i.e. Se, Se-Te alloys, As,;Ses;) and/or
organic photoconductors such as phtalocyanines, polyvinylcarbazole (PVK-TNG) charge
transfer complex to promote the charging of the surface [Hickman et al., 1993].

The laser assembly is composed of a laser, a movable mirror and a lens. Together,
they focus the laser beam across the surface of the drum, emitting light pulses for every
dot to be printed. Some laser printers, such as OKI and Panasonic, use light emitting
diodes (LEDs) instead of lasers to produce the electrostatic image [Hickman et al 1993].
In the next step, the printer coats the drum with a positively charged powder named the
“toner” that attaches selectively to the electrostatic image but not to the positively
charged background of the drum.

Then, the drum rolls over a sheet of paper at high speed and transfers the image
by fusing the toner to the paper fibers. The fuser rollers are heated with quartz tube lamps

to melt the toner particles to the substrate [Hickman et al., 1993].
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1.5.4.2 Other laser printing processes

Ion deposition works under the same principle that electrophotography with the
exception that the drum is made of a dielectric material and the imaging is produced by
an ion source array. The process is commonly used in printing plastic self-adhesive labels
that otherwise could be damaged by heat [Hoffman 2004].

In electrostatic processes the dielectric medium is the substrate paper, which is
charged by an electrode [Hoffman 2004].

Magnetographic printing uses a drum with a magnetic coating; the latent print is
developed using magnetic toner particles. An advantage of this process is that the latent
print is more permanent. Finally, in electrographic process an electroconductive material

produces a latent print [Hoffman 2004].
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1.5.5 Raw materials and formulation of printing inks and writing inks
1.5.5.1 Pigments and extenders

Pigments can be inorganic, organic or a combination of both. There are a large
variety of pigments produced for the manufacture of ink, including materials from natural
or synthetic sources. Some of the desired properties of an ink pigment are tinctorial
strength, small particle size, low cost and some other characteristics that are specific to
the end-use product [Brunelle et al., 2003; Hickman et al., 1993; Shaknovich et al.,
2011]. For purposes of this study, only blue and black pigments will be discussed in
detail, since they are the most commonly color found in forensic document examinations.
Nevertheless, there are a large variety of coloring pigments that are used in both writing

and printing inks.

1.5.5.2 Dyes

Dyes are mainly used for liquid inks although they can be used in some paste
formulations. Some basic dyes can dissolve in fatty acids to be used as black inks in
toners. The Color Index classifies the dyes in the following 18 categories: 1) acid dyes, 2)
azoic dyes, 3) basic dyes, 4) developers, 5) direct dyes, 6) disperse dyes, 7) fluorescent
brighteners, 8) food and drug dyes, 9) ingrain dyes, 10) leather dyes, 11) mordant dyes,
12) natural dyes, 13) oxidation bases, 14) reactive dyes, 15) solvent dyes, 16) sulfur dyes,
17) vat dyes and 18) pigments [Brunelle et al., 2003].

The Color Index is a database of manufactured dyes and pigments, maintained by
the Society of Dyes and Colorists and the American Association of Textile Chemists and

Colorists and now available online [Brunelle et al., 2003]. Some dyes can fit in more than
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one of the categories depending on their functional groups and characteristics. The
colorant designations on their catalog are preceded by the abbreviation C.I followed by a
serial number that simplifies the use of a standardized and universal language [Brunelle
et al., 2003].

Within each category there are dozens to hundreds of formulations available in
the market. Although any of this type of dyes can be found in printing and writing inks
only the most prevalent ones will be discussed in more detail.

Amongst the most popular ones found in writing inks are: azoic dyes, solvent
dyes, basic dyes, and some acid dyes [Brunelle et al., 2003]. Likewise, acid dyes, basic
dyes, solvent dyes and dispersive dyes are more often used in printing inks [Hickman et

al., 1993].

1.5.5.2.1 Acid dyes

Acid dyes are anionic, soluble in water and mainly insoluble in organic solvents,
with the exception of some that are soluble in alcohol, ketones and esters. They can be
grouped according to their functional group as: azo, anthraquinone, triphenylamine,
azine, xanthene, ketonimine, nitro and nitroso compounds [Hickman et al., 1993].

Within this category azo dyes are frequently found in writing documents. As the
name implies these dyes contain the azo functional group (N=N) in their chemical
structure. Examples of azo writing inks are: solvent black 3, direct black 168, reactive

black 31, amido black 10B, solvent black 47, to mention some [Brunelle et al., 2003]
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Some of the common acid dyes found in printing inks are listed below on table 1.

Table 1. List of common acid inks used for printing

Common name CI designation
Acid yellow 3,5,17,23,36,54,73,121,157,194,204,236
Acid black 47,52,194
Acid red 18, 52, 87,88,143,221,289,357,3159
Acid blue 1,7,9,15,20,22,93,129,193,254,285

1.5.5.2.2 Basic Dyes

These cationic dyes are soluble in water and alcohol but insoluble in other organic
solvents. They are popular in all types of printing inks, particularly on flexographic inks
for its brilliant shades. They are often modified with tannic acid and dimethyl salicylic
acid to improve their water resistant properties, and PMTA or copper ferrocyanide salts

to improve their light stability [Hickman et al., 1993].

1.5.5.2.3 Solvent Dyes

As the name implies, these dyes are soluble in organic solvents and have good
compatibility with a large variety of resins. They form metal complexes. Within this
class there are acid dyes with azo chromium complex, xanthenes, and the base form of
some basic dyes [Hickman et al., 1993; Hudd 2011].

Some of the most popular dyes in writing inks are the phtalocyanine dyes and the
nigrosine. Phtalocyanine inks form complexes with transition metals, like copper and

iron. They are commonly found in blue ballpoints as a result of its compatibility with

32



glycols. Examples of phtalocyanine inks used in writing are copper phtalocyanine,
solvent blue 64, solvent blue 38 and solvent blue 70 [Brunelle et al., 2003].

Nigrosines are used in blue to black writing inks. Although they do not form
metallized complexes, they contain considerable amounts of metal contaminants

[Brunelle et al., 2003].

1.5.5.2.4 Dispersive dyes

These dyes are amines insoluble in water and include amino azobenzene, amino
antraquinones and nitroilaryl amines [Hickman et al., 1993]. They are adequate for
printing with heat-transfer elements. Examples of dispersive dyes are: dispersive yellow

3, dispersive red 4, dispersive blue 3, and dispersive red 60.

1.5.5.3 Oils

Oils are used as a medium to transfer the pigment and the resin to the substrate.
They can be classified in three main categories as: drying, semi-drying and non-drying
oils [Brunelle et al., 2003].

Drying oils such as Linseed oil, Tung oil, Oiticica oil and Castor oil are integral
components of the resins and are recognized as fast drying agents. Unsaturated oils assist
the drying process after ink application and also play and important role in the viscosity,
resistance and durability of ink. Most of them are chemically modified, with the
exception of linseed oil. Linseed oil however uses driers such as organic salts of Mn, Co
and Pb to accelerate the drying process. Tung oil is the most resistant to water and alkali

and is used in metallic inks. [Hickman et al., 1993]

33



Semi-drying oils such as tobacco seed oil, sunflower seed oil and soya bean oil
have a slower drying capability than drying oils. They are used in the formulation of
synthetic resins, especially alkyds used in tin-printing inks. They impart good flexibility
to the resin and are compatible with some pigments such as carbon blacks. [Ben-Mosche
etal., 2011]

Non-drying oils such as mineral oils and castor oils are used as components of the
ink vehicle, lubricants and plasticizers. They require higher temperatures to dry. It has
average wetting pigment capability in comparison to semi-drying and drying oils

[Brunelle et al., 2003].

1.5.5.4 Resins

Resins have many important roles in the properties of the ink including: hardness,
gloss, lubrication, flexibility, viscosity and adhesion to the substrate. They serve as binder
of the pigment; some of them can also impart color to the ink. Resins can be synthetic or
natural and they can be used in the formulation alone or in a mixture of different type of
resins [Brunelle et al., 2003, Hickman et al., 1993].

Among the natural resins used in ink industry are modified and unmodified rosin,
shellac, manila copal, asphalts, starch and Arabic gum [Brunelle et al., 2003]. Advantages
of these resins are that are ecologically friendly and relatively inexpensive.

There is a large variety of synthetic resins used in the manufacture of ink,
including: a) pure phenolic resins, b) rosin modified resins, c) alkyd resins, d)
hydrocarbon resins, e) polystyrene resins and copolymers, f) terpene resins, g) silicone

resins, h) alkylated urea formaldehyde resins, 1) alkylated melamine formaldehyde resins,
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J) polyamide resins, k) polyimide resins, 1) chlorinated rubber, m) vinyl resins, n) ketone
resins, 0) acrylic resins, p) epoxide resins, q) polyisocianates and polyurethanes and r)
nitrocellulose [Hickman et al., 1993].

The choice of the type of resin depends on the chemical and physical features
desired for the final formulation including: pigment-wetting quality, light resistance,
solubility and compatibility with the other components of the formulation, reactivity,
compatibility with the writing instruments or printing technology, compatibility with the

end-use substrate, cost, and environmental and FDA requirements [Magdassi 2011].

1.5.5.5 Solvents

The most important properties of a solvent to consider for ink formulations are its
polarity, rate of evaporation, residual odor, toxicity, purity and color. The main type of
solvents used in ink industry are: a) hydrocarbon (kerosene, toluene, petroleum distillates,
xylene); b) alcohols (ethanol, propanol, isopropanol, butanol, alicyclic alcohols), c)

glycols, d) ketones (acetone, MEK, hexone, ciclohexanone), e) esters and f) water

[Brunelle et al., 2003, Magdassi 2011].

1.5.5.6 Driers
Driers are used to accelerate the drying process by promoting oxidation of the
oils. Most driers used in inks are inorganic salts and organometallic complexes. Typically

0.5 to 4 %wt of the drier is added to the formulation [Hickman et al., 1993].
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Liquid driers are heavy metal salts of organic fatty acids. The metal content in the
acid ranges from 3-18 %wt, with the exception of lead and zirconium, which may be
present at higher levels [Hickman et al., 1993].

Cobalt is the most efficient drier. It is fairly soluble in acids but it tends to
discolor some whites and tints. Manganese is less powerful than cobalt but has a smaller
effect in the modification of the final colors. Cerium, zirconium and lithium are driers of
medium efficiency; they have replaced lead because of environmental concerns and can
be used in mixtures with either Co or Mn [Hickman et al 1993]. Calcium and Zinc are
used in printing inks only for some white formulations due to poor efficiency. Iron is
used in particular in tung oil varnishes [Hickman et al., 1993].

Paste driers are manufactured by mixing ground salts of Pb (~40%) and Mn
(~8%) in linseed oil. Nonetheless, in modern formulations lead has been replaced by less

toxic elements such as Zr [Brunelle et al., 2003].

1.5.5.7 Plasticizers and other additives

The ink recipe may have many other additives that will provide the anticipated
properties to the target market. Some of these additives include biocides, corrosion
inhibitors, chelating agents, plasticizers, antioxidants and emulsifying agents [Magdassi
2011].

The main function of a plasticizer is to add flexibility to the dried ink; they can
also impact other characteristics to the ink such as gloss, resistance to high temperatures

and adhesion. Plasticizers are mainly of organic nature and include benzoates, citrates,
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phthalates, polyesters, polyol esters, stearates and sulfoamides [Brunelle et al 2003,
Hickman et al., 1993].

Waxes are added to some ink recipes to provide water and scratch resistance.
They are commonly used in printing inks that use heating elements. A variety of
synthetic, natural and petroleum waxes are used for the manufacture of printing inks
[Magdassi 2011].

Sequestrants or chelating agents are used to form stable ion complexes [Brunelle
2003]. They are used to improve color, stability and durability and favor cross-linking of
polymers [Magdassi 2011]. Some examples of chelating agents are EDTA and its sodium
salts, sodium salts of diethylenetriamine-acetic acid, dimethyl glyoxime and its sodium
salts and alkanolamines [Hickman et al., 1993].

Surfactants improve the wetting and dispersion of pigments in the ink system
[Magdassi 2011]. Anionic surfactants are especially used in aqueous solutions, usually
added as alkali metal, ammonium or substituted ammonium salts of fatty acids. On the
other hand, cationic agents are added to non-aqueous formulations, they include
quaternary fatty ammonium halides, acetates or sulfates. Amphoteric surfactants can
behave as anionic or cationic surfactants according to their media [Hickman et al., 1993].

Defoaming agents act as solvent to the surfactants and reduce undesirable
foaming appearance in the recipe. Silicone defoaming agents such as polydimethyl
siloxane are used in aqueous medias and emulsions, typically ranging from 10 to 30 %wt

[Brunelle et al., 2003].
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1.5.6 Chemistry of writing inks

There are hundreds of different ink formulations available for pen inks. The major
components of ink are fairly similar to those encountered on inkjet systems. Although
some dyes and pigments used for writing inks may be the same as the ones used in
printing inks, the primary difference between them is that their grade and particle size is
not as crucial for writing inks. [Brunelle et al., 2003]

Ballpoint inks can use either dyes and/or pigments. Popular dyes on these pens are
cationic dyes, solid phtalocyanine bases (for blue), copper phtalocyanine and/or nigrosine
for blacks. Most common pigments used in ballpoints are titanium dioxide, carbon black,
metal powder and some organic ones such as azo, chelate-azo, phtalocyanine,
antraquinone, and nitroso pigments. Organic solvents such as benzyl alcohol,
phenoxyethanol, carbitols, glycols and cellosolves are often preferred in these systems.
Resins such as ketone resins, aldehyde resins, phenolic resins and oil free alkyds and
polyesters are often encountered in ballpoint pens [Brunelle et al., 2003].

Gel pens are water-based inks that gained popularity in the market since the late
80’s as a consequence of its cheap manufacture and positive acceptance by the customers.
The first formulation made in by Sakura in 1984 was dye-based. A year later, most gel
pen formulations were pigmented-based because they provide greater color availability.
Modern black gels are now both pigmented and dye-based. [Wilson et al., 2004]. Some
distinctive components used in gel inks are hexanol, hepthaethlyne glycol, penthaethylen
glycol, 1-H benzotriazole, and triethanol amine [Wilson et al., 2004] Pseudoplasticizers
such as xanthan gum, tamarind gum, gum rabic, guar gum, cellulose and water soluble

acrylic synthetic polymers are used to provide the gel structure. The most common
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inorganic pigments found in gel pens are titanium oxide, iron oxide, carbon black and
metal powder. Organic pigments such azo, chelate azo, anthraquinone and phtalocyanine
are also popular. A typical gel formulation contains over 60% of water, although some
modern gel pen inks may have as little as 4% of water if the dye/pigment ratio is
increased [Brunelle et al., 2003].

The ink used for roller-ball pens is suitable for other types of ink such as fountain
pens, felt-tip pens and inkjet printer inks. Food dyes and acid dyes are commonly
observed in these systems. The solvent of choice for these formulations is ethylene
glycol. [Wilson et al., 2004]

Table 2 shows examples of typical writing ink formulations. These recipes are
provided as an illustrative example, however there are numerous possible combinations

of modifications to the components in the market [Brunelle et al., 2003].

Table 2. Typical writing ink formulations

Fountain pen (roller ball Ballpoint inks Gel pen inks
pens, felt-tip pens, inkjet
ink)
Water 91-96% Organic 50-95% Water 60-80%
solvents
Synthetic 1-5% Dyes 5-35% Water- 1-40%
dyes soluble
organic
solvents
Humectants <2% Pigments 0-2% Pigments 4-6%
Iron 0-1% Resins 8% Resins 0.3-1%
components
Tannic acid 0-0.5% Lubricants 5% Glycerin 5%
Phenol <0.5% Additives 0.01-5% Pigment 1%
components dispersants
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1.5.7 Chemistry of printing inks

1.5.7.1 Chemistry of inkjet printers

There are four main types of inkjet ink formulations: solvent-based, water-based, UV
curable and phase-change. Combinations of the main types are also available (e.g., water-

based with some solvents) [Hudd 2011].

1.5.7.1.1 Solvent-based inks

Solvent-based inkjet inks are the most common as a result of its inherent
advantages such as good printing quality, stability, durability, water-proof properties, low
cost, fast drying time and high compatibility to several substrates, including flexible
media [Samuel et al., 2011].

Solvent-based inks are typically used to print professional designs such as
banners, vehicle graphics and adhesives. They can use dyes or pigments as colorants,
although the later are most common due to durability [Samuel et al., 2011]. They can be
classified according to the amount of solvent used in their formulation as hard solvent or
“eco”-solvent.

The solvent is evaporated by heating of the substrate, which caused environmental
concerns for the emission of VOCs. As a consequence, formulations using hard solvent
require the use of special ventilated areas. Another disadvantage of these inks are the
relative high maintenance required to avoid clogging of the nozzle heads [Hickman et al.,

1993].
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1.5.7.1.2 Water-based inks

These inks are the inks of choice on desktop printers because they are relatively
cheap and environmental friendly [Schmid 2011]. They are commonly used in printers
with thermal inkjet heads. Their application in industrial settings is limited as a
consequence of the requirement of porous substrates and incompatibility with piezo-
technology.

Their formulations contain typically water as the primary solvent, glycol and
other co-solvents to prevent nozzles from drying outs. Colorants in the form of dyes or

pigments are used in concentrations ranging from 0.5 to 10 % wt [Schmid 2011].

1.5.7.1.3 UV-curable inks

Ultraviolet curable inks do not dry by evaporation, instead they are irradiated with
UV light to initiate a chemical reaction that converts the liquid into a solid film. There is
an increase use in thermal inkjet and piezoelectric DOD systems as a result of their
consistent printing quality, adhesion to many types of substrates and reduced hazard air
pollutants and VOCs. Their main components are acrylic monomers, such as acrylic acid
and acrylate esters, and an initiator package [Hutchinson 2011] .The photoinitiators are
used as a blend of more than one component to allow the efficient absorption of the UV
light in short time intervals. They are typically present at 10-12 % wt of the formulation
[Edison 2011]. Examples of photoinitiators are benzyl dimethyl ketal, Irgacure 651,

hydroxycyclohexylphenylketone [Hutchinson 2011].
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1.5.7.1.4 Phase-change inks

These inks are formulated in solid form and are melted before being printed. They
dry very fast, are environmental friendly and provide good opacity. Drawbacks are lack
of durability and poor abrasion resistance. They are used to print barcodes on non-porous
materials [Hickman et al., 1993].

Regardless of the type of inkjet ink, one of the greatest effects to efficient
formation of ink droplets relies on the viscosity of the formulation and therefore the
selection of the proper binder is crucial.

One of the main differences in the formulation of inkjet inks in comparison to
other inks (writing inks, toners) is that the dyes are predominantly preferred over
pigments. Although, some pigments may be used for inkjets, they have to be especially
designed for inkjet printing i.e. with a particle size <lum [Magdassi 2011]. Dyes that are
used for inkjet printing are usually customized with a) low impurity and low insoluble
material (<0.2%) and b) thermal stability to overcome temperatures above 60 °C for
longer periods of time. In general, modern inkjet ink formulations are oriented towards
non-metal complex dyes [Hickman et al 1993].

Additives are typically added to inkjets at levels lower than 0.1 %wt. As a
consequence of its inherent effect in the rheology of the recipe, it is not unusual to find
more than ten different additives in a single formulation. The most important additive for
inkjets is the conductive salt that facilitates the charging of the droplets. Conductive salts
can be organic or inorganic; sometimes trace levels of metal salts in the formulation are
enough to provide the conductive properties [Hickman et al., 1993]. Table 3 shows a

typical formulation for CIJ ink, DOD inkjet ink and a DOD UV curable inkjet.
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Table 3. Typical formulations of inkjet inks

CLJ inkjet [Hickman et al DOD inkjet DOD UV curable inkjet
1993] [Schmid 2011] [Edison 2011]
Component | % weight | Component | % Component % weight
weight
Methyl ethyl | 40-60 Water 50-90 Pigment 3%
ketone
(MEK)
IMS 20-30 Dye 1-15 Wetting additive
Water 5 Humectant | 2-20 Low  viscosity | 10
oligomer
Ethylene 5 Penetrant 0-10 Triacrylate 12
glycol monomer
Black dye 5-10 Surfactant 0.1-6
Cellulose 5-15 Resin 0.2-10 Diacrylate 22
derivative monomer
Dibutyl 1-5 Biocide 0.02-0.4 | Monoacrylate 38
phthalate monomer
plasticizer
Defoamer 1 Fungicide 0.05-1 Additives
Antioxidant | 1 Buffer 0.05-1 Photoinitiator 12
blend
Conductive 2
salt (LINO3)

1.5.7.2 Chemistry of toners

The difference between inkjet ink and toner ink is not limited to the fact that one
is mostly present in liquid form while the other is mostly powder. In fact, most of the
differences lie in the chemical compositions of each. A toner is an electrostatic-charged
fine powder. Toners can be formulated as dry powders or powders dispersed in a liquid.

The main components of a toner are the pigment and the resin. The pigment is
responsible to provide color to the document to be printed, while the resin facilitates the
melting of the toner when it is heated in the fuser. Typical formulations contain ~50-90%

of resin, depending on the presence or absence of magnetic additives. Common resins
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used in toner formulations are styrene-acrylic, polyesters, polystyrene n-butyl
methacrylate, polystyrene n-butyl acrylate, epoxy polyethylene and polypropylene
[Hickman et al., 1993]. Other components found in toners are charge control agents
(CCA) and additives, such as surface additives, magnetic additives, and waxes. Surface
additives such as silica can improve flow properties and transfer of the toner from the
photoreceptor to the paper [Hickman et al., 1993].

Toner is used in monochrome printing (e.g., in black) or color printing. In order to
achieve different color hue the printer repeats four times the printing process, passing
each time for cyan, magenta, yellow and black. The combination of these four basic
colors can generate the full range of colors.

Black toners are made predominantly of carbon black pigments (5-15 % wt) and
magnetite (Fe;O4). Carbon black consists of aggregates of spherical particles of elemental
carbon with particle size ranging from 3 to 10 um. During the densification process, this
aggregates form agglomerates. The surface area of this particles and the aggregates play
an important role in the color properties, ease of dispersion and electrostatic properties of

the toner [Kyrilis et al., 2008]

1.5.7.2.1 Dry powder toners

One important component of dry powders is the resin, which composition
depends on the heating method applied. For example, polyester and epoxies are
commonly used for radiant heat that can reach temperatures of 50-60 °C; while styrene
copolymers and polycarbonates are used for flash fusing that can reach higher

temperatures up to 200 °C. Dry powder toners can be found as mono-component or two
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component formulations. The two component systems are highly used in high-speed laser
printers and copiers, while the monocomponent are typically used by HP/Cannon

LaserJet printers and by printers using the ion deposition system [Hickman et al., 1993].

1.5.7.2.1.1 Two-component dry powder

As the name implies, the two-component formulations consist of two main
materials: the toner pigment and coarse beads. The coarse beads are coated with the toner
pigments by having opposite charges. Particle size of these two-component formulations
ranges from 5-32 um [Hickman et al., 1993]. They consist typically of large percent of
polymer binder or resins (~90 %wt), a charge control agent and surface flow additives

such as silicon oil or low molecular weight polyethylene.

1.5.7.2.1.2 Mono-component powder

There are two subcategories within the mono-component powder: the conductive
and the resistive type. The later is the one commonly used in HP laserjet printers. In the
conductive system the particles are magnetic and conductive, its particle size ranges from
5-45 um providing limited resolution [Hickman et al., 1993]. About 50 to 70% of the
formulations consist of a magnetic powder; other components include the polymer
binder, carbon black and a cleaning additive.

The resistive mono-component powders are similar to the conductive with the
exception that uses lower percent of magnetic oxide (30-60%) and smaller particle size 5-

32um [Hickman et al., 1993].
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1.5.7.2.2 Liquid toners

Liquid toners consist of a colloidal suspension of small particles (0.1-2um) in a
highly insulating isoparafin [Hickman et al., 1993].

Historically toner particles have been prepared by mixing with polymers followed
by pulverization process [Donnet et al., 1993]. Nevertheless, the manufacturing process
has shifted in the last decades to chemical processes that are more cost-effective and
improve the performance of the toner.

In general, pigments are dispersed first in a liquid phase such as water, solvent or
a monomer, and then affixed to the polymer by agglomeration or direct polymerization.
In order to improve the performance of the formulation pigments can be specially
designed and modified. For example, the surface chemistry of the pigment can be
modified by attaching chemically a variety of functional groups to the carbon black, such
as aromatics, alkyl-aromatics, alkyl ester of aromatic or acid groups [Kyrilis et al., 2008].
The modified carbon black polymers usually have a better compatibility with the toner
polymers.

Charge control agents are added for adequate charge level or rate of charging and

account for about 1% of the formulation [Hickman et al., 1993].

1.5.8 Ink Manufacturing

The manufacture if ink is relatively simple, it requires the reproducible dispersion
or solution of the colorant in the vehicle with appropriate mechanical tools. The key
factor in the production of ink is the selection of raw materials in the right proportion to

facilitate compatibility between ingredients and to assure stability of the final product.
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The ink industry can produce their own main components i.e., vehicle, additives
and pigments or purchase them for a third party prior the manufacture of the ink recipe

[Magdassi 2011].

1.5.8.1 Manufacturing of inkjet printing ink and writing ink

Ink batch productions are produced in lots ranging from 50 to 1500 L. The
manufacturing process can be executed in small batches, if flexibility for product’s
variety is required, or in large-scale batches of few similar products. [Hickman et al.,
1993] Continuous production is also possible if the product capacity rather than diversity
is the main focus of the plant [Grundeman et al., 2009].

In a typical batch production, the reactants such as the solvent, binders, pigments
and additives are weighted and added to a stirred vessel where they are mixed. After
mixing, the temperature can be raised to 50-160 °C, depending on the ink type, to allow
the reactions to take place [Grundeman et al., 2009]. The mixture is then cooled down to
ambient temperature at a controlled rate. A conditioning/refining step occurs before
filling the storage drums. The production cycle could take 3-7 hours, after which a
rigorous cleaning step is required [Hickman et al., 1993].

Modern methods for writing inks may use micro-continuous processes that last
about 48 hours, reducing the waste disposal from the unnecessary cleaning cycles. Micro-
continuous method is more eco-friendly but requires a pre-mixing of powder-based
reactants. As a consequence, this process is less flexible to variations in the quality of the
ingredients than the traditional batch process and does not allow for adjustments within

the manufacturing stages [Grundeman et al., 2009].
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Although most ink manufacturing processes are similar, there are some significant
differences encountered depending on the ink type. For instance, water-based and
solvent-based inks have different production requirements as a result of the flammable
nature of most organic solvents. Volatile solvents require enclosed and water-cooled
stirrers [Hickman et al., 1993].

Printing liquid inks demand an additional filtration step after milling process and
prior the pumping to the storage tanks or to the containers for delivery [Hickman et al
1993].

Liquid inks can be produced either by loading together the pigment, resin, solvent
and other components in a ball mill or by premixing the solvent and the resin prior the
addition of the colorant. Another production method is to use pigment “chips” which are
a solid form produced by dispersing the pigments into a resin with plasticizer. The chips
are later diluted and solubilized in the solvent [Hickman et al., 1993].

The manufacture of dye-based inks is more straightforward than formulations that
contain pigments. The method of manufacture involves the solution of the dye into the
solvent by constant stirring. Application of heat can improve solubility of the dye. Once
the dye is dissolved in the media, the resin and other additives are added. The cooling rate
is important to avoid undesirable suspensions or precipitation of the colorant.

The two main apparatus used at ink production plants are the milling and the
mixing equipment. The main function of a mill instrument is to grind and reduce particle
size and facilitate the homogeneity of the blended materials.

The storage of the inks is carefully controlled to avoid flocculation of the pigment

and separation of the binders, amongst other problems. To avoid this, the ink industry
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usually produces tank sizes that will not be stored for more than 2 months [Hickman et
al., 1993]. The capacity of storage of bulk inks range from 500 to 5000 L. Storage tanks
usually have high levels of sophistication including manual or computer-controlled
agitation, venting, temperature control, charging and discharging mechanisms.

Packaging then occurs in smaller containers ranging from 10kg polythene buckets
to unit cartridges/pens. Many inkmaker plants have their own systems installed to fill ink
for printers, which is more cost-effective [Hickman et al., 1993]. Some brands produced
their own ink while others can purchase the ink from different suppliers.

On average, between 600,000 and 1.2 million pens can be filled with ink
produced by a single batch [Cantu, personal communication]. Nonetheless, this numbers
will vary from brand and from size of a plant within a single brand. For example, BIC
produces most of its own ink and purchases approximately 5% from outside sources for
specialty items. They use only one outside suppliers for products produced in BIC Plants.
Bic reported that 5 million pens can be produced from a singe batch and a package of
pens could have ink produced from different batches [Survey, information provided by
BIC Consumer affairs team]

To place this numbers in perspective, in 2010 about 106 billion ballpoint pens
were disposed in the USA. Worldwide, billions of disposable pens are sold annually.
[http://agreenliving.net/save-the-planet-by-switching-pens]. These figures suggests that
would be not possible to associate an ink composition to a specific pen, but still the large
variety of types of pens and formulations of inks available in the market make ink a

valuable type of evidence that can be used for evaluation of document forgery.
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1.5.8.2 Manufacturing of toner

Toner is produced by mixing the main components and raising the temperature to
produce a hot melt or block, which is subsequently broken and ground into fine powder.
The grinding is traditionally done by air jet mills to reduce the size of the particles, which
are then sieved to an average size of 8-20um. Particles produced by this method are
typically of irregular shape. The fine particles are then blended with additive to adjust the
electrostatic properties [Hickman et al., 1993].

Modern production methods are moving toward synthetic chemical toners by
growing the particles from its reagents, at molecular levels. This method favors the
production of smaller particle s of < 4um, with uniform shapes and better printing
resolution [Hickman et al., 1993].

Bulk toner is stored in barrels of approximately 10 kg and then distributed to the

suppliers [Hickman et al., 1993].

1.5.9 Forensic examinations of ink

Inks are usually analyzed in document examinations with the purposes of a)
comparing two or more ink entries to determine similarities or differences, b) identifying
whether two or more entries were written with the same formula or/and batch of ink
and/or c) dating ink entries to determine if documents have been backdated [Brunelle et
al., 2003].

The ASTM Standard Guide for Test Methods for Forensic Writing Ink
Comparison recommends conducting non-destructive optical examination first, such as

light examination, infrared examination, reflected infrared or/and infrared luminescence.
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Further chemical examinations may be necessary to improve discrimination and
identification of the samples, including spot testing and solubility tests, thin layer
chromatography (TLC), FTIR, gas chromatography (GC, GC/MS), high pressure liquid
chromatography (HPLC), microspectrophotometry, X-ray fluorescence (XRF) and
capillary electrophoresis [ASTM E1422].

However, some inks such as gel inks are difficult to analyze by the recommended
ASTM methods. Gel pen inks are pigment-based inks, and more recently (last decade)
some of them are also dye-based. These inks have become prevalent in the market and
represents a challenge to the document examiner because the pigment-based inks will not
migrate on a TLC plate, which is one of the preferred methods for chemical analysis of
inks. Moreover, some gel inks and particularly the black gel inks are inseparable with
spectral techniques [Mazzela et al., 2003; Wilson et al., 2004; Zieba-Palus et al., 2008].

Wilson et al. [Wilson et al., 2004] proposed a scheme of analysis to separate some
dye-based from pigment-base gel inks on the basis of spectral comparison, TLC, spot
tests and GC/MS. The authors were able to separate 29 non-ballpoint inks into 19 groups.
Raman spectroscopy has shown to offer added discrimination for the forensic analysis of
inks. However, certain inks produce a strong fluorescence that masks the spectra. In
general, these interferences are more critical in gel inks than in ballpoint inks. Zieba et al.
reported that only about 50% of inks from a set of 80 multicolor inks originated from
ballpoint pens and gel pens showed readable Raman spectra. The authors recognized that
this method should be also complemented by elemental composition analysis such as

XRF [Zieba-Palus et al., 2008].
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The chemical characterization of document-related evidence, such as ink and
paper, relies on the identification of their components. The majority of conventional
methods are centered on the analysis of their organic components [Grim et al., 2001;
Wilson et al., 2004, ASTM E2331, ASTM E1422, ASTM E1789].

Alternative mass spectrometric methods for the identification of organic
components of inks have been recently reported, including Secondary lonization Mass
Spectrometry (SIMS) [Pachuta et al., 1994], Field Desorption Mass Spectrometry
[Sakayanagi et al.,1999], Ambient Mass Spectrometry using DESI and EASI [Eberlin et
al., 2010; Ifa et al., 2007; Lalli et al., 2010], Direct Analysis in Real Time (DART) [Jones
et al., 2006] and Laser Desorption lonization Mass Spectrometry (LDIMS) [Gallidabino
et al., 2010; Weyerman et al., 2010; Weyerman et al 2012].

The inorganic analysis of ink has been also reported in the literature and has
shown its potential to improve the discrimination value of the evidence [Polk 1977,
Ferrero 1999; Rozic et al., 2005; Malzer et al.2004; Ouija et al. 2005; Morris 2002;
Maind et al., 2006; Maind et al., 2008; Zieba-Palus et al., 2006; Grassi 2007; Zieba-Palus
et al., 2008].

Although significant contributions and improvements have been reported in the
last decade for the elemental analysis using different methodologies including SEM-
EDX, NAA, XRF, FTIR, ICP-OES, ICP-MS, PIXE, PIGE and LIBS, the majority of the
applications were focused to historical and artistic prints rather than forensic analysis of
contemporary documents [new-wave application note, Melessanaki et al., 2001; Ferrero

1999; Ouija 2005].
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Moreover, some limitations remain on the existing methods; such as: a) the
sensitivity does not allow the detection of elements present at trace elements, [Polk 1977,
Zieba-Palus et al., 2008] b) the depth of the x-ray penetration its not easily controlled by
the operator and may affect the results, [Zieba-Palus et al., 2006, Zieba-Palus et al., 2008]
c) the contribution of the paper and the ink can not be easily isolated, [Malzer et al.,
2004, Zieba-Palus et al., 2006], d) the technique is not readily available in forensic
laboratories [Grassi 2007, Oujja 2005, Melessanaki et al., 2001], f) the technique
consumes large amount of sample which may not be available or acceptable in a
particular case [Spence et al., 2000; Rozic et al., 2005; Maind et al., 2006; Maind et al.,
2008] or g) the technique is mainly qualitative [Polk 1977, Ferrero 1999, Ouija 2005,
Zieba-Palus et al., 2008].

Although previous application notes and dissertation thesis have shown its
potential, [Morris 2002, Naes 2009] this research generated the first forensic application
of LA-ICP-MS on writing inks reported in a peer review paper. [Trejos et al, 2010]. To
the best of my knowledge the forensic application of laser-microspectrometric methods

on printing inks has not been published yet.

1.6 The composition, manufacture and forensic examination of glass
1.6.1. Raw materials and chemistry of glass

The ASTM defines glass “as an inorganic production of fusion that has been
cooled to a rigid condition without crystallization” [ASTM C162-03]. One particular
difference between glass and other matrices, such as ink and paper, is that glass is

composed solely of a mixture of inorganic materials, there are no major organic

53



compounds present in the glass formulation. The inorganic composition therefore
becomes responsible for its final physical properties. From a forensic perspective, small
variations in the chemical formulation can provide useful differentiation between glasses
that have been manufactured in different manufacturing plants or even at the same
manufacturing plant at different time intervals [Almirall et al., 2006].

Different raw materials are responsible for the formation of the glass structure,
color, heat resistance, viscosity and other properties. For instance, SiO, and B,0O; are
used as network formers; Na,O, CaO and MgO are used as modifiers; Fe;Os; As,Osand
CaSQ, are used as refining agents; chromium and selenium can be used as colorants,
while As;O3, MnO, and CoO can be used as decolorants. The inorganic elements in the
final composition may be present at different concentrations ranging from percent levels
to low ppm levels [Koons et al., 2002].

Glass can be classified according to its composition as: a) as soda-lime glass,
which is typically found in bottles, jars, drinking glass and window glass, b) lead glass,
which is found in vases and decorative items and c) borosilicate glass that is commonly
found in cooking wear, headlamp and decorative glasses.

One of the most common types of glasses found in forensic cases is soda-lime
glass. There are three main raw materials often used in the formulation of soda lime
glasses: a) sand (Si0,), b) soda ash (Na,CO3;) and limestone (CaO) [Koons et al., 2002].

As the names implies, lead glasses have a large composition of lead that provides
particular sparkle to the end product (PbO ~13-15 % wt) while borosilicate glass has
B,0; at levels ranging from 7-13 %wt providing heat resistance to the final product

[Koons et al., 2002].
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The main component of glass is the silica obtained from sand. Some natural
impurities present in the sand are responsible to providing a differentiable “elemental
fingerprint” to the end product, therefore glass manufactured at different plant locations
would have different elemental profiles as a result in part to the different trace
composition of the sand used in the formulation [Almirall et al., 2006].

The use of recycled glass or cullet is commonly employed in the manufacture of
glass to reduce the cost of the manufacturing process by decreasing the melting
temperature and recycling within the plant the broken glass. Some container plants use
also recycled glass from consumers, which typically adds more variability and
heterogeneity of the elemental composition between batches originating from the same
plant.

Some elements can be found in glass as impurities introduced during the
manufacturing process and may add additional discrimination. For instance, flat glass that
is produced by the float process may have different levels of Zr as a product of leaching
from the inner surfaces of the furnace into the molten glass [Koons et al., 2002].

The forensic examination of glass relies on the premise that despite technological
standardization in the manufacture of glass, minor variations in the physical properties
and chemical composition of the glass remain between and within batches because of the

innate trace contaminations of raw materials [Almirall et al., 2006].

1.6.2 Glass manufacturing

Glass production ranges from simple glass containers to advanced micro-

components. The manufacturing of glass usually follows five steps: a) preparation of raw
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materials (storage, weighing and mixing), b) melting (refining and homogenizing), c)
forming, d) annealing and e) secondary process and/or warehouse.

Nowadays, the melting process takes place at furnaces made of bricks that are
resistant to high temperatures (>1500 °C), where a flow of the melted glass is fed
continuously [Copley, 2001]. A refining process is typically conducted to eliminate
bubbles from the molten glass. Refining agents such as arsenic oxide or calcium sulfate
can be added to facilitate the removal of the undesired bubbles. The refining process is
accompanied by thermal and mechanical stirring to ensure homogenization of the glass.
The melting step is critical to offer uniform refractive index in the product.

The forming procedure occurs then by changing gradually the viscosity of the
molten glass to allow the formation of the glass structure [Copley, 2001]. Different
forming materials will be added at this stage depending on the final product of interest
(container, blowing, flat glass, glass fiber). After the forming step, the glass is allowed to
solidify without crystallization at the annealing stage. The annealing stage requires the
cooling of glass at strictly controlled rates.

Some glass products require a secondary processing such as tempering, coating
and coloring or decolorizing. Tempered glass is ordinary glass that has followed a
tempering process to provide additional strength and more safety breakage pattern. This
process can be used for flat glass or some curved screens, however it cannot be applied
for containers [Copley, 2001].

The coating method is typically used in the manufacture of containers to add
protection, improved handling or strengthening of the glass. The coatings are applied

twice as a spray or as vapor, first between the forming step and the annealing step (hot
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end) and then just after the annealing (cold end). Hot end coatings are mainly made of
titanium or tin and the cold ends are organic waxes or fatty acids. Some flat glass
products may be also coated [Coppley, 2001].

Some impurities from the raw materials, such as iron oxide, can produce a color
in the glass. For some products, a clear appearance is desirable and therefore additional
amounts of elements such as selenium and cobalt are added to decolor. On the other
hand, some products are colored intentionally for decorative or technical reasons.
Common colorants are iron (green, brown or blue), manganese (purple), cobalt (blue,
green, pink), titanium (purple, brown), cerium (yellow) and gold (red) [Copley, 2001].

There are many different glass compositions, depending on the product end use.
Since the manufacturing process differs from one product to the other, the following
sections describe the main manufacturing processes of glass typically encountered in

forensic examinations.

1.6.2.1 Flat glass

Within the flat glass manufacture there are two main glass-forming processes:
the float process and the rolling process. The rolling process is used to produce pattern or
texture glass for decorative purposes. In the rolling method a ribbon of glass is passed
trough water-cooled metallic rollers, which transport the glass horizontally into an
annealing oven and finally the glass is cut to size [Coppley, 2001]. The adjustment of the
gap between the rollers controls the thickness of the glass piece. The rollers can also

impress a final pattern into the glass, if required.
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The float glass method is the preferred manufacturing method for flat glass. In
this process, the raw materials are introduced to one end of a glass tank and are melted in
a big furnace. The glass emerges from the furnace into a float chamber that contains a
pool of molten tin. The chamber is kept under controlled temperature and at atmosphere
free of oxygen, in order to avoid oxidation of the tin. At the entrance of the chamber the
tin is approximately at 1000 °C and at the exit the temperature is cooled at 600 °C. There
are rollers at the exit that pull the glass. The speed of the rollers will determine the

thickness of the glass [Coppley, 2001].

1.6.2.2 Containers

Containers are produced mainly by the blowing or the flowing process. In the
first method, the glass is placed in a mould and blown to the desired shape; then the
container is reheated and annealed to prevent cracking of the product [Koons et al.,
2002].

In the flowing method, the homogeneous molten glass flows and drops into the
mould where it is shaped by pressing (wide neck jars) or blowing (bottles) before being
transported to the blow mould. The flowing method is used in automatic production of
containers. Most manufacturers of containers use recycled glass or “cullet” as raw

materials, adding more heterogeneity to the glass [Koons et al., 2002].
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1.6.2.3 Fiber glass

Fiber glass may be also encountered as trace evidence since it is widely used in
composite materials, reinforcement of plastics, gypsum and as a thermal insulator.
[Koons et al., 2002].

Fiber glass can be produced by the continuous glass filament process or by the
glass wool process. The main difference between them is that in the first one filaments of
molten glass are drawn mechanically downwards from the orifice of a specific diameter,
while in the glass wool process the glass flows by gravity so the filaments are random in

diameter [Koons et al., 2002].

1.6.3. Forensic Examinations of glass

The comparison of glass fragments recovered from crime scenes to glass sources
of known origin has long been recognized as a key examination of physical evidence.
The significance of any associations made as a result of these comparisons is improved
when more discriminating analytical methods are used [Almirall et al., 2000]. The
comparison of elemental composition between glass samples has proven to enhance the
value of an association when one is found, and to reduce false associations between
different sources that may result when less discriminating methods, such as refractive
index are used [Reeve et al., 1976; Dudley et al., 1980; Howden et al., 1978; Koons et
al., 1991; Hicks et al., 2003; Andrasko et al., 1978; Becker et al., 2001; Duckworth et al.,
2002; Koons et al., 1988; Montero et al., 2003; Almirall et al., 2006; Suzuki et al., 2000;
Hughes et al 1976; Coleman et al., 1973; Koons et al, 2001; Catterick et al., 1981;

Buscaglia et al., 1994; Ryland et al, 2011]. As the number of forensic science
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laboratories performing elemental comparisons of glass fragments has increased, the need
for consistency among laboratories concerning both analytical methodology and
interpretive criteria has been recognized [NRC report 2009]. To address these issues, an
Elemental Analysis Working Group (EAWG) consisting of 34 forensic glass examiners
and research scientists from North America and Europe was formed under the direction
of researchers at Florida International University with funding from the US National
Institute of Justice. The goal of the EAWG was to develop analytical protocols and to
assess the utility of glass source comparisons by way of several interlaboratory studies.

Part of this dissertation research consisted of coordinating the design and
distribution of interlaboratory tests to the members of this working group, as well as
gathering the data collected from all group members and conducting statistical analysis to
evaluate the effect of match criteria on error rates. This dissertation describes the
development of the analytical protocols for the elemental analysis of glass evidence
fragments as well as the evaluation of match criteria for elemental analysis of glass.

Glass represents a model matrix for trace evidence examiners for several reasons:
a) due to its fragile nature and wide use in society, it is one of the most common types of
trace evidence found in case scenarios such as hit-and-run accidents, burglaries,
kidnappings, homicides and shootings; b) it is easily transferred from the broken source
to the scene, victims and others in the vicinity; c) it is easily recovered from a scene or
object; d) it can persist after transfer; e) its chemical composition does not vary over
time; f) the typical recovered fragment size is normally sufficient for analysis by a variety
of analytical methods; g) there are sensitive methods and suitable reference standards

routinely used in forensic laboratories to detect chemical and physical properties; h) the
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physical properties and elemental composition of glass fragments are relatively
homogeneous within a single pane or sheet of glass; i) despite the standardization of
manufacturing processes, detectable variations in the physical/optical properties and
chemical composition permit the differentiation of glass samples from different
manufacturing sources and from a single source over time; j) when sensitive methods are
used, excellent source discrimination can be achieved on the basis of the optical
characteristics and elemental composition; and k) the framework proposed to construct
opinions derived for glass comparisons can also be used by other types of trace evidence
[Almirall et al., 2006].

For these reasons, glass was selected as a model material by the EAWG to work
towards the standardization of analytical methods and the interpretation of evidence.
A number of analytical methods have been used to measure the elemental composition of
glass for forensic purposes. These include multielemental determinations either by
quantitative or qualitative methods. Currently, the methods most frequently used in
forensic science laboratories are scanning electron microscopy-x-ray spectroscopy (SEM-
EDX), x-ray fluorescence spectroscopy (XRF) and inductively coupled plasma (ICP)-
based methods with either mass spectrometry (MS) or optical emission spectroscopy
(OES) as a detection method. Effective sample introduction for ICP-MS and ICP-OES
methods has been accomplished using either digestion of glass fragments followed by
nebulization of the resulting solution or by laser ablation (LA) of the solid glass material.

Scanning electron microscopy-x-ray-spectroscopy is used both for the
classification of the type of glass (soda-lime, borosilicate, alumino-silicate, lead-alkali-

silicate, etc.) of recovered fragments and for the comparison of recovered glass fragments
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with potential sources [Andrasko et al., 1978]. The technique is nondestructive of the
sample and allows the characterization of very small glass fragments such as glass debris
on projectiles or pulverized and imbedded in tools and weapons. However, SEM-EDX
has limited sensitivity and therefore can only be used to detect the presence of minor and
major elements at concentrations greater than 0.1 % [Bruzel-Mucha et al 1998; Kuisma-
Kursula et al., 200; Krusemann 2001]. In addition, the precision is generally poorer than
other methods such as XRF and ICP-based methods. For these reasons, the
interlaboratory exercises reported in this paper do not include SEM-EDX data but instead
focused only on the more sensitive and discriminating methods.

In order to accommodate the small size of recovered glass fragments, x-ray
fluorescence spectroscopy instruments with either highly collimated or capillary-focused
x-ray beams are typically used for analysis. Collectively these instruments are referred to
as micro-XRF instruments (pu-XRF). Emitted x-rays are detected with an energy
dispersive detector in u-XRF instruments. The advantages of p-XRF are similar to those
of SEM-EDX: it is nondestructive, relatively easy to operate, and provides simultaneous
multielemental information. However, pu-XRF is more sensitive than SEM-EDX
especially for elements of energy higher than 3keV providing better discrimination
between glasses of the same type [Roedel et al., 2003; Ryland et al., 1986]. Advantages
of u-XRF over ICP-based methods are that it has a lower instrument cost and easier
operation and maintenance; it does not require a pre-determined elemental menu prior to
the analysis; it can be used at any point in the analytical scheme as a result of its totally
non-destructive nature; and although data acquisition is more time-consuming, most

instruments can operate unattended.

62



The main drawback to pu-XRF is that the analysis of very small and irregularly
shaped samples can produce inaccurate quantitative results and less precise replicate
measurements than ICP-methods,, both within a given fragment and between fragments
from the same source [Almirall et al, 2006]. Also, u-XRF is not sensitive enough to
measure several trace elements that have been shown to have good source discrimination
capability [Almirall et al., 2006]. Accurate quantitation typically requires matrix-
matched standards and use of a method such as embedding and polishing of the sample in
order to present a flat surface to the x-ray beam [Roedel et al., 2003]. As a result, most
forensic laboratories compare x-ray data taken from glass fragments by spectral overlay
and/or semi-quantitative comparison of the ratios of the intensities of the x-ray emission
peaks. However, the best comparisons can only be made between samples having
relatively flat surfaces and similar shape morphologies [Ryland 2011; Naes et al 2008].

Several methods based upon inductively coupled argon plasmas (ICP) are gaining
in popularity for the analysis of glass samples in forensic science laboratories. The
inductively coupled plasmas are well-controlled, high- discharges that are used to excite
and ionize elements that make up samples introduced into the plasma. Detection is made
either by optical emission in ICP-OES instruments or mass spectrometry in ICP-MS
instruments [Almirall et el., 2006]. ICP methods benefit from features such as nearly
simultaneous multielemental capability, reduced matrix interference effects, wide linear
dynamic ranges, and excellent precision and sensitivity. These attributes result in
superior discrimination power compared to other methods of glass analysis [Moenke-
Blankenburg et al., 1992; Koons et al., 1991, Wolnik et al., 1989, Zurhaar et al., 1990;

Parouchais et al., 1996; Duckworth et al., 2000].
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Initially, protocols using ICP-OES or ICP-MS for glass fragment analysis
required dissolving the glass in a hydrofluoric acid-based mixture followed by
evaporation to dryness to remove excess HF, and then reconstitution of the dissolved
material in an acid matrix [Parouchais et al., 1996]. The resulting digest is aspirated into
the plasma for analysis. The major drawbacks to these protocols are that they are rather
time-consuming, require the use of hazardous reagents and can introduce contamination
into the solution. ICP-MS instruments are normally 1-2 orders of magnitude more
sensitive than ICP-OES, therefore allowing for the use of smaller glass fragments. A
typical digestion of glass for ICP-OES analysis consumes 5 to 8 mg per replicate,
whereas ICP-MS requires only about 1 to 2 mg per replicate measurement [Almirall et
al., 2006].

To avoid the problems associated with dissolution, direct analysis of a solid glass
sample can be accomplished by LA with introduction of the resulting aerosol directly into
the ICP torch. Laser ablation can be coupled to either ICP-OES or ICP-MS instruments
to simplify the analysis, significantly reducing not only the time and complexity of
sample preparation but also the amount of sample consumption (< 0.3 to 2 pg per
replicate) [Becker et al., 2003; Almirall et al., 2003; Trejos et al., 2005; Latkcoczy et al.,
2005]. The main drawbacks to any ICP-based techniques are more expensive
instrumentation, more challenging to operate, and currently available in only a few
forensic science laboratories.

Although the aforementioned techniques are routinely used in forensic science
laboratories worldwide, there is still a need for improved standardization of the methods

within the forensic community. A preliminary effort towards this goal was reported by
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Becker et al. [Becker et al., 2011], where the discrimination potential of different
techniques such as SEM-EDX, u-XRF, and ICP-MS was described. However, the work
did not include comparisons to laser-based methods. The European Working Group
(NITECRIME), using LA-ICP-MS only, conducted an analogous study on glass
standards in the period 2001-2005 [Latkcoczy et al., 2005]. To the best of our knowledge,
this is the first time that all three of these sensitive methods are directly compared to each
other, not only based on their analytical performance but also based on their

discrimination potential for glass evidence.

1.7 Fundamentals of laser-based spectrochemical methods for elemental analysis

Laser ablation spectrochemical methods, such as LA-ICP-MS and LIBS, are
recognized as useful techniques for the elemental analysis of forensic evidence [Russo et
al., 2011; Naes et al., 2008; Brends-Montero et al 2006; Bridge et al., 2006; Rodriguez-
Celis et al., 2008; Cahoon et al., 2008; Trejos et al., 2005; Trejos et al., 2003; Almirall et
al., 2003; Sarkar et al., 2010]

Both methods have in common the use of a short pulse laser beam to produce the
ablation of the target material. In LA-ICP-MS, the removed particles are transported to an
ICP-MS to be further atomized, ionized and detected by mass spectrometer. In LIBS, the
optical emission from the laser-induced microplasma is collected, dispersed and sensed
by a spectrograph detector [Russo et al., 1999; Russo et al., 2011]

Both of these processes of mass removal and formation of the microplasma occur
during the laser ablation process, regardless of the selected collection/detection method.

Nevertheless, in LA-ICP-MS the method parameters are optimized for an efficient
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production and transport of small submicron particles into the ICP-MS while in LIBS the
method parameters are optimized for the formation of an efficient temporal micro-plasma
and the collection of the emitted signal in the form of emission spectra.

Both laser ablation techniques can be used for quantitative and/or qualitative
elemental analysis. In addition, LIBS can also be optimized for the analysis of molecular
species as well as isotopic measurement [Russo et al., 20011; Mao et al., 2011]

The application of laser ablation methods to the elemental analysis of forensic
matrices offers many advantages for solid sampling including a) the ability to perform
direct, real-time and rapid micro-chemical analysis without need to conduct complex
digestion protocols, b) minimal sample consumption and c) appropriate sensitivity and
selectivity [Russo et al., 2011].

The following sections discuss in more detail the capabilities of each technique.

1.7.1 Principles and capabilities of LA-ICP-MS

Laser ablation is an alternative and versatile sample introduction technique for
ICP mass spectrometry that enables the direct solid sampling without the use of chemical
reagents for digestion of the samples. Laser ablation-ICP-MS can typically reach limits of
detection in the order of low ppm to ppb, permiting trace and ultra-trace in-situ
microanalysis.

Laser ablation-ICP-MS has many advantages over the solution ICP methods.
When the analysis is carried out using laser ablation, the amount of sample consumed
during the analysis is significantly reduced (i.e amount required per analysis can be

reduced from milligrams to nanograms). The micro-destructive feature is particularly

66



important in forensic sciences where the amount of evidence is often very limited and the
preservation of the evidence after analysis is desirable for further testing or review at a
later date [Almirall et al., 2006]. Moreover, the time of analysis is significantly reduced
as well as the the potential for contamination from reagents and airborne particulate.

Laser ablation-ICP-MS is a mature technique whose fundamentals have been
thoroughly studied and reported elsewhere [Koch et al., 2010; Almirall et al 2006; Evans
et al., 2010; Russo et al., 2011]. A typical LA-ICP-MS setup consists of a laser, a CCD
camera, an ablation cell and the ICP-MS, which is used as the secondary ionization
source and analyzer. A solid material with little or no sample preparation can be placed
directly inside the ablation cell, which is operated at ambient pressure. A CCD camera is
typically used to observe the sample in a monitor and focus the laser beam into a specific
area of interest. Once the laser is focused in or on the surface of the target material, the
laser is fired. When the laser ablation energy threshold is reached, a cloud of fine
particles or micro-droplets is removed from the sample. These particles are then
transported by a carrier gas, usually argon or helium, and directed into the ICP plasma for
atomization, ionization an analysis. The signal generated by the laser ablation process is
called a “transient signal” where the intensity of the mass to charge ratio (m/z) of each
analyte is monitored over time.

One of the most important parameters to select for a particular application is the
laser wavelength. The wavelength depends on the type of material that emits the laser
light, the lasers optical system and the way the laser is energized [Gonzalez et al 2002,

Horn 2001; Koch et al., 2011].
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Most forensic applications use ns-solid state lasers such as Nd:YAG lasers. The
frequency of these lasers can be changed using a harmonic generator and therefore they
could emit light at 1064nm, 532, 355, 266nm or 213nm for different applications
[Gonzalez et al., 2002].

Excimer lasers (excited-dimer) are also used in some applications. They use
halogen glass-filled chambers rather than solid-state crystals. Their lasing wavelengths
depend on the operating gas. For instance, rare-gas halides such as ArF can be operated at
193nm. These lasers are becoming more popular as a result of their ultraviolet
wavelengths and short pulse duration.

The use of femtosecond lasers in LA-ICP-MS has many well-known advantages
over nanosecond technology such as reduced fractionation, improved precision and
improved measurement accuracy, although it is more expensive than ns lasers.

Once the laser wavelength has been selected, some of the parameters that are
commonly adjusted to optimize a LA-ICP-MS method are the ablation mode, spot size,
repetition rate, percentage of laser energy and respective irradiance and carrier gas used
to transport the particles.

Although LA-ICP-MS is more sensitive than LIBS, the instrumentation and
maintenance is more expensive. Other limitations of laser ablation include matrix
dependence and the lack of solid calibration matrix-matched standards, which makes the

quantification less straightforward than with solution analysis.
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1.7.2 Principles and capabilities of LIBS

The main components of a LIBS system is the pulsed laser, focusing
mirrors/lenses, the ablation stage, the light collection system (lens, mirror or fiber optic)
the detection system composed of the spectrometer that will filter or disperse the light
and the detector and finally the computer that will process the data [Cremers et al., 2006].

A low energy pulsed laser is used in LIBS, typically in the order of 10 to 100’s
mJ/pulse that is focused in or on the surface to generate a microplasma. That
microplasma will produce the vaporization of small amounts of sample and the excitation
of species present in the material. A portion of that plasma light is emitted by excited
atoms and ions. The light is then collected and dispersed by a spectrometer. The detector
records the signal of the emitted species, which is documented in the form of a spectrum
of intensity versus wavelength. The generated spectra can be used as a fingerprint of the
chemical composition of the emitting species [Cremers et al., 2006].

The generated microplasma is temporal and typically last few microseconds. The
spectra changes as the plasma evolves and therefore the time for collection and detection
of the species of interest is a fundamental factor that has to be optimized for each
particular matrix [Russo et al., 2011].

In a typical 5-10ns pulse laser, at early times the ionization of ions and atoms is
very high. As the time evolves a recombination of electrons and ions occurs and neutrals
and molecules form at this stage. During the plasma lifetime there will be also continuum
background formed by photons emitted by electrons accelerated or decelerated by
collisions. The continuum decays more quickly than the analytical spectral lines [Cremers

et al., 2006].
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As a result, the detector is typically gated to look at the signal once the continuum
has decreased while the signals of interest become more relevant. The time between the
initiation of the laser pulse and the opening of the detector window is called the gate
delay. The detector will collect data for a specific time, usually 1-10 us. This is referred
as the gate width [Cremers et al., 2006].

For a LIBS analytical signal to be efficient, the proper laser ablation threshold
must be achieved. Typical irradiance for ns lasers ranges from 10% to 10" W/em?. In and
on solid samples this threshold is sensitive to physical properties of the sample [Cremers
et al., 2006].

There are different ways of improving the LIBS signal, all of which are well
documented in the literature such as spectral resolution, gating, average of signals from
many microplasmas, the use of double pulse lasers (either collinear or orthogonal), the
ambient gas [Koch et al., 2011; Mogalaka 2006; Evans et al., 2010; Gornushkin et al.,
2010; Wen et al., 2007; Lui et al., 2007; Gonzalez et al., 2002; Horn 2001]. As a result
the appropriate selection of laser parameters is critical for getting good sensitivity and
precision by LIBS.

Advantages of LIBS over LA-ICP-MS are extremely fast measurements, usually
30 seconds for multiple shot analysis (twice as fast as LA-ICP-MS); elemental analysis of
elements that are difficult to analyze by ICP-MS such as C, N, O, Be and S can be
detected by LIBS; potential for portability, increase versatility and lower instrument cost
and maintenance. Moreover, LIBS also allow the detection of molecular emission.

Nevertheless, LIBS is not yet as sensitive, selective and mature as LA-ICP-MS.
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2 MICRO-SPECTROCHEMICAL ANALYSIS OF PAPER BY LA-ICP-MS AND LIBS

2.1 Experimental
2.1.1 Instrumentation
2.1.1.1 Analysis of paper by LA-ICP-MS

The LA-ICP-MS analyses were conducted on a quadrupole ELAN DRC II
(Perkin Elmer LAS, Shelton CT USA), used in the standard operation mode. A 266 nm
ns-Nd:YAG laser (LSX 500, CETAC, USA) was also used in this study. The analytical
performance and discrimination capability of the following 39 isotopes was evaluated on
paper matrices Li, Pc, 23Na, 24,25 Mg, 27Al, 29$i, YK, 42Ca, 45Sc, 4749 Ti, 52,53 Cr, >>Mn,
SRe, 9Co, 062 Nj, 565 Cy, 466 75 $5Rp, By, Py, O7r, 10Rp, 19120 g 137, 1L 4.

140~ | 142,143 180 y¢ 206,207,208
Ce, Nd, “Hf, Pb.

2.1.1.2 Analysis of paper by LIBS

The LIBS analysis were conducted on a RT100HP system (Applied Spectra,
Fremont, CA), equipped with a 1064nm ns-Nd:YAG laser and a Czerny Turner
spectrograph (Princeton Instruments, NJ) with an ICCD detector (Gen II, Andor
Technology , CT) and dual grating turret (operated at 2400 grooves/mm). The LIBS
system has an automated X-Y-Z translational sample stage with a speed range of 1-20
pum/s. The analytical performance and discrimination capability of the following elements

was evaluated for paper matrices for several emission lines of the elements Na, Mg, Al,

Si, Ca, Cr, Mn, Fe, Cu, Zn, Sr.
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2.1.2 Reagents and standards

For the optimization studies and the calibration curves, single element solutions of
Sc, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, Rb, Sr, Y, Zr, Rh, Sn, Ba, La, Ce, Nd, Hf, Pb at 1000
ug mL"! and Na, Mg, Al Fe, K, Na, Al and Ca at 10000 ugmL'1 (Peak performance, CPI
International, USA) were used to prepare the stock solutions.

In-house matrix match standards were created to perform quantitative
determinations. Whatman 42 filter paper was used as the support matrix for the
preparation of the standards. External calibration and standard addition methods were
used to characterize the paper standards. Calibration curves were then prepared by
spiking the paper with 0.5uL of stock solutions ranging from 0.25pg/mL to 2500pug/mL
for LA-ICP-MS and from 50pug/mL to 2500pg/mL for LIBS, depending on the element
of interest.

The concentration units of the in-house standards and samples are reported in this
document as pg of element by g of substrate (i.e paper). This estimation was conducted
by weighing the amount of mass of standard spiked on the paper using an analytical
microbalance (Cahn, USA). The mass was also corroborated with the theoretical value
obtained by multiplying the concentration of the stock solution (pug/ml) by the volume of
the micro-drop. The area of diffusion and distribution of the standard was then monitored
by 3D microscopy (Keyence, USA) and SEM (Philips, the Netherlands) to determine the
penetration depth and the surface area of deposition of the spiked mass. Finally, the mass
of the substrate was estimated using the microbalance. At least 25 replicates were

analyzed to estimate each standard concentration in pug/g.
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2.1.3 Sample preparation

Minimum sample preparation was required. The paper samples were cut into
small squares (~2cm®), which were placed directly in the sample cell of the LA-ICP-MS
and LIBS systems, respectively. All samples were stored in the dark in small paper

envelopes, at room temperature.

2.1.4 Sample collection

The document paper selected for this study was common office paper (8.5x11
inch, multipurpose/copy paper, white, 201b). A total of 24 different sources of paper were
purchased online as reams of 500 sheets, from which only 17 were used for the
discrimination analysis because they did not present obvious visual/microscopic
differences in color and texture. Three additional reams were provided from the
manufacturer (International Paper, USA). The sample collection was composed of 20
different types of paper, from 7 different brands, manufactured at 10 different plants, all
manufactured in the US. Table 4 summarizes the description of the paper sources. Some
of the manufacturing information was provided to us confidentially. Therefore, for
purposes of this document the sample identification number was assigned to leave the
brand name and/or the name of the manufacturing plant anonymous.

The homogeneity and variation of the elemental composition in paper was studied
within a single sheet, between pages that came from the same ream, between reams that
came from the same production lot and between papers produced by the same plant at
different time intervals. These studies were conducted on paper originating from four

different brands. Within-sheet studies were conducted on five pieces of paper per sheet.
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Each of the five pieces of paper was cut into rectangles measuring ~2 cm by 3 cm. Five
ablation replicates were conducted per sample, for a total of 25 replicates per sheet.

The within-ream studies were conducted by randomly selecting two sheets per
ream and comparing 5 ablation replicates per sheet.

The within-production lots studies were conducted on three reams of paper
provided directly by the manufacturing plant. These samples were chosen to be the same
type and brand of paper produced in 2009 on July 30", October 27™ and November 13",
respectively. Seven sheets were selected randomly from each ream and four replicates
were conducted per sheet, for a total of 28 replicates per ream.

The discrimination and identification capabilities of each method were evaluated
between papers from different brands. Five replicates per sheet were conducted on each

of the samples.

2.1.5 Data reduction and statistical analysis

Data reduction and statistical analyses were performed by either the use of
SYSTAT for windows (v.8.0, SPSS Science, Chicago, IL), JMP (v.5.0.1 SAS, NC),
Excel 2003 (v9.0.2719, Microsoft Corp.,), Geopro (CETAC Technologies, v 1.0, NE),

Plot for mac OSX (v.0.997, Berlin, Germany) or Mathematica (v. 5.2.0.0, IL)
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Table 4. Description of paper samples analyzed by LA-ICP-MS and LIBS

Paper type
Sample Brand (and recycled Manufacturing Manufacturing
ID # ID content) site date
Multipurpose
1 A Paper (50%) Jackson, Alabama Oct/16/2009
Office Paper Courtland,
2 B (0%) Alabama Oct/11/2009
All-In-One Print Courtland,
3 B Paper (0%) Alabama Aug/05/2009
Recycled Paper
4 A (100%) Jackson, Alabama Oct/23/2009
Multipurpose
7 A Paper (0%) Jackson, Alabama Oct/20/2009
Multipurpose
8 C Paper (100%) Boise, Idaho unknown
Multipurpose
9 C Paper (30%) Jackson, Alabama Nov/06/2009
12 C Paper (0%) Boise, Idaho unknown
13 D Copy Paper (0%) Wisconsin Nov/29/2008
Printing paper
15 E (0%) unknown unknown
Multipurpose
16 D Paper (30%) Mississippi Nov/22/06
Printing paper
17 D (0%) New York Nov/17/2009
Laser Jet Paper
18 B (0%) Ticonderoga, NY unknown
19 B Laser Paper (0%) | Ticonderoga, NY unknown
21 A Laser Paper (0%) Boise, Idaho Jan/2011
Business paper
22 F (0%) Turner Falls, MA unknown
Multipurpose
23 G copy paper (0%) | Selma, Alabama Oct/27/2009
Multi-purpose
24 G paper (0%) Selma, Alabama Nov/13/2009
Multi-purpose
25 G paper (0%) Selma, Alabama July/30/2009
Multi-purpose Courtland,
26 C paper (100%) Alabama April/2009
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2.2 Results and discussion
2.2.1 Development and optimization of LA-ICP-MS method for the elemental analysis of
paper

The optimal ablation parameters for LA-ICP-MS measurements depend first and
foremost on the purpose of the analysis. The optimization has to be customized according
to the type and characteristics of the matrix, the typical sample size consumption that
could be afforded in real casework and the availability of reference standard materials.

In the case of forensic examinations of paper, the preservation of a document is
fundamental and therefore the main challenge for the optimization of this method was to
find the appropriate ablation parameters to produce the best analytical signal with a
minimum damage to the material.

Multipurpose copy/printing paper is, in a macro-scale, a homogenous mixture of
different raw materials, including pulp fiber, pigment particles, fillers and binders.
Nonetheless, at the microscopic scale, the paper may become in some extent
heterogeneous and as a consequence the understanding of how these raw materials
interact with each other is essential in making decisions on sampling strategies and
method optimization.

Common multipurpose paper such as the one of interest in this research has often
a single coating layer above the base paper, which is applied to improve the surface
quality. The thickness of this layer is not fully uniform and typically less than 10 pm.
Higher quality printing papers and specialty papers may have more than one coating layer

but they are out of the scope of this study. The ablation parameters were therefore

76



optimized to sample enough material from both the coating layer and the base paper to
obtain representative bulk chemical information.

Paper optimizations were conducted on standard Whatman 42 paper as well as on
conventional multipurpose papers. Optimization of the laser parameters for the LA-ICP-
MS method included the study of different repetition rates (2Hz, SHz, 10Hz), spot sizes
(100, 200, 250 um), ablation rate (10 pm/s, 15um/s, 25um/s, 35um/s), flash lamp voltage
(20-40%E in 5% increments) and length of the sampling area (400-1200um). The
optimum parameters are listed in table 5, which provided good linearity (r* > 0.99), good

sensitivity and good precision (<10-15 %RSD, depending on the concentration level).

Table 5. Optimized instrumental parameters for the analysis of paper by LA-ICP-MS

Parameter LAICPMS

Laser 266 nm, NdYAG (9mJ max)

Spot size ~200 um

Ablation mode line

Scan rate 25um/s

# of shots 240

Sampling area 200pm*600um

Repetition rate 10Hz

Flash lamp voltage 35%

Element list Na, Al, Zn, Mg, Sr, Fe, Mn,
Cu, Ti, Ba, Zr
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The best ablation mode that removed enough paper material without ablating
through the whole thickness of the document was the line mode. In this mode, the sample
stage is moved at a constant rate while the laser interacts with the paper, limiting the
penetration depth to less than 100 pm.

Figure 5 shows that the best precision was obtained using a frequency of 10Hz.
Using frequency of 5SHz and 2Hz reduced too much the amount of ablated mass, affecting
not only sensitivity but also precision of the measurements. This effect is shown in figure
6, where the stability and intensity of the transient ablation signal for Sr on paper is
improved at 10 Hz and scan rate of 25um/s.

A low speed scan rate allows firing more shots per location and as a result the
ablation line is shorter but the penetration into the paper is greater. For this reason, a
balance between damage into the paper and length of the ablation mark must be found to
minimize the overall damage of the paper. For example, it was found that lower speed
rates such as 10um/s generated larger signals, however the damage on the paper was
more pronounced as a result of the increased number of shots per substrate location. As a
consequence this speed rate was eliminated from the optimization parameter options. A
speed rate of 25 pm/s was found to be optimal in terms of precision and substrate micro-

destruction.
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Figure 5. Comparison of precision (%RSD, n=7) of multipurpose paper using LA-ICP-

MS at different frequency rates.
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Figure 6. Comparison of signal intensity and signal stability of multipurpose paper using

LA-ICP-MS at different frequency and ablation rates.
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The aim of the optimization of the spot size was to select the spot size that
provided good sensitivity and representative composition of the bulk material with the
smallest destruction of the sample.

The SEM images were obtained for different paper samples in order to estimate
the chemical micro-heterogeneity. Figure 7 shows an example of typical size and
distribution of chemical fillers (white spots) in the substrate. On the basis of these
observations, spot sizes greater than 100 um were selected to account for possible
heterogeneities at a microscopic scale. As a result, spot size of 100um did not provided
good sensitivity and/or reproducibility for some elements. Both, 200um and 250um spot
sizes, produced signals with good intensity and precision below 15 %RSD, therefore the

smaller of this was selected to minimize the substrate damage.

Figure 7. SEM image of paper surface at 100x magnification
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Another laser parameter of interest was the flash lamp voltage, which controls the
amount of energy that the laser will deliver into the sample. For this purpose, different
paper substrates were ablated at different energy levels (20-40% energy in 5%
increments) and their respective laser ablation signals were monitored. It was found that
below 25% (~0.6mJ) there was not enough energy threshold to produce the ablation,
while above 40% (~1.9mJ) the laser ablated completely through the thickness of the
paper. Therefore the optimization was focused in the range of 1.9mJ to 0.6mJ. Laser
energy of 35% (~1.5mJ) was found to be optimal for the paper matrices under study.
Figure 8 shows the SEM image of ablation marks left on the substrate using different

energy levels.
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Figure 8. SEM image of ablation marks left on paper substrate after LA-ICP-MS at

different energy levels. Image shown at 100x magnification
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2.2.1.1. Calibration strategies

Qualitative and quantitative analysis are possible by LA-ICP-MS. Both
alternatives were explored for the analysis of paper, however it was found that most
differences among elemental composition of paper where rather quantitative than
qualitative.

Several calibration strategies for laser ablation analysis have been suggested for
quantitative analysis of solid samples by the laser ablation method [Stix et al., 1995;
Raith et al., 1996; Mokgalaka et al., 2006; Trejos et al., 2010].

One initial constraint for quantitative analysis was that there are no solid matrix-
matched calibration standards available in the market for the elemental analysis of paper.
Matched standards are indispensable for elemental analysis by laser ablation methods
because the amount of mass ablated varies according to the sample matrix.

However, the physical and chemical properties of paper allowed the development
of multiple home-made paper standards. As a result, external calibration with internal
standardization using multiple point calibration curve was viable for laser ablation
quantitative analysis (see figure 9).

A porous paper with low background of elemental composition (Whatman paper
#42) was used as the matrix-matched substrate. The paper was spiked with 0.5uL of stock
solutions of increased concentrations and dried overnight. This generated standard areas
of ~ 0.5cm of diameter per standard, which provided enough surface to conduct several
ablation experiments. The solutions were initially spiked with '“Rh as internal standard,
which served also as a reddish-coloring agent to monitor the homogeneous distribution of

the standard solutions into the paper.
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The paper and the in-house paper standards were acid-digested and analyzed by
ICP-MS in order to corroborate accuracy and reproducibility among standards prepared
at different days. The percent of recovery was estimated at different spike levels and
found to be better than 96%. The inter-day variation study demonstrated that the
preparation method of the matrix-spike standards was reproducible (< 7% RSD). Good
linearity was observed for the matrix-matched home-made standards.

Since the major component of document paper is cellulose (~80%), a low
abundance carbon isotope was selected as an internal standard (C, 1.1%). The use of an
internal standard is a common practice among laser ablation users to improve the
analytical performance of the method by correcting for any difference of mass ablated
between replicates. Other internal standards such as **Ca and '“Rh were considered.
Calcium is commonly present at high levels on document paper because it is used as filler
(~15 %wt), however it showed poor performance with poor signal repeatability (~ %RSD
> 25%) and poor reproducibility among different paper brands (%RSD 15-40%). On the
other hand '”Rh worked as well as °C with the disadvantage that Rh has to be spiked
into the sample prior the analysis while "*C is already present at a fairly constant

composition in the sample (see figure 9).
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Figure 9. Calibration curves of spiked Sr in paper with and without internal standard

2.2.1.2. Selection of the elemental list for LA-ICP-MS analysis of paper

Once the ablation parameters were optimized, the most discriminating elements
and isotopes were selected on the basis of the following criteria a) precision between
replicates better than 15%, b) homogeneous distribution within a source (sheet), c)
presence above the limit of detection, d) linearity in the expected working range and e)
good selectivity, f) low percentage of false exclusions and false inclusions and g)
variability within a source (i.e. sheet/ream) significantly smaller than variability between
sources (i.e different brands). The initial elemental menu for paper analysis by LA-ICP-
MS consisted of 39 isotopes from which Li, ®Sc, ¥Rb, ¥Y, '"Rh, 12 s, FLa, e,
M2IBNd, "OHf and 2°°*°2%Pb were present below detection limit for the majority of the

set of paper samples under study. The isotopes “*Ti, *’Co and ****Ni had reproducibility

84



between replicates greater that 20% and therefore were not selected as potential
informing isotopes. The isotopes *°Si and **Ca were monitored only qualitatively due to
the large concentrations in samples, which complicated the preparation of matrix-
matched standards (>15 %wt). The isotope °K was rejected because of poor precision
and non uniform distribution within the sheet. Chromium was present at large
concentrations on the standard paper and therefore was not used for comparison
purposes. The remaining eleven elements/isotopes met the criteria for good
discriminators on paper by LA-ICP-MS analysis: 23Na, 24.25 Mg, 27A1, 47Ti, >>Mn, °'Fe,
6365 0y, 0466 7y 888 71 and VB,

As described in the introduction, these elements are likely originated from the raw
materials and manufacturing process of the paper, such as fillers (Al, Mg, Ba, Zn),
pigments (T1), detackifiers (Mg), sizing agents (Al), the chemical pulping liquor (Na) and

other elements present in the pulp (i.e. Mn, Fe, Cu, Sr and Zr).

2.2.2 Development and optimization of LIBS method for the elemental analysis of paper
Although the LIBS and LA-ICP-MS methods shared similar considerations in
terms of the general purpose of analysis and nature of the sample, the laser and
acquisition parameters for LIBS are focused in optimizing the optical emission of the
laser-induced micro-plasma.
Optimization of the laser and detector parameters for the LIBS methods included
the study of different laser shot repetition rates (1Hz, 2Hz, 3Hz, 4Hz, 5Hz), line ablation

mode moving the stage at different rates (25um/s, 10um/s), flash lamp energies (25-40%
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E in 5% increments), number of laser shots (3-100), gate delays (0.9-4us), gate widths (2-
10us) and detector gain (50-150).

The selection criteria for the optimized LIBS method parameters was determined
by the following analytical factors: signal intensity (high signal to noise ratio), precision
and reproducibility, maximum ink removal with minimum paper substrate removal,
homogeneity, selectivity, informing power and linearity.

The optimum gate delay was selected based on the most intense signal possible
with the highest signal to noise ratio and the lowest precision. A compromise between all
these three criteria was found at 1.4us for most of the elements of interest. Figure 10
shows an example of gate delay optimization for Sr II (407.7nm) obtained from a
standard paper spiked with 250 ng of strontium.

Another critical parameter for the optimization of the LIBS method is the gate
width or integration time. An optimized signal was observed at 4us gate width, where the
precision was typically bellow 10% RSD while the signal to noise was the highest. Figure
11 shows an example of the gate width optimization for Sr spiked at 250 ng in the paper
standard.

In LIBS experiments, the signal from several laser shots fired into the sample can
be accumulated in a spectra as a mean to increase the signal to noise ratio. Figure 12
shows an example of signal intensity obtained for Sr spiked at 35 ng, where it can be
observed that at least 50 shots were necessary to achieve a good signal to noise ratio for
Sr on paper at that concentration level. The best intensity and precision was achieved
with the accumulation of 100 shots. Accumulation over 100 shots would probably raise

the signal to noise ratio but would also be removing unnecessary amounts of material.
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Likewise, using similar decision criteria, the best analytical data was observed at laser
frequencies of 3Hz and speed rate of 10um/s. At 35% laser output (~6mJ) a compromise
between signal intensity and paper damage was accomplished. The optimum performance

metrics for LIBS measurements are listed in table 6.

Table 6. Optimized parameters for the analysis of paper by LA-ICP-MS and LIBS

Parameter LIBS

Laser 1064nm (NdYAG, 50mJ max)
Spot size ~350 pm
Ablation mode line

Scan rate 10pm/s

# of shots 100
Sampling area 350pm *1040pum
Repetition rate 3Hz

Flash lamp voltage 35%

Gate delay 1.4 ps

Gate width 4 ps
Elemental list Na, Al, Sr, Ca, Mg
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2.2.2.1 Calibration strategy and selection of the element list of LIBS

The calibration strategy described for LA-ICP-MS was also applied to LIBS,
where matrix-matched standards were created to do external calibration for quantitative
analysis. Since LIBS is inherently less sensitive than LA-ICP-MS the concentration of
the spiked solutions was adjusted according to its detection capabilities.

The elemental menu for paper analyzed by LIBS was initially based on the
selected eleven elements that were found informative by LA-ICP-MS and in addition K,
Cr and Ca were also monitored. Nine elements: K, Ti, Zn, Cu, Cr, Mn, Zr, Ba and Fe
were rejected from the elemental menu because of poor precision (>20 %RSD) or
because these were masked by other emission lines and/or not detected at the typical
concentration levels in the samples. The remaining five elements: Na, Mg, Al, Ca and Sr
were selected for comparison purposes.

The LIBS methods may suffer from spectral interferences and/or self-absorption
and therefore the emission lines were carefully selected to avoid potential matrix
interferences. The selected emission lines for quantitative analysis of paper were Na (I)
330.2nm, Mg (II) 280.2nm, Al (I) 308.2nm, Sr (II) 407.7nm and Ca (I) 585.7nm. The
resolution of the LIBS system used in this study is ~0.1nm, therefore the emission lines
are reported only with one decimal. One emission line per element was selected for
discrimination between samples in order to avoid redundancy on multivariate
comparisons. Nevertheless, at least 2 to 3 different emission lines were monitored
qualitatively to confirm the presence of each element of interest. Sodium was also
monitored at 330.2nm (I), 588.5nm (I) and 589.5nm (I). Good linearity was observed for

all 3 emission lines, except for 588.5nm (I) and 589.5nm (I) on samples with
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concentrations above 3000ug/g as a result of self absorption. The aluminum emission
lines were monitored at 308.2 nm (I), 309.3nm (I), 394.6nm (I) and 396.2 nm (I). Good
linearity was achieved for all lines from 0 to 5000 pg/g on the standard papers, however
lines at 394.6nm and 396.2nm were rejected for quantitative comparison purposes as a
result of poor resolution from the Ca peak when the calcium level was above 2% in the
samples. Screening of Sr was conducted at 407.7nm (II) and 421.5nm (II), however only
qualitative information was obtained from the 421.5nm emission line because of the
presence of an intense signal of calcium at 422.6nm on real samples that prevented a
baseline separation between the lines. Magnesium lines were monitored at 279.4nm (1),
280.2 nm (II), 517.3nm (I) and 518.4nm (I). Calcium lines were screened at 585.7nm (1),
315.1nm (I), 300.4nm (II) and 301.4nm (I). All emission lines for Mg and Ca were
appropriate for quantitative analysis, but only one of them were used per element as
explained above,

The LIBS system used for these studies used a Czerny Turner spectrograph and
therefore it was limited to measure sequential channels of ~50 nm each and consequently
it was impractical to select an internal standard for each of the channels since the paper
samples would have to be spiked with the mixture of internal standards. La, Y and Ce
were also tested as potential internal standards but appropriate emission lines were not
present at all five channels. Moreover, carbon the major component of paper is not a

good emitter for LIBS.
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2.2.3. Comparison of figures of merit of laser ablation methods for paper analysis

A comparison of the figures of merit between the LA-ICP-MS and the LIBS
methods is found in table 7. The selected elements/isotopes and emission lines were
linear at the concentration range of the samples (r*0.999 to 0.989 for LA-ICP-MS, 0.997
to 0.984 for LIBS). Limits of detection were suitable for the typical concentration range
found in the sets of real samples. Fewer elements were measured by LIBS mainly
because of a) limitations in multi-elemental capability of the restricted spectral channel
(Czerny Turner set up), b) concentration range of some elements were below detection
limit.

The SEM imaging and microscopic photography was conducted to assess the
crater morphology produced by the lasers. As a result of the instrumental configurations
used at the time of this research, the LA-ICP-MS experiments were conducted with a
266nm laser while the LIBS experiments were collected using a 1064nm laser.

The craters produced by the 1064nm LIBS laser are larger in diameter and less
uniform than the ones produced by the 266nm laser (LAICPMS). On the other hand, LA
craters are deeper than LIBS and penetrate more into the substrate. Nonetheless, the total
amount of paper removed per analysis is similar between both methods, in the order of

15pg per replicate (see table 7).

2.2.4 Evaluation of the discrimination potential of LIBS and LA-ICP-MS
For forensic purposes, a method should provide good analytical performance but
most importantly, it has to be validated to demonstrate its relevance if used as a tool to

generate potential evidence in court.
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In this context, an ideal method should provide sufficient discrimination
capabilities in order to determine whether two sheets of paper originated from the same
or different sources. The discrimination capability of a method depends on several factors
such as: a) good precision of the measurements; b) good selectivity; c) uniform
distribution of the elemental composition within the sample (i.e within the sheet); d)
significantly large variation of the elemental composition between one paper source and
another. For these reasons, the first step before evaluating the overall discrimination
power of the methods was to understand the variability of the elemental composition
within a source (within a sheet and within a ream).

Table 7. Figures of merit for the methods used for paper analysis.

LA-ICP-MS - Paper LIBS -Paper
Sample set
concentration | LAICPMS | LAICPMS LIBS LIBS
range LOD precision LOD precision
Element ng g’ (ug/g) (%RSD) | (ug/g) (%RSD)
Na 500 —4300 1.0 6 690 (Na I 10
330.2)
Mg 1000 — 500 0.2 7 47 Mg I 10
0 280.2)
Al 112 -2750 0.3 4 136 (Al 9
308.2)
Ti nd- 300 5.1 3
Mn nd-21 0.2 5
Fe 50-500 1.4 5
Cu nd-4 0.1 5
Zn nd-10 0.4 3
Sr nd- 150 0.04 4 14 (Sr1I 16
407.7)
Zr nd-5 0.07 10
Ba nd-40 0.02 3
Mass
removed 14+2 ng 15+1 g
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2.2.4.1 Results for micro-homogeneity and within-source variation of elements on paper

Since the amount of mass being removed by the laser-methods is on the order of
few micrograms, a homogeneity test was conducted to determine if the elements of
interest were uniformly distributed throughout the paper sheet and to determine if the
chemical composition of that micro-sample is representative from the bulk. These studies
were conducted on paper originating from four different brands (described in Table 4 as
ID # 17, 22, 23 and 26). Five small pieces were randomly cut from different locations on
each sheet of paper. Five ablation replicates were analyzed per piece, for a total of 25
replicates per sheet. Pairwise comparisons for all the 11 elements of interest were
conducted between the five pieces of paper using analysis of variance with post-hoc
Tukey’s test at 95% confidence. No significant differences were found in the elemental
compositions of the five pieces of the four brands analyzed, supporting the hypothesis
that the selected elements were uniformly distributed within a single sheet even at a
micro-scale. Figure 2 shows the distribution of Sr within different areas on a sheet of
paper as an example.

Studies of the variation within reams were conducted by randomly selecting two
sheets per ream and comparing five ablation replicates per sheet. Statistical comparisons
for all the 11 elements of interest were conducted between each pair of sheets that came
from the same ream, using t-test with Bonferroni correction at 95% confidence. No
significant differences were found between the sheets in each ream of three of the four
brands analyzed. Figure 13 shows the mean values and standard deviations of the
concentration of strontium in two sheets from the same ream. Nevertheless, one of the

paper types presented significant within-ream differences in the composition of Ti, Zn
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and Ba. The paper was the only one from this sub-set that was 100% recycled paper

suggesting that this could be the source of larger variability.
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Figure 13. Variation of Strontium within a sheet of paper and between two sheets of

paper from the same ream

Moreover, according to telephone survey conducted at FIU it is possible that a
ream of paper may be made up of alternating sheets from different rolls and therefore the
elemental composition may be distinguished by sensitive methods. Thus, in actual
casework, it is recommended to characterize the variability within a ream by sampling,
whenever possible, at least four sheets from the same ream or the known comparison
sample. In multi-page documents, where a known ream is not available, it is
recommended to sample different sheets from the known document as a way to

characterize the variability.
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The study of the variability within-production batches was conducted on three
subsets: a) three reams of paper provided directly by the manufacturing plant, they were
the same type and brand and produced in the same paper plant and mill in 2009 on July
30™, October 27" and November 13" (25G, 23G and 24G) ; b) two reams of paper
produced by the same manufacturing company as the first subset but processed in
different mills and sold under different brand names (2B and 3B); c) three reams of paper
sold under the same brand, manufactured by the same company, processed at the same
mill, days to weeks apart, produced with different percentage of recycled paper (1A, 4A,
7A).

Seven sheets were selected randomly from each ream of the first set and four
replicates were conducted per sheet, for a total of 28 replicates per ream. It was observed
for this set that 4 sheets per ream provided sufficient description of the elemental
composition within a ream. Therefore the rest of the study for the second and third set
used only 4 sheets per ream.

Figure 14 shows that the elemental profile of the 3 batches produced in the same
mill is similar but still significant differences were found between samples manufactured
3 months apart (25G July vs 23G Oct, 24G Nov). Moreover, significant differences in the
overall elemental profile were observed between these 3-batch sets and a second sub-set
of two additional samples, ID # 2 and #3, which were manufactured by the same
company, in the same month/year, using similar pulp and raw materials but processed at
different mills. Finally, differences in the elemental profile were observed from samples

that were manufactured in the same mill, produced just days apart. Samples described as
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1, 4 and 7 have a content of recycled material of 50%, 100% and 0% respectively (see
figure 14).

The results show that batches manufactured at short intervals (days to months) in
the same mill can be differentiated using elemental analysis. The ability to detect those
inter-batch differences depends on the control and standardization of the raw materials

used in the mill, including the percent of recycled paper
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Figure 14. Normalized elemental profile from document paper collected from three

different brands (brands G, B and A), processed in different mills and production batches.

A principal component analysis plot (PCA) for the same sub-set is shown in

figure 15. Principal component analysis is used as a data reduction technique to aid in the

visualization of grouping of multivariate data sets. Principal component analysis was
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applied to the multi-elemental composition of papers sources to determine whether or not
there is grouping of the paper sources by manufacturing location and production time.

Several principal components were generated on JMP (v.5.0.1 SAS, NC) which
are linear combinations of the original variables (elemental composition) and are
calculated in such way that the first principal component (PC1) is the linear combination
of the standardized original variables that accounts for most of the variance in the data
set. Each subsequent principal component is the linear combination of the standardized
original variables that has the next largest variance and is uncorrelated with all previously
defined components (PC2, PC3 and so on)

This statistical test has the restriction that each new component should be
uncorrelated with the previous ones, ensuring that each successive principal component
will have a lower variance than its predecessor. For these reason, typically the first 2 or 3
principal components confine most of the sample variation. In the data set shown in
figure 15 the first two components represent ~78% of the variance of the data, which
allowed a clear grouping of the data. Paper sheets from the same mill, produced about the
same time can be statistically differentiated but still cluster together as a result of similar
composition. An exception to this hypothesis is observed for samples manufactured in the
same mill but with different recycled content, which is a consequence of the variability

added by the origin and content of the recycled paper.
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Figure 15. Results from principal component analysis of LA-ICP-MS data, showing
differentiation and grouping of the paper samples produced in different mills/batches.
Principal component 1 (Prinl) and principal component 2 (Prin2) describe 51.5% and

26.1% of the total variance of the data, respectively.

2.2.5 Results for differentiation and identification of paper

In this research, the ability of a method to differentiate samples originated from
different sources is evaluated by estimating the percent discrimination power (Dp) as:

%DP =100 * [1 — (Ip/Cp)]

Where Ip is the number of indistinguishable pairs and Cp is the total number of
possible comparison pairs.

The total number of possible comparison pairs between samples it estimated as:

Cp = [n(n-1)/2]
Where n is the number of samples originated from different sources. Since a

collection set could have certain number of duplicate samples originated from the same
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source, those pairs are subtracted from the total Cp value to avoid overestimating the
discrimination capabilities.

The false inclusion rate is estimated as:

% false inclusions = 100 - %DP

To evaluate the false exclusion rates, only those pairs known to belong to the
same source (ss) are used to estimate the rate (i.e duplicate samples).

% false exclusions = 100 *(differentiated pairs s/ Cp ss)

For each collection set, the overall discrimination power is calculated as the sum
of the individual discrimination power of each element. Two paper samples are
considered different if at least one of the monitored elements is significantly different.

Using this method, a total of 17 different paper sources were used to test the
discrimination or informing power of the methods. Samples described in Table 4 as #1 to
#23 were used for this comparison study, representing 17 paper samples from 7 different
brands, manufactured at 10 different plants in the US. In addition, duplicate control
samples were also randomly selected and analyzed as “unknown” blind samples to
determine whether or not they were correctly identified by their elemental composition.
The combined discrimination power of the elements was found by pairwise comparison
using analysis of variance (ANOVA) and Tukey’s HSD test. A total of 171 possible
comparison pairs can be generated when all seventeen samples are compared to each
other. Table 6 shows that 99.4% of the seventeen sources were correctly differentiated by
their elemental composition, when LA-ICP-MS is used as the method of analysis. The
only pair of samples that was not differentiated (#18 and #19) belongs to the same paper

brand manufactured in the same plant and mill, which is consistent with results
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previously discussed. Although the LIBS method is less sensitive than LA-ICP-MS, it
still provided very good discrimination (97.7%) because the concentration range of the
target elements is still above the method detection limit. Only 2 out of 171 pairs were not
differentiated by LIBS (#18 and 19, # 18 and 17), one of the pairs corresponds to the
same pair indistinguishable by LA-ICP-MS and the other pair were samples
manufactured in the same state, same paper plant and mill but sold under different

3

brands. Moreover, the duplicate “unknown” samples were correctly identified by the
elemental composition measured by both laser-based methods, providing no false
exclusions for this set.

The results show that, different brands of papers can be clearly differentiated by
elemental composition. Since the variability within replicates of a sheet/ream is smaller
than the variation of the concentration between different samples, both methods are able
to detect statistically significant differences in concentration from one paper source to
another. Figure 5 shows an example of the variation within samples (represented by the
error bars and by the reproducibility within control duplicates) and the overall variation

between samples. Even samples from the same brand (grouped by similar column

patterns) are significantly different from each other.
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Table 8. Discrimination capabilities of elemental composition of paper by LA-ICP-MS

and LIBS
LA-ICP-MS LIBS
Element Number of Percent of Element Number of Percent of
indistinguisha | discrimination indistinguisha
ble pairs ble pairs discrimination
(p=0.05) (p=0.05)
Na 69 59.6 Na (I) 30 82.5
330.2nm
Al 71 58.5 Al (I) 31 &1.9
308.2nm
7n 79 53.8 Sr (II) 53 69.0
407.7nm
Mg 97 43.3 Ca () 53 69.0
585.7nm
Sr 112 34.5 Mg(II) 95 44 .4
280.2nm
Fe 129 24.6
Mn 135 21.1
Cu 136 20.5
Ti 139 18.7
Ba 142 17.0
7r 153 10.5
All 3(2DC) 99.4 4 (2DC) 97.7
elements
False 0 0 0 0
exclusion
False 1 0.6 2 1.2
inclusion
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2.2.4.3 Evaluation of the significance of the elemental analysis of paper

The previous sections discussed two fundamental aspects for the evaluation of a
novel forensic method: a) analytical performance and b) discrimination capability. The
results showed that both laser ablation methods meet the analytical metrics required to fit
for purpose. Moreover, the discrimination studies showed that the variation of the
elemental composition within a sheet, ream and batches is appropriate to provide high
discrimination between samples manufactured at different sites and/or at the same site at
different time intervals.

The percent of false exclusions and false inclusions found in these paper sets
suggest that elemental analysis of paper is a powerful tool to differentiate and/or to
associate document paper.

However, when discriminating paper at a batch level or at a ream level another
important question arise before the significance of an association or differentiation
between papers can be addressed: How the production, storage, packaging and
distribution of paper sheets could affect the significance of elemental analysis?

For this purpose, an effort was made to gather additional information about the
manufacturing plants for our collection set, as well as information about stacking and
cutting of papers for reams.

Table 9 summarizes the information provided during this telephone survey. Most
of the companies provided additional information with confidentiality requests, therefore

a letter/number code was assigned to each mill/plant/brand.
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Table 9. Information of manufacturing and distribution of paper reams for the paper

collection set.

Parent Annual Multiple
company Pulp and Capacity rolls per
Sample | Brand | Mill Manufacturing paper (thousands ream
ID # 1D 1D site mill of short tons)
Jackson,
1 A M1 i Alabama Y ~491 Y
Courtland, ~7 Y (up to
2 B M2 ii Alabama Y 6)
Courtland, ~7 Y (up to
3 B M2 ii Alabama Y 6)
Jackson, ~491 Y
4 A Ml i Alabama Y
Jackson, ~491 Y
A Ml i Alabama Y
C M3 i Boise, Idaho U U U
Jackson, ~491 Y
9 C M1 i Alabama Y
12 C M3 i Boise, Idaho U U U
13 D U iv Wisconsin U U Y
15 E U U U U U u
16 D U iv Mississippi U U N
ii ~13 Y (up to
17 D M4 New York Y 6)
ii Ticonderoga, ~13 Y (up to
18 B M4 NY Y 6)
Ticonderoga, ~13 Y (up to
19 B M4 il NY Y 6)
21 A U u Boise, Idaho U u u
Turner Falls, U Y (5)
22 F M5 iii MA N
Selma, ~6 Y (up to
23 G M6 ii Alabama Y 6)
Selma, ~6 Y (up to
24 G M6 ii Alabama Y 6)
Selma, ~6 Y (up to
25 G M6 il Alabama Y 6)
Courtland, ~7 Y (up to
26 C M2 il Alabama Y 6)
U: unknown
Y: Yes
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This survey demonstrates that for this particular collection set, the following
applies:

a) A paper ream can be sold under the same brand name but produced at different
manufacturing plants or/and different paper mills.

b) Paper produced in the same plant, same mill and same parent company can be
sold to different distribution companies and therefore labeled under different
brand names.

c) A single plant can produce different quality paper, with differences in raw
materials including different recycled paper content.

d) In my study, most of the paper plants that manufactured paper have the pulp plant
and the mill plant in the same location, with one exception.

e) Most of the paper plants, with the exception of one, cut paper from different rolls
to create a single ream of paper. The paper companies can use 2-6 different rolls
to cut the individual paper sheets for further packaging into reams. Some of these
rolls are often produced at different batches in the same day, or within several
days. One of the parent companies reported that depending on the order size,
some paper rolls could be produced within few days to weeks apart.

For this reason, it is possible that one ream could have alternating paper sheets
with slight differences in their elemental composition every 2 to 6 sheets. If the rolls used
were produced within small time intervals these differences may not be detected by these

sensitive laser ablation methods, as shown in the results.
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Nonetheless, in casework if a batch or ream level of discrimination or association
is required, it is recommended to sample from different sheets of a single ream whenever
possible.

The significance of an association or discrimination between the elemental
composition of document paper sheets has to be evaluate in a case-to-case basis,
depending on the extent of characterization of the variability on the comparison sample.

The results show that it is feasible to differentiate samples produced at different
plants/mills at different time intervals based on their elemental profile characterized by
LA-ICP-MS or LIBS. The results obtained here may not apply to paper produced under
different conditions and therefore this has to be address according to the policies of each

manufacturing site/country.
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2.3. Conclusions for elemental analysis of paper by LA-ICP-MS and LIBS

Qualitative and quantitative LA-ICP-MS and LIBS methods have been developed
and optimized for the elemental analysis of multiuse paper. Homogeneity studies show
smaller variation of elemental compositions within a single source (i.e., sheet) than
variations between different sources (i.e., brands, batches). Significant and detectable
differences were observed between multipurpose white paper originated from different
sources (discrimination of ~ 97-99% depending on the sample set under investigation
and the method applied). These differences of the elemental composition of paper were
detected between a) papers of different brands; b) paper manufactured at different
mills/plants, c) batches of paper manufactured at the same mill at times intervals ranging
from few days to three months, depending on the variability of the raw materials and the
recycled contents.

Sampling and characterization of the natural variability of the elemental
composition of multiple sheets from a single ream or multiple pages from the comparison
document is recommended before doing comparison to the questioned document. The
number of sheets to be sampled should be according to the expected plant stacking
policies, but it should be at least 4-6 sheets per ream.

Both laser-based methods are suitable for forensic comparison of multipurpose
paper. These methods now present an attractive analysis alternative for forensic
examiners to increase the informing power in comparisons and identification of these
materials. Advantages of the laser-based methods include micro-bulk analysis with
minimum sample destruction (~15 pg), multi-elemental capabilities, fast time of analysis

and excellent discrimination power.
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In addition, the LIBS method has the advantage of being less complex to operate
with an additional benefit of reduced instrument cost and maintenance. The paper
analyses were conducted using a Czerny Turner spectrometer, which requires sequential
analysis at different channels; however a broad-band spectrometer will be a more
practical approach for this application because it will reduce the time of analysis and,
most importantly, the amount of sample required. A broad-band spectrum also provides
a better tool for the selection of an internal standard and/or elemental ratios of elements
measured simultaneously.

Finally, laser ablation-ICP-MS could be the method of choice for those
laboratories that have an ICP-MS or that already use the technique for forensic analysis
of other evidence such as glass, paint and for the determination of provenance of

materials.
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3 FORENSIC ANALYSIS OF WRITING INKS AND PRINTING INKS BY LA-ICP-

MS AND LIBS

3.1 Experimental
3.1.1 Instrumentation
3.1.1.1 LA-ICP-MS analysis of writing and printing inks

The LA-ICP-MS analyses were conducted on a quadrupole ELAN DRC II
(Perkin Elmer LAS, Shelton CT USA), coupled to a 266 nm ns-Nd:YAG laser ablation
system (LSX 500, CETAC, USA). The analytical performance and discrimination
capability of the following isotopes was evaluated on ink matrices 'Li, °C, **Na, ****Mg,
A1, 28i, K, 2Ca, $Sc, 4 Ti, 3253 Cr, $Mn, SFe, ¥Co, 62 Ni, 65 Cu, ¢4 zp.

85p1. 88q. 89y 90 . 103 119,120 137, 1397 . 140~ 142,143 1807y, 206,207,208
Rb, *°Sr, Y, Zr, “Rh, 7" Sn, °'Ba, “"La, "Ce, " Nd, “Hf, """ Pb.

3.1.1.2 LIBS analysis of writing and printing inks

The LIBS analyses were conducted on a RT100HP system (Applied Spectra,
Fremont, CA), equipped with a 1064nm ns-Nd:YAG laser. The LIBS system has an
automated X-Y-Z translational sample stage with a speed range of 1-20 pm/sec For the
writing ink experiments the LIBS instrument was configured with a Czerny Turner
spectrograph (Princeton Instruments, NJ) with an ICCD detector (Gen II, Andor
Technology, CT) and dual grating turret (operated at 2400 grooves/mm). For the analysis
of printing inks, the system was equipped with a 6-channel broad band spectrograph
(190nm to 1040nm), with a resolution of <0.Inm for UV to VIS and <0.12 for VIS to

STM

NIR. The software was also updated to include TruLIB emission database and
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Aurora data analysis (Axiom 2.1, Applied Spectra, CA). The detector was replaced with a
CCD linear array (Avantes, Broomfield, CO) with possible gate delay adjustment from
50ns to 1ms with 25 ns step resolution and a fixed integration time of 1.1ms. The final
element list was customized and optimized for each ink type.

An analytical microbalance (Cahn, USA) was used to determine the mass of the
ablated particles from ink during LIBS and LA-ICP-MS experiments. A Scanning
Electron Microscope XL 30 (Philips, The Netherlands) and a 3D digital microscope

(Keyence NJ, USA) were used for the imaging of ink samples.

3.1.2 Reagents and standards

The calibration curve stock solutions were prepared from single element solutions
of Li, Na, Mg, Al, , K, Ca, Sc, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, Rb, Sr, Y, Zr, Rh, Sn, Ba,
La, Ce, Nd, Hf, Pb, I and Br at 1000 pg mL™" and/or 10000 ugmL'1 (Peak performance,
CPI International, USA).

Matrix-matched standards were created at the laboratory in order to perform
quantitative determinations. Whatman 42 filter paper was used as the support matrix for
the preparation of the standards. External calibration and standard addition methods were
used to characterize the ink standards. A fountain-pen black ink (Montblanc, Germany)
with low inorganic content was characterized by acid digestion-ICP-MS. High purity
acids (optima grade) and ICP-MS grade standards were used for the digestion and
characterization this ink.

About 0.5puL (0.035mg) of that ink was deposited on W42 paper and dried

overnight. Calibration curves were then prepared by spiking the ink drop at different
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concentration levels, depending on the element of interest and the technique used for
analysis (final concentration from 2.5ug/mL to 100 pg/mL for LA-ICP-MS, 25ug/mL to
5000pg/mL for LIBS).

The area of diffusion and distribution of the spiked standards were then monitored
by 3D microscopy (Keyence, USA) and SEM (Philips, the Netherlands) to determine the

penetration depth and the surface area of deposition of the spiked mass.

3.1.3 Sample preparation

Writing inks were collected by writing on Whatman 42 paper. Each ink collection
consisted of 5 straight lines of ~ 3cm long and Smm wide, the name of the brand of the
pen, the identification inventory number, the pen number, a signature and the words:
“FIU, Florida International University and Trace Evidence Analysis Facility”. A small
portion of the paper (~1cm?) containing the ink writing patterns was placed directly in the
respective ablation cells.

To prepare the printing ink samples, small strips of white paper (2.54 x 9.0 cm,
Whatman Grade 42, Whatman Ltd, NJ) were glued directly onto regular office paper (8.5
x 11 in., Boise Aspen 100). A small amount of glue was carefully placed only at a small
area of each of the four corners on the strips of paper in order to avoid contamination of
the sample with glue. Every strip was placed approximately 1.75 in. from the left side of
the page and about 4 in. from the top of the page. Each sample was identified based on
the name of the owner of the printer whom the sample was collected from, the location of
the printer, the printer brand and model, the type of cartridge, the cartridge brand and

model and any lot number associated with the cartridge. The percent of usage of the
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cartridge was also noted. For purposes of this study, new cartridges were said to have
100% usage and mostly used cartridges were given a 0%. Figure 17 shows an example of
the writing ink and the printing templates used to collect the ink samples.

All samples were stored in the dark, at room temperature in plastic bags and small
envelopes. A small portion of the substrate paper and the printed ink was then cut for
further analysis. Double-sided tape (3M, USA) was used to mount the samples in the

ablation chambers.

3.1.3.1 Acid digestion methods for the characterization of fountain ink standard

All digestions were conducted in an open vessel hot block (Environmental
Express, USA). The following digestion protocols were tested for the characterization of
fountain ink, which was later used as the standard matrix for in-house ink standards:

a) Method 1: 0.1g of ink were digested with 2mL of HNO;s; 16M optima grade.
The sample was digested for 2 hours at 80°C. The temperature was then raised to 120 °C
until dryness of the digestate.

b) Method 2: 0.1g of the ink was digested with 2mL of H,SO4optima grade. The
sample was left at room temperature for 30 minutes until the exothermic reaction was
completed. 2mL of HNO; (16M, optima grade) were added and the mixture was allowed
to react at 100 °C for about 7 hours.

c) Method 3: 0.1g of the ink was mixed with 2mL of HNO; (16M, optima grade).
The sample was placed in the hot block at 80 °C. After one hour, the sample was cooled
down at room temperature and 1 ml of H>O, (30%, optima grade) was added to the tube.

The mixture was then sonicated for 10 minutes and heated at 100 °C for about 8 hours.
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The digestates were reconstituted with nitric acid 0.8M, sonicated, diluted and
spiked with Rh and Y as internal standards. The quantitative analysis was conducted

using ICP-MS with external calibration and standard addition methods.

Linet |HPInkjet] ~100
HP Photo] 564 TT/IK Sep-11
2012/06

)
<
el

Figure 17. Examples of templates for the collection of writing inks (top left) and printing

inks (bottom left) and their respective subsamples after ablation (right).
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3.1.4 Sample collection
3.1.4.1 Collection of writing ink sources

The ink from 323 pens was analyzed to determine the variation of the chemical
composition of ink within a single pen, between pens from the same package and
between brands of black gel inks, blue gel inks and black ballpoint inks. The set includes
writing inks from 103 different sources (different brand, manufacturer, batch) and 220
entries from similar sources (i.e., duplicate controls, same pen at different percent use,
different pens from the same package).

As part of the validation study, the discrimination and identification capabilities
were tested on four independent sub-sets of ink. The first set consisted of 45 gel pen inks
received as a blind test from the U.S. Secret Service. The brand and origin of these ink
samples remain unknown because of proprietary information. The ink samples were
received on a piece of Whatman paper 42. Samples were labeled with the numbers 1 to
45. A small piece of ~lem® was cut with plastic scissors to conduct laser ablation
analyses. Each sample was analyzed in three replicates and quantified using in-house ink
standards. Duplicate samples were included to test the type I error rate.

The second set consisted of black gel inks originating from 24 different
brands/batches. All pens were purchased at retail stores in the US during a period of 2-
months. The third set consisted of black ballpoint refills from 20 different sources; all of
them were purchased online on the same day from different brands. The fourth set
consisted of 22 blue gel inks originating from 19 different brands/batches. Three
additional blue gels from the same source were used as duplicate controls. A list the

writing pens tested in this study for the 2™, 3" and 4™ set is found in tables 10 to 12. The
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manufacturing information (i.e., made in) corresponds to the information found in the
external package and therefore may refer to the country of pen assembly and not
explicitly the country were the ink was manufactured.

Additional studies were performed to evaluate the variation of the elemental
composition within pens and between pens from the same package. The within-pen
variation study was conducted on three gel pens from different brands. The ink from
each pen was analyzed at different percent of ink withdrawn. The ink-barrel had its own
labeling for percentage of use of the ink and therefore the ink was collected on the paper
substrate at 0% (mostly used), 10%, 25%, 50%, 75% and 100% (new). Between-package
studies were conducted on four different brands of pens containing 4 to 12 pens per
package. The brands selected for this study are identified as B002, B014, BO09 and BO18
on table 12. Four replicates were conducted on each of the pens. A total of 24 pens were

used for this between-package study.
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Table 10. List of tested black gel pens.

Reference # pens
Inventory Make Model per Made Purchase
No. (Brand) (type) package in location
Pompano beach,
B-001 Gel writer Rx 5 China FL
B-002 Bic Velocity gel 4 France Miami, FL
Retractable
B-003 Foray gel 6 China Miami, FL
B-004 Zebra GRS gel 5 China Miami, FL
Begreen G-
B-005 Pilot Knock 3 Japan Miami, FL
B-006 Uni-Ball Signo 207 2 Japan Miami, FL
Frixion
B-007 Pilot erasable 2 Japan Miami, FL
B-008 Sharpie Pen fine 2 Japan Miami, FL
B-009 Staples Gel stick 12 China Margate, FL
Precise V7
B-010 Pilot RT 3 China Margate, FL
B-011 Uni-Ball Signo 207 2 Japan Margate, FL
B-012 Zebra Z-grip 4 China Margate, FL.
B-013 Papermate | Gel Click 4 China Margate, FL
B-014 Pilot G2 4 Japan Margate, FL
B-015 Staples Sonix Gel 4 China Margate, FLL
B-016 Pilot G2 4 Japan Margate, FL
Signo Gel
B-017 Uni-Ball RT 4 Japan Margate, FL
B-018 Bic Velocity gel 4 France | St Louis, MO
B-019 Papermate | Gel Click 4 China | St Louis, MO
Signo Gel
B-020 Uni-Ball RT 4 Japan St Louis, MO
B-021 Pilot G2 4 Japan Miami, FL
B-022 Staples Gel mini 3 China Margate, FL
B-023 Staples Opti flow 1 China Miami, FL
B-024 Staples Gel 2 China Miami, FL
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Table 11. List of tested black ballpoint refill inks

Reference | Make (brand) Model (type) # refills Manufacture
ID No. per Information
package
Assembled in
BB-020 Pentel Ball point refill 6 Mexico
Assembled in
BB-021 Sanford Paper Mate Lubriglide 2 Mexico
BB-022 Office Max Chain pen refill 3 Made in China
BB-023 Pilot TheBetter 4 Made in Japan
BB-024 Bic 4Color 8 Made in France
Made in
BB-025 Waterman Ball pen refill 2 Germany
Assembled in
BB-026 Sanford Paper Mate Lubriglide 4 Mexico
BB-027 Uniball Power Tank RT 3 Made in Japan
Made in
BB-028 StrideSchneider Express 735 Germany
BB-029 Pilot TheBetter™ Made in Japan
Made in
BB-030 Bic Stylo-Bille 4 Mexico
Made in
BB-031 Zebra F-Refill 6 Indonesia
BB-032 AT Cross Tech3 4 Made in China
BB-033 AT Cross ball pen refill 2 Made in China
BB-034 Pilot Dr.Grip 4 Made in Japan
BB-035 Pentel Client 2 Made in India
BB-036 Parker Ball pen refill 2 Made in U.K
Assembled in
BB-037 Pentel R.S.V.P. 2 USA
BB-038 Penatia Cross 2 Made in China
BB-039 Penatia Size-it 2 Made in China
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Table 12. List of tested blue gel pens and refill inks.

Reference Make Model # pens / refills per Made
ID No. (brand) (type) package in
Sanford
BB-001 (Rubbermaid Paper 12 pens Made in China
Company) Mate
BB-002 Bic ReAction™™ 3 pens Made in Japan
eGel
BB-003 Avery Retractable 12 pens Made in Korea
Stride-
BB-004 Schneider Gel IT 12 pens Made in Usa
Gel
BB-005 Office Max Retractable 12 pens Made in China
EnerGel
Retractable
Liquid Gel.
BB-006 Pentel Deluxe RTX 2 pens Made in Japan
BB-007 Pilot G2 Bold 12 pens Made in Japan
Jet Stream
BB-008 Uniball ' tm/mc 2 pens Made in Japan
BB-009 Zebra 7.Grip Gel 3 pens Made in China
BB-010 Uniball ' Gel RT 3 pens Made in Japan
BB-011 Bic Pro ™™ 4 pens Made in China
BB-012 Pilot P-700 12 pens Made in Japan
Designed in
Tul (distributed US/Man. South
BB-013 by Office Max) 12 pens Korea
BB-014 Bic ReAction™™ 3 pens Made in Japan
BB-015 Pentel HyperG 3 pens Made in Japan
BB-016 Bic Pro ™M 4 pens Made in China
BB-017 Pilot G2 refill 2 refills Made in Japan
BB-018 AT Cross refill 2 refill Made in China
Impacttm mc
BB-019 Uniball ' refil 2 refills Made in Japan

'Uniball division of Newel Rubbermaid exclusively made for Sanford
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3.1.4.2 Collection of printing ink sources

The printing ink collection set consisted of ink collected from 47 different
printers. This includes 21 inkjet ink samples from 11 different printers (different brand,
model), 7 duplicate controls (printed from the same cartridge at different time intervals)
and 3 blind samples. The toner subset consisted of 26 ink items printed from 13 different
laser toner printers and 13 samples used as blind or duplicate controls. Tables 13 and 14

list the different types of printers and printer cartridges collected.

3.1.5. Data reduction and statistical analysis

Data reduction and statistical analyses were performed by either the use of
SYSTAT for windows (v.8.0, SPSS Science, Chicago, IL), JMP (v.5.0.1 SAS, NC),
Excel 2003 (v9.0.2719, Microsoft Corp.,), Geopro (CETAC Technologies, v 1.0, NE),
Plot for mac OSX (v.0.997, Berlin, Germany), Mathematica (v. 5.2.0.0, IL), Aurora LIBS

data analysis software (v 2.1, Applied Spectra, CA).
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Table 13. List of tested inkjet printer inks.

ID Printer Printer | Cartridge | Cartridge | Cartridge
No. brand Model | brand Model Lot # % Usage
HP
INO1 Photosmart | B209A HP 564 201206 ~100
HP
Officelet
INO3 Pro 8500 HP 940 na ~100
HP
INO6 | Photosmart D110 HP 60 CC640W ~50
HP
INO7 Officelet J4580 HP 901x1 na ~75
HP
INOS8 Officelet J4581 HP 901x1 na ~75
HP
INO09 Photosmart C4400 HP 74 na ~100
HP
IN10 Photosmart C4400 HP 74 na ~100
HP
IN10-A | Photosmart C4400 HP 74 na ~100
HP
IN-10B | Photosmart C4400 HP 74 na ~100
HP
IN-10C | Photosmart C4400 HP 74 na ~100
IN12 Hp Deskjet 3050 HP 61 na ~75
IN14 Canon MP490 Canon 210 na ~100
IN15 LexMark 2500 LexMark 28 na ~33
HP
IN16 Officelet J4580 HP 901XL CC654A ~15
HP
IN17A | Photosmart D110 HP 60 CC640W ~50
HP
IN17B | Photosmart D110 HP 60 CC640W ~50
HP
IN17C | Photosmart D110 HP 60 CC640W ~100
IN17- HP
10 Photosmart D110 HP 60 CCo643W ~100
IN17- HP
14 Photosmart D110 HP 60 CCo643W ~75
IN17- HP
17 Photosmart D110 HP 60 CCo643W ~50
IN-17- HP
17D Photosmart D110 HP 60 CCo643W ~50
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Table 14. List of tested laser toner inks

ID Printer | Printer | Cartridg | Cartridge Cartridge %
No. brand Model | e brand Model Lot # Usagg
HP Color ~10
T01 laserjet | CP2015 HP CC530A MUI-854 0
T02 OKI C5500 OKI 43381904 2K00C820XCK31 ~75
HL-
T03 Brother 2140 Brother TN-360 n.a ~75
HP P2055d
T04 | Laserjet n HP CE505x | OG17HIGA/20100717 | ~75
HP ~10
T05 | Laserjet | P2035n HP CE505A | 9K14H3EK/20091114 0
HP
T06 | Laserjet | 2420D HP Q6511A n.a ~25
HP
TO8 | Laserjet | P3015 HP CE255A OHI9N2a/20100819 | ~15
HP
T09 | Laserjet | P3015 HP CE255A OAI18N6a/20100118 | ~75
HP
T10 | Laserjet | P3015 HP CE255A OF07N6a/20100607 ~75
HP
T11 Laserjet | 2420D HP Q6511A na ~25
HP P2055d
T12 | Laserjet n HP CES505x 1B12H1Ga/20110212 | ~75
HP
T13 Laserjet 1022 HP Q2612A na ~50
HP
T14 | Laserjet 1022 HP Q2612A na ~50
HP
T15 | Laserjet | P3015 HP CE255A OF07N6a/20100607 ~75
HP Office 8HO3H2L
T16 | Laserjet | P2015 Depot K na ~0
T02A OKI C5500 OKI 43381904 2K00C820XCK31 ~28
T02B OKI C5500 OKI 43381904 2K00C820XCK31 ~28

123



3.2. Results and discussion

3.2.1 Development and optimization of a LA-ICP-MS method for the analysis of writing
inks

In order to be realistic with regards to the amount of sample available in typical
casework, all the optimization and validation studies were performed on the ink markings
deposited directly by the pen on standard paper. As in the case of paper analysis, a
minimum destruction of the substrate is also desirable for ink analysis. The analysis of
ink on paper is however more challenging than the analysis of paper, because the ink is
typically absorbed in some extent into the fibers of the paper and therefore the paper
composition becomes part of the background or analytical noise.

Optimization was conducted on ink standards and on ink samples from the
collection set. At least four different ink samples were selected from each ink subset. The
optimization of the laser parameters for the LA-ICP-MS method for writing ink included
the study of the ablation mode, different repetition rates (2Hz, SHz, 10Hz), spot sizes
(100, 200, 250pm), ablation rate (10 pms™, 15 ums™, 25 pms™, 35 pms™) and flash lamp
voltage (20-50%E in 5% increments). The best parameters are listed in table 15, which
provided good sensitivity and good precision (<10%-15% RSD, depending on the
concentration level).

The only ablation mode that was practical for ink analysis was the ablation line.
Ablation line allows ink removal without ablating through the document. The rate at
which the sample stage is moved while the laser interacts with the substrate was critical

to determine how much ink is been removed and how much paper substrate is been
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removed with it. Another critical parameter that controls the percent of ink and paper
removed from the laser micro-sampling is the percent energy of the laser beam. A
percent energy of 35% (~1.5mJ) was found to provide the best balance between ink
removal and signal intensity and reproducibility.

The frequency, or number of shots per second, delivered by the laser was also
optimized. Figure 18 shows that the best precision was obtained with ablation at 10Hz

(% RSD < 10%).
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Figure 18. Effect of the laser frequency in the precision of the measurements (%RSD,

n=5) of the elemental composition of ink by LA-ICP-MS
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Table 15. Optimized instrumental parameters for the analysis of writing inks by LA-ICP-

MS.
Parameter LAICPMS
Laser 266 nm, NdYAG (9mJ max)

Spot size ~200 pm
Ablation mode line

Scan rate 25um/s

# of shots 240

Sampling area 200pm*600um
Repetition rate 10Hz
Flash lamp voltage 35% (1.5ml))
Elemental menu Ink: (Al, Mg, Fe, Mn, Cu,
Ba, Ni, Pb, Si, K)

3.2.1.1 Calibration strategies for writing ink analysis by LA-ICP-MS

One of the greatest challenges for the analysis of writing inks was the
development of matrix-matched standards. For this purpose, a water-based fountain ink
was digested and characterized by ICP-MS to evaluate the viability to be used as the
substrate ink for the preparation of ink-standards. A total of three different methods were
initially selected for a preliminary study of the ink. The main objective at this time was to
emerge with an efficient and reproducible digestion method that allows the removal of

the organic components of the ink. The main differences between the methods were the
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temperature applied and the selection of the solvent(s). The third method described in the
experimental section, which uses a mixture of nitric acid and hydrogen peroxide provided
the most efficient and reproducible ink digestion.

Fountain ink was spiked at 6 different concentration levels in order to determine
the elemental composition of the ink by the standard addition method. Percent of
recovery for the acid digestions ranged from 95% to 115%. Reproducibility of the
digestion replicates was better than 13% RSD for the majority of the monitored elements.
Table 16 shows the elemental concentration levels found in the fountain ink. As expected
this type of ink has very low concentration of inorganic components, with the majority of

the monitored elements present at low ppb levels.

Table 16. Elemental composition of the tested fountain ink.

Element | Mean concentration | % RSD
monitored ng/ g (n=5) (n=5)

Al 35 11
Mg 40 10
Ti 7.2 11
Cr 5.9

Mn 1.4 10
Fe 68 13
Co 0.6 4
Ni 5.6 8
Cu 3.8 10
Sr 17.1 5
Sn 4.6 12
Ba 10.5 6
Pb 6.4 23

Once the background levels of the fountain ink were characterized, this ink was

used as the matrix-matched substrate to create the in-house ink standards. Ink drops were
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deposited into Whatman 42 paper using 0.5 pL, 1 pl, 2 uL and 5 pL volumes. The
reproducibility of the deposited ink drops was studied in terms of shape, diameter and
penetration into the paper. Volumes larger than luL generated uneven oval-like drops
with more pronounced concentration of the ink towards the edges of the drop. A volume
of 0.5uL was determined to generate more reproducible ink drops in the paper with a
fairly even distribution of the elemental composition.

In order to verify the homogeneity of the elemental composition in the ink drop a
laser ablation line was monitored from edge to edge of the drop. Figure 19 shows the
transient LA-ICP-MS signal of one of the ink-spiked in-house standards. The stability of
the signal across the drop shows that the distribution of elements in the drop was fairly
homogeneous. An exception to this observation was detected for K and in less extent for
Al and Sn, which had a preference to migrate towards the edge of the drop. For this
reason all the measurements were later conducted at least 300 um away from the edge of
the standard ink drops.

Moreover, in order to test the reproducibility of the preparation of the ink
standards and the repeatability of the measurements, the elemental composition was
determined for 3 ink standards prepared in different days and by different analysts. Each
of these ink standards was analyzed in 5 replicates. Experiments were conducted for ink
drops spiked with 5 ng and 12.5 ng of the mix stock solution. Figure 20 shows the results
for the ink standards spiked at the 12.5ng. The repeatability of the measurements was
better than 9% (represented by the error bars) while reproducibility between different ink

drops was better than 5%. Similar results were obtained for the lower spike level.
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Figure 20. Reproducibility (n=3) and repeatability (n=5) obtained for ink standards

spiked with 12.5 ng of the elements of interest.
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The calibration curves were prepared spiking the dried ink drops with 0.5uLL of

stock solutions ranging from 5 to 37.5 pg/mL, therefore the absolute spiked amounts in

the total drop area ranged from 2.5 to 18.75ng. Each ablation replicate removed ink from

an area of about 7E4 um®. Since the total average drop area is about 6.4E7um?, assuming

a homogeneous distribution of the spiked mass in the drop, the analytical signal detected

by the instrument is coming from approximately 2.7 to 20 pg of each spiked element.

Good linear response was observed at these spike levels. For instance, figure 21 shows a
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Figure 21. Calibration curve of matrix-matched spiked ink on paper for the analysis of Sr

in writing inks by LA-ICP-MS.
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Finally, the use of internal standardization was also studied for ink analysis.
Rhodium was evaluated as a potential internal standard that could be spiked at similar
concentration levels in the in-house ink matrix-matched standards and in the ink samples.
Although the calibration curve for the ink standards worked well with Rh as internal
standard, a practical problem was identified with the spikes of the ink samples from our
collection set. Depending on the ink type (i.e., ballpoint vs. gel), some ink surfaces
affected the absorption and distribution of the internal standard into the writing strike.
The lack of uniformity was easily observed with the Rh solution because of its inherent
red-color. As a result the performance of Rh as an internal standard was diminished in
real samples.

As an alternative, the use of °C was also explored for the analysis of ink. Since
there is always a certain amount of paper substrate been removed along with the ink -
regardless of the mildest optimized ablation conditions- it is assumed that the Be signal
comes primarily from the paper fibers and therefore it can be used as an internal standard.

It was previously demonstrated for the paper analysis that the ">C level on paper
does not vary considerably from papers of similar type (i.e., multipurpose) as a
consequence of its relatively high composition of cellulose (~80%). As a result, the use of
1C for ink analysis serves for two-fold purposes, to indicate and correct for any variation
of the mass of ink removed between replicate analysis and also to monitor the amount of
paper been removed with the ink.

Figure 22 shows the signal of °C as it is been monitored in the ICP-MS at
different time intervals: a) prior laser ablation, just monitoring background levels of the

gas blank (0-20 s); b) during the ablation of the paper substrate (20-60s); c) during the
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ablation of the ink standard deposited on the same paper substrate (60 — 300s) and d) post
ablation as the carrier gas cleans up the cell and gas lines (300 — 400s). Figure 22 also
shows the signal of 4 other analytes monitored during the same ablation stages; the graph
highlights some important features of ">C that make it a feasible internal standard for ink
analysis. First, it can be assumed that the C content on paper is much greater than the C
content on inks and therefore the major contribution of "*C is coming from the paper
substrate rather than the organic components on ink. The hypothesis is supported by the
steady signal of °C at the “paper” ablation stage and the at the “ink signal” across the
ink. No significant signal increase is observed while the laser is moved from the paper
substrate to the ink substrate. In contrast, other signals coming primarily from the ink
composition increased sharply once the laser beam starts interacting with the ink.

Second, the signal stability of the "*C across the ink is appropriate for its use as
internal standard. Third, the instrumental response for '°C is within the same scale of the
instrumental responses for other analytes of interest (i.e., Mg, Cu, Ba and Sr shown in the
graph).

Finally, the variability of the *C within different samples and standards was
determined to be less than 15% RSD. Calibration curves using C had good linear
response (r*>0.992) and precision better than 10 -15% RSD, depending on the element of

interest and its concentration level.
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Figure 22. Signal of ">C (light blue) for the gas blank, the ablation of paper and the

ablation of ink on paper by LA-ICP-MS.

3.2.1.2 Selection of the elemental menu for the analysis of writing inks by LA-ICP-MS
The most discriminating elements were selected using the same selection criteria
previously discussed for paper analysis, which are: a) precision between replicates better
than 15 %RSD, b) homogeneous distribution within a source (i.e., pen), c) presence
above the limit of detection and above the paper background level d) low percentage of
false exclusions and false inclusions, e) variability within a source (i.e., a pen or a
package) significantly smaller than variability between sources (i.e., different brands).
One of the most significant differences found between paper and ink on paper
matrices is that while the best discriminators found in paper were elements present at

minor and major concentration levels, the best discriminators for ink were elements
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present at trace levels (<1000 pg/g). The element menu selected for LA-ICP-MS analysis
of black ink samples is composed of eight elements 24’25Mg, 27Al, 55Mn, 57Fe, 60Ni, 65Cu,
B"Ba and 2?7 Pp. In the blue gel formulations the following 13 elements were
detected: 24’25Mg, YAl 39K, Mn, *'Fe, ®Cu, *Zn, ®sr, *'7r, 120Sn,mBa, "®Hf, and
206207208 pyy - Chromium was also found to be a potential good discriminator for inks but
was not used for quantitative comparison purposes because of the high background
contribution from the standard paper (Whatman 42). Nonetheless, after using semi-
quantitative comparison of the signal intensities, it was shown that Cr provides additional
discrimination in some writing inks. The precision of sodium in the samples was greater
than 15% RSD and therefore was monitored but not included in the discriminating menu
for LA-ICP-MS.

The presence of Mg on inks can be attributed mainly to extenders used in some
ink formulations (talc, china clay). Aluminum and barium are often used as extenders. In
addition, Al can be also used as part of the pigments and thickeners composition
(specially in ballpoint formulations). manganese, strontium and chromium salts are
commonly employed as part of the composition of driers, particularly in resinates and
long chain fatty acids. Iron and copper are commonly found as complexing agents on
several pigment and dye formulations used for writing inks. For example, iron oxide and
victoria blue (Cu, Fe complexes) are common pigments in gel inks, while Cu complexes
are often used in phtalocyanine dyes in ballpoint inks. Nickel can be added as nickel
acetate to resins to reduce hue shift and is also encountered in metallized nickel dyes.

Although lead has been regulated in many modern formulations, it is still used as part of

the pigment (i.e., PbCrO,4) and the driers. Potassium is used in some blue complex dyes
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such as iron blue and Prussian blue. Tin can be derived from tin acetate used in some
formulations as a reducing agent or from tin boxes that are used in the storage of ink
tablets. Zinc can be added for many purposes such as pigment (ZnO), extender (ZnS), in

resonates (ZnO) and as a metallic drier.

3.2.2 Development and optimization of a LIBS method for the analysis of writing inks
The optimization protocol followed for the optimization of LIBS analysis of
writing inks was very similar to the one previously discussed for paper analysis. The
main differences found in terms of optimization were the frequency rate and the speed
rate. In order to minimize the amount of paper been removed along with the ink, the
frequency was reduced to 2Hz and the speed rate was increased to 25 um/s. As a result
of the increase in speed rate, the length of the ablation line was increased to 2600 um to
be able to collect and accumulate 100 shots per spectra. Table 17 lists the optimum

instrumental parameters for writing inks.

3.2.2.1 Calibration strategies for writing ink analysis by LIBS

Matrix-matched ink standards were prepared as previously discussed for LA-ICP-
MS analysis. However, as a result of the differences in sensitivities between the laser
ablation techniques, the spike concentration levels were increased for LIBS analysis
according to its limits of detection. Although linearity was tested from spiked levels from
0 to 3000 pg/g (amount deposited on ink from 0 to1500 ng), it was later found that most

of the elements were present at low concentration levels, therefore the calibration curve
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was only utilized at a range from 0 to 500 pg/g for most of the elements. Figure 23 shows
an example of the linear response range for Mg 280.2nm (II).

Carbon emission lines with enough sensitivity were not detected at the spectral
ranges of interest. Since a Czerny Turner spectrometer was used for this set of samples,
an useful internal standard was not found at the spectral regions of interest. Therefore
quantitative analyses were conducted using the background-corrected integrated area for

the peaks without internal standardization.

Table 17. Optimized instrumental parameters for the analysis of writing ink by LIBS

Parameter LIBS
Laser 1064nm (NdYAG, 50mJ max)
Spot size ~450pm
Ablation mode line
Scan rate 25um2s
# of shots 100
Sampling area 450um*2600um
Repetition rate 2Hz
Flash lamp voltage 35%
Gate delay 1.4 ps
Gate width 4 ps
Elemental menu Cu, Na, Mg, Mn
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Figure 23. Calibration curve of Mg deposited on ink analyzed by LIBS (Mg II, 280.2 nm)

Although the quantitative analysis of inks by LIBS was viable, semi-quantitative
comparison of the spectra was also explored as an alternative comparison method. One of
the advantages of LIBS over LA-ICP-MS data is that the peak wavelength and peak
height can be used to do semi-quantitative comparisons via spectral overlay. The LIBS
system used in this research was equipped with software that allows easy comparison of
spectra by the regions of interest. The performance of spectra overlay comparison was
comparable to the quantitative results using external calibration, however spectra overlay
was less time consuming.

Figure 24 shows some examples of qualitative and quantitative differences
observed between black gel inks using the spectral overlay comparison. While some

differences are qualitative, for example differences in Fe and Mn signals between spectra
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A and C or Cu in spectra E, some differences are quantitative, for example the Cu content

on spectra B and D.
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Figure 24. Part of the LIBS spectra of six different black gel inks at 232-284nm (A-D)

and 304-354nm (E).
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3.2.2.2 Selection of the elemental menu for the analysis of writing inks by LIBS

For the analysis of inks by LIBS, the following emission lines were selected for
quantitative and qualitative comparisons Cu (I) 324.3nm, Na (I) 330.2, Mg (II) 280.2nm,
Mn (II) 255.8nm. Additional qualifier lines were monitored qualitatively to corroborate
the presence of each element, as follows: Copper (327.4nm (I), 329.3nm (I) and 261.8nm
(D], Sodium [588.5nm (I) and 589.4nm (I)], Magnesium [279.4nm (I), 517.3nm (I),

518.4nm (I)], Manganese [257.7nm (II), 259.3nm (1I)].

3.2.3 Comparison of figures of merit for the analysis of writing inks by LA-ICP-MS and
LIBS

A comparison of the figures of merit between the LA-ICP-MS and LIBS for the
analysis of writing inks is found in table 18. The selected elements and emission lines
were linear at the concentration range of the samples (> 0.999 to 0.989 for LA-ICP-MS,
0.997 to 0.984 for LIBS).

As reported here, LOD is the concentration at which the analyte signal is three
times the system noise. The LODs were determined for several elements in in-house
matrix match standards spiked at different levels close to the expected LOD.

The limits of detection of the methods were determined for each element by
measuring procedure blanks. For LA-ICP-MS, blanks corresponded to the background
signal prior the laser interaction with the ink material For LIBS, blanks corresponded to
the background signal near the peak of interest.

The LODs were calculated by three times the standard deviation of twenty-one

instrumental replicates from the matrix standards as follows:
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LOD = mean background + 3 stdev background (I’l:2])

Limits of detection for LIBS were some orders of magnitude lower than LA-ICP-

MS, which affected the capability of detection of some elements that were found by LA-

ICP-MS in the low ppm range.

Table 18. Figures of merit for laser-based methods for the analysis of writing ink.

Elemental list LA-ICP-MS LIBS
Element | Concentration LOD Precision LOD Precision
in sample sets | (ngg™) (%RSD) (ngg™) (%RSD)
pgg’
720 9
Na nd-5100 2.1 16 (Na1330.2)
50
Mgl
Mg nd-560 0.2 7 280.2) 10
Al nd-3841 0.9 5 n.a n.a
15
Mn II
Mn nd-40 0.5 5 255.8) 7
Fe nd-572 2.8 6 n.a n.a
Ni nd-12 0.6 4 n.a n.a
10 (Cul
Cu nd-1000 0.3 4 324.3) 8
Ba nd-21 0.6 6 n.a n.a
Pb nd-108 0.8 5 n.a n.a

nd: below method detection limit ; na: not measured ; LOD:

limits of detection

3.2.4. Development and optimization of a LA-ICP-MS method for the analysis of

printing inks

There are significant differences between writing inks, inkjet inks and laser toner

inks in terms of their chemical composition as well as the physical interaction of the ink
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with the paper substrate. As a result each of these 3 ink types was treated as a different
matrix and a independent optimization was conducted for each ink type to adjust the
parameters to their specific requirements.

The major differences found between inkjet inks and toners were the elemental
composition and the absorption/deposition interaction of the ink with the paper substrate.
Table 19 summarizes the optimized parameters for these inks. The detail about how these
parameters were chosen is discussed below.

One of the aims during the optimization of the energy, or flash lamp voltage, was
to minimize the contribution of the paper signal to the ink signal. For this reason, it was
necessary to select an energy that would allow for enough removal of ink without too
much removal of paper. Samples of inkjet ink deposited on paper were ablated at
different energy levels (20-35% energy in 5% increments). The respective laser ablation
signals were monitored for 35 elements.

Regardless of the mild ablation conditions, there was always a percentage of
paper removed along with the ink. In order to normalize any difference in the ratio of
paper/ink removed between replicate samples, °C was used as internal standard. As
explained before, the use of an isotope present in the matrix substrate, such as °C, was
convenient because it eliminates the need of spiking the samples with an exogenous
internal standard.

During the optimization, the signal of >C was monitored along with the analytes
of interest as an indication of how much paper is been removed with the ink. Figure 25
shows that at 20% energy the signal of the monitored analytes (Mg, K, Cu) was not

sensitive enough. At 25% and 30% however, the signal to noise ratio for the elements
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was significantly improved. At laser energy above 30%, there was not a significant
increase in the analyte’s signal while the signal for "°C increased, which means that more

paper is being removed while the amount of ink available has been consumed.
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Figure 25. Laser ablation signals at different energy levels for C, Mg, K and Cu.

In order to further investigate whether 25% or 30% energy was better, the signal
to noise ratio (SNR) for a suite of elements of interest was estimated taken the average
area of the signal from the paper as the noise and the average area of the signal from the
ink on paper as the signal. Figure 26 shows the transient signal for some elements of
interest for inkjets (top) and the zoomed signal for Cu only (bottom). Although a greater
intensity was achieved for some elements at 30% energy, the contribution of the paper in
the signal was also larger, decreasing the overall SNR. For this reason, 25% energy was

selected as the optimum value.
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Figure 26. Top: LA-ICP-MS transient signal for gas blank, paper and ink on paper,
respectively, for laser energy at 0.9mJ (left) and 1.3mJ (right). Bottom: respective signals
for Cu only.

For further verification, a 3D microscope was used to observe the interaction
between the inkjet ink and the paper at different energy levels. Figure 27 shows a 3D
image of the ablation sites at different energy levels. At 30% and 35% energy a deeper
crater is formed within the paper substrate. The deeper crater indicates that the laser has
penetrated too deep and therefore has removed an unnecessary amount of paper. At 25%
however, there is enough removal of ink with minimal paper destruction. A similar study
was performed on a toner ink sample and the same energy parameter provided the best

laser-ink interaction (25% E).
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Table 19. Optimized instrumental parameters for the analysis of printing inks (inkjets and

toners) by LA-ICP-MS.

Parameter Inkjet Toner
Laser Nd:YAG 266nm Nd:YAG 266nm
(~9mJ max) (~9mJ max)
Spot size 200 um 250 um
Frequency 10 Hz 10 Hz
Scan rate 25 um/s 25 um/s
Line length 600 um 800 um
# shots 240 320
% Energy 25% (~0.9mJ) 25% (~0.9mJ)

Elemental menu

Mg, K, Cu, Ni, Zr, Li

Pb, Ti, Zn, Ce, V, Ba, La,
Mg, Co, Al, Fe, Mn, Si, Sr,

Cu, Zr, Ni and Cr

Calibration strategy

Semi-quantitative ratio of

areas of intensity to °C

Semi-quantitative areas of

intensity
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Figure 27. Imaging of the laser interaction with inkjet and paper at different laser

energies. Top: 3D imaging, Bottom: 2D image.
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In order to optimize the spot size parameters, it was important to look at how the
inks were absorbed and/or deposited onto the paper. Microscopic images were taken
under a 3D microscope that revealed the absorption and deposition patterns. Figure 28
below shows the images obtained for both inkjets and toners.

The figure illustrates that toners and inkjets deposit and absorb differently onto
the paper. As noted, toners deposit into small particles that appear to lie above the surface
of the paper, thus creating a heterogeneous deposition pattern at a microscopic scale. On
the other hand, inkjets appear to absorb into the fibers of the paper and thus creating a
more homogenous mixture and embedding of ink on paper fibers.

Figure 29 and 30 shows the comparison of variability of deposition of inks
between different types/brands on inkjets and toners respectively. Microphotographs
were taken for the ink printed on letters. Inkjet samples had a fairly homogeneous
absorption pattern of ink into the paper fibers, regardless of the brand or model of the
printer (figure 29). On the other hand, large variations in the morphology of the deposited
particles and the distribution of the particles is observed on toner samples printed from
different brands/models (figure 30 and 31). Because of these differences, it was important
to use a larger spot size for toners in order to account for the heterogeneity of the

deposition.
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Figure 28. Microscopic images for ink on paper of inkjet (top images) and toner (bottom
images). From left to right: cross section image of the deposition of ink on paper at 100x;
top image of the ink deposited on the substrate at 500x; and image of the ablation patterns

of ink of paper at 200x.
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Figure 29. Comparison of absorption patterns of inkjet inks on paper. A) IN 01(Hewlett
Packard), B) INO6 (Hewlett Packard), C) IN 14 (Canon), D) IN 15 (Lexmark) and E) IN

18 (Brother). From left to right: magnification at 100x, 300x and 1000x, respectively

148



Figure 30. Comparison of deposition patterns of toners on paper. A) TO1 (Hewlett

Packard), B) TOS5 (Hewlett Packard), C) T06 14 (Hewlett Packard), D) TO3 (Brother) and

E) T02 (OKI). From left to right: magnification at 100x, 300x and 1000x, respectively.
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Figure 31. Examples of morphology of toners at 300x (left) and 1000x (right) for toners

of the same brand (A and B) and

toners from different brand (C).
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3.2.4.1 Calibration strategies for the analysis of printing inks by LA-ICP-MS

The ratio of ink and paper substrate removed during the laser ablation varied
significantly between the printing inks and the in-house ink standard designed for writing
inks. The amount of removal of paper substrate is consequence of inherent differences
between the chemical composition of these inks and their deposition and/or absorption
into the paper substrate.

Hence, the use of matrix-matched ink calibration standards was not feasible for
printing inks. Instead, for inkjet inks, the area under the transient signal of the ablation
was integrated using GeoPRO software. The blank signal and paper signal was used to do
background subtraction and to determine which elements present in the ink were present
at levels significantly higher than the paper substrate. The signal area was then ratio to
13C as internal standard and used for the semi-quantitative comparison between samples.

On the other hand, the deposition of toner into the substrate was more superficial.
For instance, the inkjet inks were fairly evenly absorbed by the ink substrate with
penetration depths into the substrate ranging from 60-95 um, while the toners were
deposited on top of the surface with layer thickness of less than 10um. Moreover, the
density, distribution and shape of the toner particles was heterogeneous and as a
consequence the ratio of paper removed with the ink was not as uniform. The elemental
contribution of the paper signal to the ink signal was found to be less significant for
toners than for other materials, in part to the fact that the elemental concentration on
toners was significantly higher than the other types of ink under study.

As a summation of those observations, the use of BC as internal standard was not

efficient for toners. Precision between replicates deteriorated instead of improved with
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internal standardization. The comparison of toners was then conducted on the basis of the

semi-quantitative comparison of integrated intensities for the elements of interest.

3.2.4.2 Selection of the elemental menu for the analysis of printing inks by LA-ICP-MS

The process of selecting the elemental menu initially began by monitoring 38
different elements for the inkjet and toner set (Na, Mg, Al, Si, K, Ca, Sc, Ti, V, Cr, Mn,
Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Br, Rb, Sr, Y, Zr, Rh, Cd, Sn, I, Cs, Ba, Hf, Pb, Bi, La,
Ce, Nd, Th and U). Out of the 38 elements monitored for inkjets, only 5 of the elements
were present in the samples above the limit of detection (Mg, K, Cu, Ni, and Zr).

One of the advantages of doing LIBS is that the analytical signature of the
emitting elements is observed without the need for pre-selecting an element menu. As a
result, Li was found to be a good discriminating element for inkjets when analyzed by
LIBS. Lithium was not originally included in the LA-ICP-MS initial list and therefore its
valuable information was not detected. Lithium was later included in the element menu
and confirmed its additional discrimination in this set of samples.

Lithium can be used on inkjets as a conductive element (LiNO;) and in a lesser
extent as a drier. Magnesium is mainly applied in inkjet formulations as extender.
Potassium, copper and nickel are part of many dye compositions. On the other hand,
zirconium was present in few inkjet samples. Zirconium can be used as drier and/or be a
leaching element from the piezo-crystal component in some inkjet systems.

The small number of elements and the low concentration levels found in inkjet

could be a result of the fact that inkjets use dyes rather than pigments in their formulation
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and most of the dyes are non-metallic and require particular low impurity levels to avoid
clogging of the printing nozzles.

On the other hand, for the toner set 18 elements were present above the limit of
detection (see table 19). Not only were more elements detected in the toner but also the
concentration levels were generally higher than the observed on the inkjet samples. The
improvement in detection is expected because of the higher amount of pigments,
conductive and/or magnetic elements present in their formulation.

In addition to some of the elements already discussed for inkjet recipes. Elements
such as V, Co, Mn, Ce, Zr, Sr are used as drier agents in toners. Barium, titanium, zinc
and aluminum are commonly employed as pigments and/or extenders. Cr and Pb can be
found as part of the pigment composition. Silicon is highly used in toner silicon resins as
well as anti-settling and bodying agent. La, Sr, Ba, Zn and Pb can be used as part of the
ferromagnetic composite carrier (i.e., lanthanum manganese hexaferrite, barium ferrite,
etc.), particularly in can in two-component toners to aid the development of the
electrostatic image. Iron can be part of the pigment composition, can be found as part of
impurities from talc and mostly, can be used as magnetite in magnetic toners. When iron
is used as magnetic oxide its concentration is typically at the percent levels. Some toner
samples in these collection set were easily differentiated by their iron content ranging
from percent level, low ppm levels and non-detects, which depends on the type of toner
(two-component vs. mono-component, liquid vs powder, magnetographic vs. non-

magnetographic printing process).
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3.2.5 Development and optimization of a method for the analysis of printing inks by
LIBS.

For the analysis of printing inks, the LIBS system was upgraded to a broad-band
spectrograph from 190 nm to 1024 nm, which facilitated in great extent the optimization
of the parameters and reduced the number of replicate measurements previously required
to cover separately every spectral region of interest. The optimization of the laser and
detector parameters for the LIBS method included the study of different laser shot
repetition rates (1 Hz, 2 Hz, 3 Hz). Software and hardware limitations prevented the test
of laser frequencies greater than 3Hz because the acquisition of the data was not properly
managed by the current software settings. A frequency of 3Hz was consistently optimal
for both printing inks.

The line ablation mode was optimized at different scan rates (15 pm/s to 50 pm/s
in Sum/s increments), flash lamp energies (25-40% E in 5% increments), number of laser
shots (50-150) and gate delays (0.9-4pus). Table 20 shows the optimized instrumental
parameters. The main differences in terms of optimization between these 2 types of

printing inks were the gate delay and the elemental menu.

Table 20. Optimum instrumental parameters for the analysis of printing inks by LIBS.

Parameter Inkjet Toner
Spot size 300 um 300 um
Line length 1.875mm 1.875 mm
Scan rate 25 pm/s 25 um/s
# shots 150 150
% Energy 35% 35%
Gate delay 1.4us 1.2us
Gate width Fixed Ims Fixed Ims
Elemental menu Mg, K, Cu, Li Mg, Sr, Zn, Mn, Al and |
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3.2.5.1 Calibration strategies and selection of the elemental menu for the analysis of
printing inks by LIBS

For the same reason explained before in the LA-ICP-MS method development
section, a complete quantitative method was not developed for the characterization of
printing inks. Instead, the qualitative and semi-quantitative data from the peak intensities
was found to be more useful for comparison of samples. Nonetheless, the linearity of the
emission lines for detected elements was tested at different concentration levels to discard
any emission line that could potentially produce errors in the comparison of spectra
caused by presence of undesirable effects such as self-absorption or other matrix
interferences.

Figure 32 shows an example of calibration curves obtained for printed inks spiked
with Li and Sr at different concentration levels. Good linearity is observed for Li at the
spiked range (~2 to 20ng of Li standard). In the case of the emission line of Sr at
460.7nm good linearity was observed between 2ng at 16ng of spike level, but self-

absorption was observed above 16ng.
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Figure 32. Signal increase at different spiked concentration levels (top) and its respective
calibration curve (bottom) for the analysis of Li 670.7 nm (left) and Sr 460.7 nm (right)

by LIBS.

After selection of the informing emission lines, the semi-quantitative method for
the characterization of inks was compared to spectra overlay approach. A systematic
peak identification and spectral comparison scheme was developed to search and
compare only peaks that are relevant to the composition of the ink. As a result, the
spectra overlay was conducted at different regions of interest instead of doing an overall
comparison of the whole spectral range. Following this approach type I and type II errors
cab be minimized by a) preventing comparison of spectral regions that do not have linear
response, b) avoiding comparison of spectral regions that are below detection limit, c)
limiting comparison of spectral regions that do not experience drastic spectral

interferences.
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The spectral overlay approach consisted in the following steps: 1) split the spectra
into smaller relevant regions of interest to do spectra overlay, 2) for each region,
normalize the signal between replicates by applying background subtraction algorithm
available in the LIBS data analysis software, 3) identify the elements of interest with a
peak search tolerance equivalent to the spectra resolution (0.1 to 0.12nm), 4) determine
which elements are present above detection limit, 5) compare at least four replicates per
sample to determine the within sample variation (range), 6) compare the spectra range of
the “known” sample to the spectra range of the “questioned” sample, 7) select one spectra
line per element for comparison purposes and at least one additional emission line for
confirmation of the element.

The spectral overlay comparison is completed once all the recommended regions
of interest are inspected. If a significant and reproducible difference is found between
samples in terms of spectral shapes and relative peak heights between any of the
monitored elements, then the compared samples are differentiated.

In the case that comparisons between multiple samples (n>2) are required,
pairwise comparisons can be conducted. A pairwise matrix of can be created per element
of interest, where a total of n(n-1)/2 pairs are compared per element. Where n is the total
number of samples compared to each other. The discrimination matrix of each element is
then added together to evaluate if each pair of samples can be differentiated by at least
one element.

Figure 33 shows the proposed spectral comparison scheme with the elements of

interest. Emission lines that are underlined are the primary emission lines used for
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comparisons between samples, other element emissions not underlined are used as
confirmatory lines.

Figure 34 shows an example of spectral overlay display from the LIBS software
for region III. This example shows the reproducibility of replicate measurements for one
of the samples (Toner 04) and the comparison of its profile in this region with two
samples originated from different sources (T05 and TO1, respectively). Sample T05 was
not differentiated from TO04 in this region while TO1 shows a very distinctive spectrum
from TO04.

As a consequence of the differences in the signal collection and detection between
LA-ICP-MS and LIBS, the element menu was slightly different for LIBS analysis. For
the inkjet set, only 4 elements were present above the limit of detection for the inkjets.
Three of those elements coincide with the element menu chosen for LA-ICP-MS, the rest
were not detected by LIBS because of its lower sensitivity. However, one of the
advantages of using LIBS is that a pre-set elemental menu is not required and therefore
the scanning of the broadband allows for opportunities to detect unusual peaks in the
samples that may have not previously preselected as potential discriminating elements.
An example of this is that LIBS permitted the detection of Li in some of the ink samples,
while the LA-ICP-MS analysis missed this element because it was not included in the
preliminary scanning of the pre-set menu. The element was later included in the LA-

ICP-MS method but required the re-analysis of the entire sample set.
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REGION I Mg (279.5; 280.3; 285.2 nm)
250-300 nm Si (288.2nm)
Al (308.2 nm)
REGIONII Zr (330.6nm)

300 —
340 nm

REGION III
338 —
380 nm

REGIONI1IV
380 —
430 nm

REGION V

430 520 nm

REGIONS
VII and VIII

Cu (324.7; 327.4nm)
Ti (322.3; 328.8; 336.1nm)
Sb (323.3nm)

Co (339.5,345.3, 352.6 nm)
Al (358.7nm)
V (372.7 nm)
Mn (344.2;360.8 nm)
Ni (356.6 nm)
Fe (358.1; 361.9;:373.5; 374.9
nm)
Sc(363.1 nm)
Zr (370.9; 374.6nm)
Sb (372.3nm)
Y (378.8; 374.6nm)
Ti (375.9nm)

Al (394.4; 396.2nm)
Sc (402.0nm)
Sr (407.8; 421.5nm)

V (384.1; 385.5; 390.2nm)
Mn (383.4; 403.0nm)
Fe (381.6; 382.0; 404.6nm)
Bi(412.2; 425.9:427.0 nm)
Y (387.8nm)

Rb (420.2nm)

Mg (516.7; 517.3nm)
Sr (460.7nm)
Zn (472.2; 481.0nm)

I(537.0; 540.5; 543.6nm)
S (542.9; 543.3; 545.4nm)

VII {Na 588.5nm; 589.4nm
Li 670.8, 610.4}
VIII {K 766.5; 769.9nm
RD (780.0nm)}

Figure 33. Scheme for the systematic identification of peaks and comparison of LIBS ink

spectra by spectral overlay.
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Figure 34. LIBS spectra of region III for toner inks. From top to bottom: Toner samples
#T04 and TOS5, replicate measurements from toner #1704 and toner samples #T04 and
TO1.

For the toner set, a total of 18 elements were detected by LIBS from which ten of
them were also detected by the LA-ICP-MS method. The discrepancy is caused by the
fact that the LIBS system has lower sensitivity than the LA-ICP-MS and therefore it did
not detect all of the elements that were detected by the LA-ICP-MS. On the other hand,
LIBS detected some elements that are problematic for ICP-MS detection such as I, Na

and Sulphur. Regardless of the loaded LIBS spectrum of the toners, in comparison to the
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inkjets, only 6 out of the 18 elements detected were chosen for the final menu for the
comparison of the samples because the remaining elements were highly correlated and
did not offer additional discrimination capabilities.

The majority of the elemental data from toner was close to normal distribution
and therefore a Pearson Correlation Coefficient was used to estimate the correlation
between variables for the printing ink data sets. Correlation coefficients between 0.90
and 0.98 were found for the LIBS data between the following elements: Ni, Fe, Sc, Sb,
Ti, Bi, Na, Y, Rb, Co, S, V and Mn. Indeed no additional discrimination was observed by
adding these elements to the pairwise comparison of the toner samples. Although this
elements were not included in the final discrimination study they were still monitored as
they could eventually provide useful discrimination between samples originated from
other sample set as the characterized here.

In contrast, for LA-ICP-MS data, V, Mn, Co and Fe showed some correlation
(coefficients between 0.78 and 0.84), but they added additional discrimination when

include as part of the element list for pairwise comparisons.

3.2.6 Comparison of the figures of merit of LA-ICP-MS and LIBS for the analysis of
printing inks

The evaluation of the LODs played an important role in the optimization and
standardization of the methods, helping on informed decisions of selection of an element
menu and also as a mean to decide when a certain peak/signal should be used for

comparison purposes.
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Table 22 shows the expected limits of detection (LOD) of the different laser

ablation methods.

Table 21. Comparison of the elemental menu selected for the analysis of toners by LIBS

and LA-ICP-MS

LA-ICP-MS LIBS

Detected elements Mg, Al, Mn, Ti, V, Co, Fe, | Mg, Al, Mn, Ti, V, Co, Fe,

Ni, Zn, Sr, Cu, Si, Cr, Zr, | Ni, Zn, Sr, I, Sc, Sb, Bi, Na,

Ba, La, Ce, Pb Y, Rb, S

Monitored but below K, Ca, Sc, Ga, As, Br, Y, K, Ca, Ce, Li, Ba, Pb, La,

detection limit Rh, Cd, Sn, I, Cs, Nd, Hf, Cu, Cr, Si, Zr

Bi

Elements correlated V, Mn, Fe and Co but still Ni, Fe, Sc, Sb, Ti, Bi, Na,
Pearson correlation provided added Y, Rb, Co, S, V and Mn
coefficient > 0.80 discrimination didn’t provide additional

discrimination

Element menu used for Mg, Al, Mn, Ti, V, Co, Fe, Mg, Al, Fe, Sr, Zn and I
comparisons Ni, Zn, Sr, Cu, Si, Cr, Zr,

Ba, La, Ce, Pb

The LA-ICP-MS methods showed superior limits of detection than LIBS (1-3

orders of magnitude) allowing the analysis of greater number of trace elements. However,
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the concentration range at which the elements are present in the inkjet and toners sets
allowed the detection of several elements in both laser ablation methods. The detection
limit for some elements that were detected by LIBS only (such as S, I) are not reported as
a consequence of limitations on availability of standards.

For inkjet analysis, the precision figures for both laser ablation methods were
comparable (%RSD <15%) and dependent on the concentration level present on the
sample. Toner samples however showed poorer precision between replicates (3-27

%RSD) as a result of its greater heterogeneity.

3.2.7 Evaluation of the discrimination capabilities of laser ablation methods for the
analysis of writing and printing inks

The previous sections demonstrated that the analytical performance of both laser
ablation methods was suitable for all the ink types tested. The following step was then to
evaluate if these methods would provide valuable information within the forensic
framework.

For this reason, the forensic applicability of the methods was evaluated in terms
of a) assessment of the micro-homogeneity and within source variation of the elements
on the ink and b) assessment of the variation of the elemental profile between samples
originated from different sources (i.e., discrimination between batches, plants,

manufacturers) and c) estimation of error rates (type I and type II errors).
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Table 22. Comparison of limits of detection of LA-ICP-MS and LIBS for the analysis of

printing inks

Sample set concentration
range ng g’ LAICPMS LIBS
LOD LOD
Element Inkjet set Toner set (ngg™) (ngg™)
Mg nd-1000 nd - 2250 0.2 160 (Mg 1, 285.2)
Cu nd-500 nd-400 0.3 135 (Cul, 324.3)
K 50-1000 nd-700 1.4 30 (K 1,766.5)
Li 60-200 nd 1.0 18 (Li1, 670.7)
Ni nd-12 nd-6 0.7 na
Zr nd-40 nd-25 0.1 na
Al nd nd-1000 0.9 180 (Al1I, 358.6)
Mn nd nd-1000 0.5 70 Mn 11, 255.8)
Sr nd nd-400 0.1 25 (Sr1, 460.7)
Zn nd nd-900 0.5 350 (Zn 1, 481.0)
Fe nd nd-8000 9.8 3500 (Fe 1, 361.9)
Ba nd nd-30 0.3 na
Pb nd nd-120 1.0 na
Si nd nd-100 3.1 na
Ce nd nd-25 0.1 na
\Y nd nd-250 0.2 50 (V1,384.1)
La nd nd-50 0.3 na
Co nd nd-500 0.2 40 (Co 1, 352.6)
Cr nd nd-120 0.1 na

3.2.7.1 Results for micro-homogeneity and within-source variation of elements on
writing ink
Initial validation studies compared the elemental profile of lines vs. writing
patterns such as numbers and letters. Since no significant difference was detected from
different writing patterns, all comparison studies were conducted on writing lines.
Micro-homogeneity studies were conducted to evaluate the uniform distribution

of the elements in the ink within a single pen and between pens that came from the same
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package. The within-pen variation was conducted on three gel pens from different brands.
The ink of each pen was analyzed at different percent of ink withdrawn. As mentioned
before, 0% refers to ink mostly used while 100% refers to a new pen. Significant
variations were found only at the onset of the ink for two out of the three brands tested
(see figure 35). For this reason, all ink samples were collected after 25% of use of the
pen. These differences could be attributed to early contamination of the first ink
withdrawal with the plug and ball of the pen or/and different amounts of ink deposited on

the paper at the beginning of the pen use.
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Figure 35. Representation of the variation of aluminum on black gel ink at different
percent use of the pen.
Between-package studies were conducted on four brands of pens containing 4 to

12 pens per package. The brands selected for this study are identified in table 10 as B002,
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B014, B-009 and B-018. Four replicates were conducted on each of the pens. A total of
24 pens were used for this study. Two of the four packages presented uniform elemental
profiles of the ink in their pens. The other two packages had some pens with significant
differences (p=0.05 and 0.01) in the elemental profile of pens that belong to the same

pack.

3.2.7.2 Results for differentiation and identification of writing inks

Four independent sub-sets of ink were used to evaluate the discrimination
capabilities of the methods. The discrimination power and error rates were estimated as
reported in chapter two. The first set consisted of 45 gel pen inks received as a blind test
provided by the U.S. Secret Service. The set was selected because the inks were difficult
or impossible to discriminate by classical methods. The second, third and fourth sets were
selected to represent the most common brands/types of pen found in retail stores in the
US. A complete list of the writing inks is given on tables 10 to 12.

Table 23 summarizes the LA-ICP-MS results for each of these ink sets.
Significant and detectable differences were observed between black inks of different
sources (discrimination of ~ 97.4 — 99.1%, depending on the sample set under
investigation), with low rates of false inclusions (at most <2.4%). Low rates of false
exclusions were also obtained, with the exception of the first blind set where details about

sampling and specific source of origin were not available.
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Table 23. Discrimination capabilities of LA-ICP-MS for writing inks.

Writing USSS Black Black Blue
ink set blind set gel inks ballpoint gel inks
# samples 45 29 22 22

# of different

sources <40 24 20 19

# duplicate samples 5 5 2 3

# pairs 990 406 231 231

% discrimination 97.4% 98.3% 99.1% 97.8%
% false exclusions 60 % (3/5) 0% 0% 0%
% false inclusions $2.4%* 1.7% 0.9% 2.2%

As part of the validation study, the first subset was received as a blind test. Some
of the ink samples were received as smears from the ink barrel on a piece of Whatman
paper 42 and others as multi-directional superimposed lines produced by multiple writing
patterns. Ink deposition on the paper was not uniform and some areas presented visible
concentrated portions, which are difficult to sample (see figure 36). The samples were
carefully inspected under a microscope to ablate from areas that presented similar ink

deposition, nonetheless the different deposition conditions could have contributed to the

observed error rates in this set.
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Figure 36. Photograph of t different deposition patterns for the black gel blind sample set.

The comparison of each of the 45 samples subset to each other can generate a
total of 990 comparison pairs. Analysis of Variance (ANOVA) was conducted at 95%
confidence level to identify the number of indistinguishable pairs. Table 23 shows that 26
out of 990 possible comparison pairs were not distinguished by LA-ICP-MS. The results
show that LA-ICP-MS was able to differentiate 97.4% of the samples, that otherwise
would not be discriminated by conventional methods. After submitting the results to the
USSS, they disclosed that 5 of the 45 samples were pair samples from the same pen or
pacakge. From this 5 pairs originated from the same pen/package, 2 were correctly
identified to their source of origin or duplicate sample using the LA-ICP-MS method.
The other 3 of the 5 pairs were differentiated by LA-ICP-MS (60% false exclusion). The
excluded pairs shared similar elemental profiles with small differences in just Mn and/or
Cu. This high rate of false exclusion is not surprising because a) the duplicate samples

were not received on similar deposition methods (i.e., some were deposited on paper as
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direct smears from the barrel, others were deposited by multiple writing patterns), b)
there is no certainty that the duplicate samples were generated from the same pen, it was
revealed that some of them could have originated from pens from the same package and
c) it is possible that some of these duplicate samples were taken at different percentages
of use of the pen, which was previously demonstrated that could vary in the first 25% of
use of the ink.

The brand and origin of those inks remained unknown to us because proprietary
information as per the USSS. They noted that it is possible that some of the 26 pairs came
from similar or the same sources. For this reason, the false “inclusion” rate for this set
can not be estimated yet but it is clearly low (at most 24 of 990 or 2.4%).

A subsequent study was conducted on a controlled set of black gel inks from 24
different brands/makes. All pens were purchased at retail stores in the United States in a
short period of time (see table 10). Analysis was conducted on the ink lines written by the
pens on Whatman paper # 42. Five replicates per line were used for the comparison
studies. In addition to the 24 different sources, 5 samples were randomly included in the
sequence as unknown duplicates, for a total of 29 samples. Two of those duplicate
samples were from the same pen (#B007 and #B008, respectively) and the other three
belong to three different pens from the same package (#B002). Table 23 shows that all
these five unknowns were correctly identified to their duplicate sample (0% false
exclusion rate).

Only 7 out of 401 possible comparison pairs were indistinguishable by elemental
analysis (97.5% discrimination). Moreover, those 7 indistinguishable pairs had similar

composition and originated from the same brand. One of the pairs came from two Pilot
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pens (#B005-B014) and the remaining 6 pairs came from four different Uniball pens,
which were characterized for low concentration levels of inorganic components and were
not differentiated between each other (B006, B0O07, BO11 and B020).

A third collection set of black non-gel inks (ballpoints) was also included in this
study to evaluate if the method can be applied to different types of inks. Table 23 shows
that excellent discrimination was also achieved for this set (99.1%).

Finally, a set of blue gel inks consisting of inks originating from 19 different
sources was included in the study. Three blind duplicate samples were also included in
this set to evaluate false exclusion rates. All of the 3 blind samples were correctly
associated to its source of origin. Out of the remaining 228 possible comparison pairs
from samples coming from different sources, only five pairs remained indistinguishable
based on its elemental composition. All of these 5 pairs had in common that their
chemical composition had very low levels of the monitored elements.

The black gel and blue gel ink sets were further analyzed by LIBS. Table 24
summarizes the discrimination results.

Using only the emission lines of 4 elements, LIBS was able to discriminate 93 to
96.8% of the samples and to correctly associate the unknown duplicate samples to its
source. Moreover the same pairs that were not discriminated by LA-ICP-MS were not
differentiated by LIBS analysis. Comparisons were done qualitatively by spectral overlap
of the regions of interest and quantitatively followed by pairwise comparisons as

described before. The same conclusions were obtained using both comparison methods.
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Table 24. Discrimination capabilities of LIBS for the analysis of writing inks

INK SET black gel inks blue gel inks
# samples 29 22
# of different sources 24 19
# duplicate samples 5 3
# pairs 406 231
% discrimination 96.8% 93.0%
% false exclusions 0% 0%
% false inclusions 3.2% 7.0%

3.2.7.3 Results for differentiation and identification of printing inks

The printing ink collection set consisted of 47 ink samples printed from laser
toner and inkjet printers. For purposes of this study only black ink was analyzed, since
this color is commonly found in document examination and also it would be the most
difficult to differentiate by physical and chemical properties than entries from other
colors.

Samples were printed from printers of different brands, or from printers of the

same brand but different toner/cartridge and/or similar cartridge at different percent use.
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3.2.7.3.1 Evaluation of the variability of the elemental composition of inkjet inks

The inkjet set consisted of a total of 21 samples representing ink from 11 different
brands/cartridges. Ten samples consisted in duplicate controls and blind samples. A
duplicate control is a sample collected from the same ink source and analyzed within the
same analytical sequence. Duplicate controls are monitored as part of the quality control
performance test to check for repeatability and false exclusion rates. On the other hand,
blind samples are duplicate samples that are assigned a random ID number so the analyst
wont know they are not part of the collection set until the analytical report is issued.
Blind samples evaluate the capability of the methods to associate correctly a sample with
its source of origin and are intended to eliminate any possible bias from the analyst in the
interpretation of data.

The elements that were used for comparison of inkjets by LA-ICP-MS were Mg,
Cu, K, Ni, Li and Zr. The elements monitored by the LIBS system were Mg, Cu, K, and
Li.

Table 25 summarizes the results obtained for the discrimination studies of inkjet
inks by both LIBS and LA-ICP-MS. The results in Table 25 show that although there
were a small number of elements detected on the inkjet set; there was sufficient variation
to provide significant and detectable differences between inkjet inks of different sources
(discrimination of ~94.3-97.7%). Low rates of false exclusions (0-0.4 %) and false
inclusions (2.3-5.7%) were seen as well.

From the 88 possible comparison pairs from samples originated from different ink

sources, only 2 pairs (sample IN 06 and INO7; IN 06 and INO8) were not differentiated by
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LA-ICP-MS. These two pair of samples originated from printers of the same brand but
different model.

When the same sample set was analyzed by LIBS, only 5 out of the 88 possible
comparison pairs were not differentiated. Two of these pairs were the same pairs not
distinguished by LA-ICP-MS, the additional 3 pairs originated from inkjet printers from
the same brand. These 3 pairs were differentiated by LA-ICP-MS by elements that were
not detected by LIBS.

Moreover, all of the 24 possible comparison pairs from blind and/or the duplicate
samples were correctly associated to their source of origin. An exception was found for
blind samples IN 09 and IN10, which were printed with the same cartridge but still they
were differentiated by LA-ICP-MS by its content of Mg only.

Sample number INO9 was the first printed page from a new cartridge installed in
that printer, so there is a possibility that there may be a carry over from ink residues of
the previous cartridge. To verify that, 3 additional samples were printed from the same
cartridge to characterize their elemental profile. No significant differences were found
between these additional samples and IN10, while the Mg difference between the first
printed page, IN09, and the rest of the duplicate samples was confirmed.

Micro-homogeneity studies were conducted in order to evaluate the uniform
distribution of the elements in the ink within a single cartridge. For the homogeneity
studies of the inkjet set, 7 duplicate samples were analyzed. These 7 samples were all
printed from the same cartridge (IN17) at different time intervals. The time intervals
consisted of different hours within the same day and different days in consecutive order,

with a variation of the percent use of the inkjet cartridge ranging approximately from 100
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to 50%. Figure 37 summarizes the results obtained for the homogeneity studies of inkjet
inks by LA-ICP-MS (orange bars). Figure 37 also shows the variation of the elemental

composition of Mg, Cu, and K between ink cartridges from different sources.

Table 25. Discrimination capabilities and error rates for the elemental analysis of inkjet

INKJET LA-ICP-MS LIBS
# inkjet samples 21 21
# samples from different 11 sources and 3 blinds 11 sources and 3 blinds (88
sources (88 comparison pairs) comparison pairs)
# blind and duplicates 3 blinds, 7 duplicates 3 blinds, 7 duplicates
(24 comparison pairs) (24 comparison pairs)
% discrimination 97.7% (86 out of 88) 94.3 % (83 out of 88)
% false exclusions 0.4% (1 out of 24) 0
% false inclusions 2.3% (2 out of 88) 5.7% (5 out of 88)

3.2.7.3.2 Evaluation of the variability of the elemental composition of black toners

For the discrimination studies on the toner set, a total of 26 samples were used for
the analysis by LA-ICP-MS and LIBS. All samples were printed only from the black
toners. Out of the 26 samples, 13 were from different sources and 13 were from blind
samples and duplicates. Table 26 summarizes the results obtained for the discrimination
studies of toner inks by both laser ablation methods. For this toner set, LA-ICP-MS had a

significant better performance than LIBS, mainly as a consequence of the capability to
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detect a larger number of elements and detect small differences in the concentration of
those formulations. The only pair that was falsely excluded by LA-ICP-MS was the
samples identified as T10 and T15. They were different only by Mg. However, because
of the precision of the measurements and the similarity of its Mg content, this difference
was dependent on the match criteria employed. For instance, it was differentiated by t-
test at 95% confidence but it was not differentiated by ANOVA at 95% confidence, PCA

or by confidence interval (3s, 4s).

Table 26. Discrimination capabilities and error rates for the analysis of black toners by

LA-ICP-Ms and LIBS.

Toner LA-ICP-MS LIBS

# samples

26 (325 comparison pairs)

26 (325 comparison pairs)

# samples from

different sources

13 sources and 3 blinds (117

comparison pairs)

13 sources and 3 blinds (117

comparisons pairs)

# blind and 3 blinds, 10 duplicates (48 3 blinds, 10 duplicates (48
duplicates comparison pairs) comparison pairs)
% discrimination 100% (117 out of 117) 87.2 % (102 out of 117)
% false exclusions 2.1% (1 out of 48) 0

% false inclusions

0

12.8% (15 out of 117)
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Figure 37. Variation of elemental composition on inkjets by LA-ICP-MS. Top to bottom:

Mg/"*C , Cu/”Cand K/ °C.

For the micro-homogeneity studies of the toner inks, a total of 10 toner samples

were analyzed, samples were collected from a single toner at different time intervals.
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Figure 38 shows the variation of Sr within a single toner. Samples labeled as TO2A were
sampled from the same cartridge from 5 consecutive pages printed the same day, samples
labeled TO2B were 5 consecutive pages printed from the same cartridge a week later than
TO2A. No significant differences were observed between the toner samples by any of the
laser ablation methods, suggesting that the variation within a cartridge is appropriate for
this application. Nonetheless, the within sample repeatability observed from toners was
greater than for other ink types, precision between replicates ranged from 3 to 27% RSD,
depending on the element. The worse precision observed in toners, in comparison to
writing inks and inkjets, may be the result of the heterogeneous distribution and

deposition of toner particles, as discussed before.
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Figure 38. Variation of the elemental composition of Sr on toner samples collected from

the same cartridge at different time intervals.
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3.2.7.4 Principal component analysis of writing and printing inks

Principal component analysis plot (PCA) were conducted as a way to reduce the
large amount of information derived from the elemental analysis by laser-ablation
methods to determine whether or not there is grouping of the ink sources by brand and/or
manufacturing location.

The PCA analysis of black gel inks shows that detectable differences were
observed between black gel inks of different brands (see figure 39). Sourcing by brand is
possible, most of the brands were clearly grouped and separated with the exception of
some overlapping of Uniball and Papermater gel inks, and some Staples and Pilot pens.
Nonetheless, at this moment the grouping by brand and/or source of origin is not accurate
as a result of the lack of information on the specific ink manufacturing plants and
distribution/packaging of the pens. Some pens from different brands may contain ink that
has been manufactured by a single parent ink company, therefore more information
would be required to arrive to conclusions about sourcing.

Most of the participants that collaborated in the inkjet ink collection owned inkjet
printers Hewlett Packard brand. Only 3 other brands were included in this collection set:
Canon (IN14), LexMark (IN15) and Brother (IN18). For this reason, since the variety
and distribution of brands is biased towards the brand HP, the PCA was not used to
evaluate the capabilities of grouping by brand. Figure 40 shows however that most inks
printed from different inkjet printers and/or different cartridge have a differentiable
elemental profile. The only samples that were grouped together were either the duplicate
control samples (IN17 and IN17D; IN7 and IN8) or samples that were not differentiated

by LA-ICP-MS (IN 6 vs IN 7 and IN6 vs IN8). These results were in agreement with the
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results obtained from the discrimination studies using other criteria, such as ANOVA and

Tukey (p=0.05).

PC2
. y Pilot
5 1 .zt A Staples
El - =
Uniball
o
Papermate
PC3 Z | I ] Bic
®  Sanford
Zebra
8 Gel writer
Foray
PC1 (x) = 23%
PC2(y) = 17%
PC3(2)=16%
Cum % = 56%

Figure 39 Results from principal component analysis of LA-ICP-MS data, showing
differentiation and grouping of the ink samples from different brands The 3 first principal

components describe 56% of the total variance in the data.

A similar situation was observed for the toner samples, were the big majority of
the printer brand was Hewlett Packard, samples identified as T02 and T03 were OKI and
Brother brand, respectively. Figure 41 shows that toner samples that were printed from
printers of different brand and/or same brand but different model or different cartridge
brand were clearly differentiated. Moreover, samples that belong to the same cartridge,

such as the duplicate and blind samples TO1 and TB, T13 and T14 and T15 and T10 were
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grouped in the PCA. It is also interesting to highlight that PCA permits the visualization
of the similarities between the pair T10 and T15. This pair was the only one that was

incorrectly excluded by elemental analysis when certain match criteria such as t-test was

applied.
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Figure 40 Results from principal component analysis of LA-ICP-MS data, showing
differentiation and grouping of the inkjet samples from different brands and/or cartridges.

The 3 first principal components describe 99% of the total variance in the data.
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Figure 41. Results from principal component analysis of LA-ICP-MS data, showing
differentiation and grouping of the toner samples from different brands and/or cartridges.

The 3 first principal components describe 99% of the total variance in the data.
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3.2.8 Evaluation of usefulness of molecular emissions in the discrimination of inks by
LIBS

One of the advantages of LIBS over LA-ICP-MS methods is the potential to
detect not only emission lines from atomic or ionic species but also emission bands from
molecules and diatomic species. Since writing and printing inks are formulated with both
inorganic and organic components, some emission bands observed at the LIBS spectra
may provide information about their organic chemical composition.

Diatomic species such as Ca;, CN and C, were observed in the LIBS spectra of
both writing and printing inks. It has been reported that CN radicals can be formed in the
plasma-induced plume by collisions between particles ejected from the target material
and the nitrogen present in the air [Oujja et al., 2005].

Table 27 lists the main molecular bands detected on the LIBS spectra from
writing inks and printing inks. From these emission species, only the CN bands and the
unidentified bands around 674 -676 nm provided additional discrimination to the
atomic/ionic emission lines previously monitored.

Table 28 summarizes the additional discrimination gained in some ink sets after
comparison of the molecular bands. All comparisons were done using spectral overlay
after background normalization. In the blue gel set both the CN and the 674-676 bands
provided additional discrimination between samples from different pens that otherwise
were not differentiated based on their elemental profile. Figure 42 shows an example of
the emission bands at the 674-676 range for two different blue gel inks and their
respective duplicate controls. The shape and intensity of those emission peaks varied

significantly between inks. It was observed that the paper substrate background also
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showed a peak at 674.7nm, nonetheless the intensity of this peak was significantly lower
in the paper background than in the blue gel samples (see figure 43) and therefore it can
be attributed to the ink composition. Moreover, the shape of the emission peaks was
significantly different for the ink than the paper background for most of the samples.

On the other hand, the CN bands in the blue gel and toner samples were present at
levels above the background paper. Additional discrimination was observed after
comparison of the CN bands on blue gel samples (see figure 44). In the toner samples,
although the CN bands discriminated 30 out of the possible 117 comparison pairs, those
30 pairs were already differentiated by their elemental profile thus no additional
discrimination was gained.

CN bands were not detected above the paper substrate level on any of the inkjet
samples. For instance, figure 45 compares CN signals for inkjet, toner and paper
background.

Table 27. List of emission species detected in the LIBS spectra of inks

Emission wavelength Emitting specie Transition

359 nm CN BX -X*Z 7, Av=+1
388 nm CN BX -X*2 ", Av=0
421 nm CN BX -X*Z ", Av=-1
554 nm Cay B'Y -X'%, "

474 nm C; &’ — 2°T1, ; Av=-+1
516 nm C> d’T,— 2’1, ; Av=0
674-676nm (unresolved) Not identified Not identified
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Table 28. Discrimination capabilities of the LIBS molecular bands on inks

Ink set Discrimination | Discrimination by elemental | Additional pairs
by elemental and molecular bands differentiated
profile
Blue gel 93 % 94.3% (CN bands) 2 (CN bands)
inks 96.5 % (674-676 bands) 7 (674-676 bands)
Inkjet inks 94.3 n.a (CN bands below LOD) 0 (CN bands)
96.6 % ( 674-676 bands) 2 (674-676 bands)
Toners 87.2% 87.2% 0 (CN bands)
95.7% (674-676 bands) 10 (674-676 bands)
st BB17
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Figure 42. LIBS spectra for blue gels BB 17 (top) and BB18 (bottom) and their respective

duplicate samples
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Figure 43. LIBS spectra of emission lines at the 674-676 nm range for blue gel samples

BBO01, BB10 and the paper background.

The most significant improvement in discrimination was observed for the toner
set by comparing the unidentified 674-676 bands. False inclusion rates decreased from
12.8% to 4.3%. Nevertheless, one of the 3 duplicate pairs from the toner set was
incorrectly excluded by spectral overlay of this region and therefore the usefulness of
these bands should be more carefully studied with a larger number of duplicate or blind
samples to better estimate false exclusion rates.

Furthermore, the LIBS method was optimized for identification of elemental
emissions. It has been reported elsewhere that larger gate delays are needed to optimize

the detection of molecular emission while minimizing atomic and continuum signals

(Russo et al., 2011).
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For these reasons, this study was a preliminary evaluation of the usefulness of
molecular emissions for the characterization and comparison of inks. Results have shown
that molecular bands can be detected and could provide additional discrimination to other
ionic/atomic emission from ink components. Yet, a more in depth study is recommended

in the future.

BB 03
BB 08

f\, / e
VRSV J\ A V’\;:,'J"‘( \TAWE . _/ , "
AR WAA/—WMWMV’

A v-%,’-:}‘-'s&-fmj Ww»m

/\»f s !

f
IR
.q: ol M, JM\M@MM«UU T

\/J

«A”’\'\M’\WMWWWMVWW\

Figure 44. Examples of LIBS spectra for the CN bands on blue gel inks (top, BB03 and

BBO08), and toners (T04, TO1 and TO1 Blind, respectively)
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Figure 45. LIBS spectra for CN band in toner (top) and inkjet (bottom) and the respective

background signal from paper substrate

3.2.9 Determination of mass of ink removed by laser ablation methods

Another important parameter evaluated in the validation of these laser-ablation
methods was the amount of ink removed during the ablation process as well as the
amount of paper substrate that is removed along with the ink analysis. To estimate the
percent of ink and paper removed during laser ablation, a series of experiments were
conducted for each ink type.

For writing ink analysis, the estimation of the percent of ink removed was
conducted on standard in-house inks and on writing ink strikes. Background paper

Whatman 42 was weighted in a microanalytical balance before deposition of the ink, after
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deposition of the ink, and after the ablation. Since the amount of mass removed per
ablation replicate is not detectable in a micro-analytical balance, a total of 25 ablations
were produced to estimate the mass removed per ablation. Five replicates (each one with
25 ablation measurements) were used to estimate the values.
The following parameters were measured with either a micro-analytical balance
or a microscope (with length measurement capabilities):
a) Total area of the ink deposited on paper (A ).
b) Total mass of the ink deposited on paper (md in).
c) Area of ink ablated per replicate (A aplated)-
d) Total mass of ink and paper per replicate removed during ablation (mr apjated ink +
paper)
Once all those parameters were acquired, the mass of ink only (mr i oniy) removed during
the ablation was estimated using the following formula:
T ink only = (A ablated X M gblated ink + paper ) / A ink
Then, the percent of ink and paper that is removed during each ablation can be estimated
as:
% ink removed during ablation = 100 X mr jnk only / M ablated ink + paper
The total mass of ink and paper removed during the ablation was also measured using a
piezoelectric balance and the values were in agreement with the mass determined by
using the micro-analytical balance.
For printing inks, the calculation was more cumbersome because the small paper

strips from the Whatman standard paper should be mounted first on regular document
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paper for printing. As a result, the addition of glue in the corners of the paper would
inevitably alter the weight of the paper.

Therefore, several lem® squares were cut from the reference paper (n=25) to
estimate the average weight of paper per cm®. The paper was stored under controlled
humidity conditions to avoid bias.

The paper strips were glued into the regular paper for printing and then lcm?
squares were printed on the Whatman strips with each toner or inkjet ink. The printed
ink squares were then carefully cut and weighted. The mass of ink deposited was then
estimated as the difference between the 1cm?” ink on paper (measured on micro-balance)
and the average mass of paper previously recorded for blank 1cm? paper (Whatman).

Once the deposited ink mass was estimated, the same method and formulas
previously described for writing ink was used for the printing inks.

Table 29 summarizes the mass removal estimates for each type of ink using both
laser-based methods. From these results the following conclusions can be derived:

a) The percent of paper removed along with the ink is large regardless of the mild
ablation conditions, particularly for writing and inkjet inks were the fibers are
typically embedded with the ink.

b) Since the percent of paper removed during the ablation of the ink is significantly
higher than the percent of only ink, this supports the assumption that °C signal is
mainly originated from the paper. This assumption can be also done in part
because the content of C in paper is greater than 80% while the C content in

organic components on ink is only few percent. These results are in agreement
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with the efficiency of internal standardization by °C observed for writing inks
and inkjets and not for toners.

c) Ablation on toners removes less paper than other inks, which support previous
observations.

d) Since the percent of paper removed with ink is high, a paper substrate
background correction is appropriate prior the characterization of the signal
contribution from the ink.

e) Although the total mass of ink removed by LA-ICP-MS and LIBS remains nearly
undetectable to the naked eye, the ablation conditions and the type of laser used
during the LIBS and LA-ICP-MS experiments removes a larger amount of mass
by the LIBS set up than by LA-ICP-MS.

The studies conducted on our sample collections support the hypothesis that
elemental profiles of each individual matrix (ink and paper) can be identified after the
proper background correction. Nonetheless, it is possible that some paper documents may
contain a relatively large amount of certain elements that could mask the ink contribution.
As a consequence, in real cases, the combined discrimination capability of the elemental
profile of ink and paper together is a convenient approach to optimize the informative

value of both matrices.
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Table 29. Comparison of mass removed during laser ablation experiments on inks. Mass

is reported in pg.

INK type LA-ICP-MS LIBS
WRITING INK
Total mass ink & paper 6.9+0.2 12 £2
removed
Mass of only ink removed 0.34 +0.01 3 £0.02
% ink removed 5.1 £0.2 24 £1
INKJET INK
Total mass ink & paper 7+0.5 10 £0.5
removed
Mass of only ink removed 0.56 £0.05 3 £0.07
% ink removed 7 +1 28 £6
TONER
Total mass ink & paper 6+1 84 +16
removed
Mass of only ink removed 14 £0.2 28 +9
% ink removed 25+8 38 +17

191




3.3 Conclusions for the elemental analysis of ink by laser ablation methods

Qualitative and semi-quantitative LA-ICP-MS and LIBS methods have been
developed and optimized for the elemental analysis of writing inks (gel and ballpoint)
and printing inks (laser toner and inkjet).

Differences in the chemistry of the inks and ink-paper interaction required
optimization of methods that were specific to the ink-type. Thus, the main differences in
their analytical methods were in the sampling strategies, calibration methods and
selection of the most informing elements.

Mass removal studies revealed that there is a considerable amount of paper
substrate removed along with the ink during the ablation process and therefore the
identification of the contribution of the paper has to be part of the analytical approach
prior comparison of the elemental ink profile.

The study has demonstrated that both laser- based methods are suitable for
comparison of writing and printing inks. Homogeneity studies show smaller variation of
elemental compositions within a single source (i.e., pen or cartridge) than variations
between different sources (i.e., brands, types).

Regardless of the small amount of ink removed during the analysis (0.3 — 28 ng),
significant and detectable differences were observed between each subset of black gel
inks, blue gel inks, ballpoint inks, toners and inkjets from different sources
(discrimination (~87-100%) and low error rates (<0.4 false exclusions; 1.2 -12.8 false
inclusions) depending on the sample set under investigation and the method applied.

Differentiation of inks was possible at the brand, model, type and batch level for

all the printing inks and writing inks studied here.
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Grouping of writing inks and printing inks by brand and/or source of origin is
promising but still needs a larger sampling collection and more feedback from the ink
industry regarding the origin of manufacture of ink specimens.

Advantages of the laser-based methods include micro-bulk analysis with
minimum sample destruction, multi-elemental capabilities, fast time of analysis and
excellent discrimination power. In addition, the LIBS method has the advantage of less
complexity of operation and reduced instrument cost and maintenance. Moreover, the
results indicate that laser-induced molecular emissions could provide additional
discrimination to the ionic/atomic emissions of ink.

Broad-band spectrum provided a better tool for the comparison of ink samples
reducing time of analysis and amount of mass removed. Nonetheless, ICCD detectors are
recommended over CCD detectors because of its increased sensitivity.

These methods now present an attractive analysis alternative for forensic
examiners to increase the informing power in comparisons and identification of these

materials.
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4 PERFORMANCE OF STANDARDIZED METHODS FOR THE FORENSIC

ELEMENTAL ANALYSIS OF GLASS BY pu-XRF, ICP-MS, LA-ICP-MS AND LIBS.

4.1 Experimental
4.1.1 Instrumentation

Several different instruments were used within the interlaboratory studies. The
ICP, p-XRF and LIBS instruments and analytical parameters used in this study are
summarized in Tables 30, 31 and 32, respectively.

Participants using ICP-based methods reported between 10 and 18 element
concentrations from the following list: Li, Mg, Al, K, Ca, Fe, Ti, Mn, Rb, Sr, Zr, Sn, Ba,
La, Ce, Nd, Hf, and Pb. The digestion and ICP-MS method followed the ASTM method
E2330 [ASTM E2330-04].

As a result of the nature of the technique, the p-XRF participants did not have a
pre-determined element list but were asked to report data for any detected elements with
atomic number greater than ten, including at least Na, Mg, Al, Si, K, Ca, Ti, Fe, Sr, and
Zr. Participants were asked to report peak area intensity data for the following ratios:
Ca/Mg, Ca/Ti, Ca/Fe, St/Zr, Fe/Zr, and Ca/K.

LIBS participants did not have a predetermined element list either but were asked
in the instructions to report data for Ca, Fe, Al, Na, Sr, K, Ti, Ba, Mg and the following
peak area/intensity ratios were suggested: Al394.4/Na330.0; K766.5/Ca643.9;
Al1394.4/Fe371.9; Fed38.4/K766.5; Al394.4/Sr460.7; Sr460.7/K766.5; Na818.3/K766.5;

and Ca643.9/Mg279.5
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Table 30.

Instrumental parameters used for the LA-ICP-MS or ICP-MS laboratories that participated on tests 1 to 4.

Lab ID B- C- D- F- G- H- I-
ICP ICP ICP ICP ICP ICP ICP™
Method LA-ICP-MS LA-ICP-MS | LA-ICP-MS | Digestion- LA-ICP-MS | LA-ICP-MS | LA-ICP-
ICP-MS MS
ICPMS Perkin  Elmer | Thermo X | Perkin Elmer | Agilent Agilent Agilent Perkin
instrument Elan DRC II series II Elan DRCII | Technologies | Technologies | Technologies | Elmer-
7500 3500 7500 Elan DRC
11
RF power 1500 1450 1500 1600 1350 1390 1300
W)
Ar gas flow | 1.0 1.0 0.90 0.50 0.9 0.9 0.95
(Lmin™)
Laser ablation | New Wave New Wave | New Wave n.a. New Wave New Wave CETAC
instrument UP213 UP213 UP213 UP213 UP213 LSX500
Carrier gas | He, 1.0 He, 1.0 He, 0.90 n.a. He, 0.70 He, 0.93 He, 0.95
(Lmin™)
Wavelength 213 213 213 n.a 213 213 266
(nm)
Spot size 60 55 55 n.a. 60 55 50
(um)
Fluence 17.5 19 30 n.a. 22 12 nr
(Jem™)
Tube length | 0.91 1.8 1.2 n.a. 1.2 1.2 0.75
(m)
Ablation cell
volume ( cm®) | 80 25 25 n.a 25 25 50

** Data reported only for interlaboratory test # 2.
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Table 31. Instrumental parameters used for the additional ICP participants in inter-laboratory tests 3 and 4..

Lab ID ICP-A ICP-E ICP-J* ICP-K* ICP-L*
Method LA-ICP-MS LA-ICP-MS | LA-ICP-OES | LA-ICP-MS LA-ICP-MS
ICPMS instrument Perkin Elmer Thermo Perkin Elmer | Perkin Elmer Thermo
Elan DRC I Element 2 Optima Elan DRC II Element 2 XR
7300DV
RF power 1325 1250 1500 1400 1260
(W)
Ar gas flow (Lmin™) 1.0 1.0 0.7 0.9 0.8
Laser ablation instrument New Wave New Wave New Wave CETAC New Wave UP-193fx
UP213 UP213SS UP213 LSX 500
Carrier gas (Lmin'l) He, 0.75 He, 0.7 He, 0.6 He, 0.92 He, 0.415
Wavelengh (nm) 213 213 213 266 193
Spot size 80 50 100 50 50
(um)
Fluence 8 9.5 25 35 6.1
(Jem™)
Tube length (m) 1.0 1.0 1.2 1.0 1.1
Ablation cell volume ( cm’)
33 40 25 33 50

* Data reported for test 4 only
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Table 32. Instrumental parameters used for the elemental analysis of glass fragments by pu-XRF

Lab ID A-XRF B-XRF | C-XRF D-XRF | E-XRF | F-XRF | G-XRF | H-XRF * | I-XRF *
Instrument Model | EDAX Eagle | EDAX EDAX IXRF EDAX | EDAX | EDAX |EDAX EDAX
I Eagle I | Eagle IIl | coupled | Eagle Eagle III | Eagle II | Orbis Eagle

to 11 11

Phillips

XL30
Dead time (%) 35 40 35 35-40 35-40 18-22 Avg. 40 25
Beam size (um) 114 300 100 100 210 100 50 30 100
Beam energy (kV) | 40 40 50 45 45 50 38 50 50
Time  Constant | 17 17 35 2 17 35 17 12.8 35
(ns)
Acquisition time 1200 1200 1200 1200 1200 1200 1200
(Live seconds) 1200-1500 1200-

1800

Resolution (eV) 138.4 161.9 145.5 146.0 147.2 148.3 164.3 177.5 148.0
Collimation of | Poly- Mono- Mono- Poly- Poly- Mono- Poly- Poly- Mono-
capillary beam capillary capillary | capillary | capillary | capillary | capillary | capillary | capillary | capillary
Tube material Rh Rh Rh Mo Rh Rh Rh Rh Rh

* Data reported only for interlaboratory test # 2.
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Table 33. Instrumental parameters used for the elemental analysis of glass fragments by

LIBS.
Lab ID/ H-LIBS I-LIBS* J-LIBS” K-LIBS"
Instrument In-house set up RT100-HP Insight-266 Continuum
Applied spectra Surelight IT
Laser 266 nm 266 nm 266 nm 266 nm
wavelength
Energy 27 ml] 1.16mJ 12mJ) 32ml]
density
LTSD 1.5mm into the n.a n.a n.a
sample
Number of 100 (only last 50 15 50 50
shots per used for analysis)
replicate
Spectrometer | Mechelle (Andor Princeton Echelle Echelle
Technologies) Instruments (Aryelle
Butterfly
LTB)
Detector ICCD CCD ICCD ICCD
Gate delay 1 us 0.5 us 1.4 us 1.2 us
Gate width 3.5 ps 7 us 10 ps 3.5us

* Data reported only for round robin 3 and 4.

** Data reported only for round robin 4.
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4.1.2 Reagents, Standards and Samples

The standard reference materials NIST SRM 612, NIST SRM 1831 (National
Institute of Standards and Technology, Gaithersburg, MD) and the matrix-matched float
glass standard (FGS) glasses FGS 1 and FGS 2 (Bundeskriminalamt, Wiesbaden,
Germany) were provided to each participant for the interlaboratory studies. The glass
DGG 1 (Deutsche Glastechnische Gesellschaft, Offenbach, Germany) was also used as a
control check in an extended study. In addition, glass samples were submitted as mock
casework comparisons. Those samples were selected from a set of different sources

collected and analyzed at Florida International University between 1998 and 2010.

4.1.3 Analytical protocols and descriptions of interlaboratory tests

The project consisted of four interlaboratory tests conducted by the EAWG
members. The first and second tests were designed to develop and characterize the p-
XRF, LA-ICP-MS and LIBS analytical protocols. The second, third, and fourth tests
contained sample fragments that each participant analyzed and compared to determine
which ones could be distinguished as having come from different sources. In every case,
participants made three measurements on each of three fragments provided for each
sample. Previous analytical results obtained at FIU for the samples included in test 2, 3
and 4 are shown in Table 33. The information is given to show the general differences
between the samples and show which elements are most likely to be distinguishable
among samples by the various techniques. All concentration values were obtained by

acid digestion ICP-MS analysis and are reported in ppm(ugg™).
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Each interlaboratory test contained the instructions for analysis and reporting
according to the analytical method. The protocol of analysis was standardized for each
analytical method as much as possible to facilitate interlaboratory comparisons. However,
each laboratory was allowed some latitude in setting instrumental parameters according
to their own optimized method. The participants were not told of the sources of the

samples for these blind interlaboratory tests.

4.1.3.1 First interlaboratory test

The first glass interlaboratory test was designed to conduct analyses on glass
standard materials NIST 612 and NIST 1831 and also to conduct analyses on glass
fragments that simulate glass transfer evidence in order to answer the question “Does the
glass from the known sample (K1) and the questioned sample (Q1) share the same
elemental composition?”’

Items were packaged individually in weighing paper and placed in pill boxes
properly identified with labels. Glass samples that were packaged and labeled as item 1
(K1) and item 2 (Q1) originated from the same source. The fragments were obtained
from a windshield glass from the FIU glass collection. The windshield was manufactured
by PPG industries, Pittsburgh USA in August 2002 and displays the logo: TOYOTA.
Participants in the study were not informed as to the source of the samples or that they
originated from the same source in this blind study.

Pieces of ~2-3 cm® were collected from an area of about 30 cm® of the inside
panel of the windshield. The glass samples were then washed with methanol, nitric acid

(0.8M) and DI water. Once the samples were dry, they were broken into small fragments.
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Sample size was selected to be representative of typical fragments received in casework.
About ~3-5 fragments of 3 to 7 mm length were placed in pillboxes and labeled as K1.
About 7-10 small fragments of 1 to 5 mm in length were placed in pillboxes and labeled
as Ql. One pair of pillboxes along with the test instructions was provided to each

participant, for each analytical method used.

4.1.3.2 Second interlaboratory test

The second glass interlaboratory test was designed to conduct elemental analyses
on glass standard materials NIST 1831, FGS 1 and FGS 2 to study both the
intralaboratory and interlaboratory variation in the measurements. Glass fragments of
NIST 1831 were submitted as full thickness fragments (ranging from 5 to 12 mm in
length) and small fragments (ranging from 1 to 3 mm in length) to evaluate the effects of
fragment size and shape.

An expanded study was conducted to evaluate the homogeneity of the elemental
composition of glass standard SRM 1831 at bulk and surface fragments by LA-ICP-MS.
A sample fragment taken from SRM NIST 1831 was broken into four full-thickness
fragments that were then used for the full thickness measurements (surface and bulk).
The full-thickness fragments were analyzed in different orientations (surface 1 up
focused to the laser beam, surface 2 up focused to the laser beam and bulk material tilted
(cross section) focused to the laser beam). Four small fragments were also sampled from
the bulk area. All fragments were analyzed in 6 replicates. Reference standard materials
SRM NIST 612 and/or FGS 2 were used as calibrators. The glass DGG 1 was used for

quality control verification.
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In addition, a set of glass fragments was submitted for comparison in order to
permit further evaluation of different match criteria and to address the interpretation.
Items were packaged individually in weighing paper and then in envelopes properly
identified with labels. Glass samples that were packaged and labeled as item 1 (K1), item
2 (Ql) and item 3 (Q2) were architectural float glass manufactured at the same
manufacturing plant (Cardinal Glass Industries, Portage, WI, USA). Glass samples
labeled K1 and Q1 shared a common origin. They were sampled from a 4 x 4 cm glass
fragment collected from a glass pane sampled at the Cardinal manufacturing plant on
April 1, 2001. Glass samples labeled Q2 originated from a different glass sheet of glass
from those labeled sample K1, however they were compositionally similar. Although
they were manufactured at the same manufacturing plant, the glass Q2 was manufactured
2 years and 8 months before glasses K1 an Q1 (August 12, 1998).

A total of three fragments, all of them full thickness ranging from 2 to 7 mm
across, were submitted as known samples (K1). Three fragments were submitted for
each of the questioned samples; at least two of them were full thickness fragments
ranging from 1 to 4 mm. The glass samples were washed with methanol, nitric acid
(0.8M) and deionized water and examined microscopically to assure full thickness and/or
original surfaces were present when required. Once the samples were dry, they were
carefully broken and measured with a caliper to group them by size and make sure all
participants had series of fragments of similar size and shape. Each sample was prepared
in a separate clean area to avoid cross contamination. The participants were informed that
preliminary tests (color, microscopic examination and refractive index) showed no

significant differences between K1 and items Q1 and Q2.
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Table 34. Description of manufacturing dates of float glasses and the composition of the inter-laboratory test samples

Test TEST 2 TEST2 | TEST3 | TEST3 | TEST3 | TEST3 | TEST3 | TEST4 TEST 4
Sample Q2 K1, Q1 K1 K2 Q1 Q2 Q3 Q1 K1, K2,
Q2, Q3
Plant Cardinal Cardinal | Cardinal | Cardinal | Cardinal | Cardinal | Cardinal | Pilkington | Pilkington
Manufacture 08/12/98 04/01/01 | 08/17/01 | 04/15/98 | 08/31/01 | 05/17/98 | 07/17/98 | 02/18/10 | 03/03/10
date
Li - - - - - - - 6.79 6.14
Mg 22139 22021 11499 21704 13365 19887 21069 29287 30487
Al - - - - - - - 847 906
K - - - - - - - 146 191
Ca - - - - - - - 61236 62326
Ti 123 62.9 58.9 118 57.51 155 125 504 315
Mn 101 20.0 17.3 92.3 17.1 158 100 18.75 12.08
Fe 150 530 391 147 420 137 156 4279 3086
Rb 0.73 1.66 1.64 0.63 1.62 0.92 0.72 0.68 0.76
Sr 384 31.6 31.7 37.3 29.3 41.9 37.6 47.8 47.7
Zr 34.0 34.3 28.9 32.7 31.2 36.4 34.2 24.9 21.3
Sn - - - - - - - 213 12.8
Ba 19.7 10.2 9.34 15.9 11.9 23.0 17.6 8.31 6.90
La 3.49 2.89 2.77 3.48 2.70 4.04 3.51 1.47 1.48
Ce 6.28 3.79 4.54 6.08 4.49 7.42 6.27 2.30 2.17
Sm 0.51 0.43 0.35 0.46 0.34 0.62 0.51 - -
Nd - - - - - - - 1.25 1.12
Hf 0.82 1.06 0.70 0.78 0.77 0.87 0.74 0.67 0.60
Pb 0.75 1.36 1.66 0.93 1.02 0.86 0.71 0.67 0.65
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4.1.3.3 Third interlaboratory test

The glass samples for this test were selected to study the capabilities of the techniques to
discriminate glass produced in the same manufacturing plant at different time intervals
(i.e. manufactured years apart, months apart and weeks apart).

The samples, labeled K1, K2, Q1I, Q2, and Q3 were architectural float glass
manufactured between April 15, 1998 and August 31, 2001 at the same Cardinal Glass
Industries plant as used in the second test (see Table 33). They were sampled from a 2 x
2.5 cm glass fragment originally sampled from a glass ribbon at the manufacturing plant.

Samples labeled as K1 and K2 consisted of fragments that were 2 to 7 mm in size
and those labeled as Q1, Q2, and Q3 consisted of fragments that were approximately 1 to
4 mm in size. Each sample contained three fragments.

Each participant was asked to conduct elemental analysis in order to compare K1
and K2 with each of the questioned items. The participants were informed that
preliminary screening analysis (color and refractive index) showed no significant
differences between K1 and K2 and any of the questioned items, Q1, Q2 and Q3.

Participants received no other information concerning the sources of the samples.
Participants were instructed to make three measurements on each of the fragments. As in
test 2, participants were again told to group the data from the three fragments together for
each of the samples when making interpretations.

Sixteen participants reported analytical results for this test. One participant
performed acid digestion followed by ICP-MS, six conducted the analysis using LA-ICP-

MS, two used LIBS and seven used p-XRF.
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4.1.3.4 Fourth interlaboratory test

The set of glass samples for this test was selected primarily to study the
capabilities of the techniques to associate glass that originated from the same source and
also to discriminate glass produced in the same manufacturing plant at different time
intervals.

This set of glass fragments, consisted of 2 known samples and 3 questioned
samples. Samples K1, K2, Q2 and Q3 originated from the same source. The glass
fragments originated from two pieces, one 4.0 x 4.3 cm and the other 5.0 x 4.5 cm, which
were once part of a single piece of glass. The glass was manufactured at a Pilkington
plant (CA, USA) on 03/03/10.

The glass items labeled as Q1 originated from glass manufactured in the same
plant approximately two weeks before the other samples (02/18/10).

Known samples, K1 and K2 consisted of three full thickness fragments.
Questioned samples QI, Q2, and Q3 were each three small irregular fragments of
approximately 0.5 to 1 mm in size, smaller than the fragments used in the prior tests.

Participants were told that preliminary analysis (color and refractive index)
showed no significant differences between K1 and K2 and all of the questioned items
(Q1, Q2 and Q3) and were given no other information about the sources of the samples.

Each participant was instructed to conduct elemental analysis in order to compare
each of the questioned items with Kland K2 to determine if any of the questioned items

could have originated from either K1 or K2.
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For this test, each Q fragment was to be considered separately, rather than
grouping the three fragments as in the previous tests. Additionally, the Q fragments in
this test were smaller than in previous tests, making this test more difficult.

Seventeen participants submitted results for this test. One laboratory performed
acid digestion followed by ICP-MS, eight conducted the analysis using LA-ICP-MS, one

used LA-ICP-OES, and seven used pu-XRF.

4.1.4 Data analysis

Five ICP-participant laboratories processed their TRA signal from laser ablation
with GLITTER™ software (GEMOC, Macquarie University, Sidney, Australia), which
allows reduction of transient signal to quantitative data. One of the participants used
Plasmalab (Thermo Fisher XSeriesll, Bremen, Germany) and Microsoft Excel (Microsoft
Corp, WA, USA), and one used in-house software for the data reduction.

The XRF data was processed using manufacturer’s software (EDAX, NJ, USA)
for spectral overlay and Microsoft Excel (Microsoft Corp, WA, USA).

LIBS data was processed using plot for mac OSX (v.0.997, Berlin, Germany) or
Mathematica (v. 5.2.0.0, IL, USA).

Statistical analyses were performed by either the use of SYSTAT for windows
(v.8.0, SPSS Science, IL, USA), JMP (v.5.0.1 SAS, NC, USA), Excel 2003 (v9.0.2719,

Microsoft Corp., WA, USA).
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4.2 Results and Discussions
4.2.1 Results from the first and second interlaboratory test: method standardization

The interlaboratory tests were intended to assist participating forensic laboratories
in improving elemental analysis of glass comparisons by cross-validating their methods
and evaluating their analytical protocols. The main objective of these studies was to
conduct elemental analysis of glass with different analytical techniques in order to
provide standardized methods and a basis for discussion of the utility of elemental
analysis comparison methods, the effectiveness of different methods of statistical analysis
and the interpretation of results.

Both interlaboratory studies consisted of two main tasks: a) analysis of reference
standard materials to evaluate the analytical performance within and among methods and
b) analysis of glass fragments submitted as “blind” tests to evaluate the capabilities of the
techniques to correctly associate glass that originated from the same source and/or
discriminate glasses that originated from different sources.

The glass standard reference materials NIST 612, NIST 1831, and the glass
standards FGS 1 and FGS 2 were used to evaluate the accuracy and precision of
individual laboratory measurements. Glass fragments were submitted with a simulated
casework scenario to assist the selection of match criteria and the reporting of

comparison results between questioned and known fragments.

4.2.1.1 Evaluation of the analytical performance

The results for the elemental analysis of glass standards were separated into two

sub-groups based on the techniques used by the participants: (1) the “ICP Group”
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consisted of 6-7 laboratories that performed elemental analysis by ICP-MS or LA-ICP-
MS and (2) the “XRF Group” consisted of 7-9 laboratories that conducted elemental
analysis by u-XRF. Only one participant conducted LIBS analysis for the first 2 tests and
therefore it was not possible to conduct a complete comparison of the analytical
performance of the method.

As a result of the nature of the techniques used for the analysis of the standards
and samples, the ICP Group reported quantitative data, whereas the XRF and LIBS
Group reported semi-quantitative data; therefore, different statistical methods were used

to evaluate the results for each group.

4.2.1.1.1 Analytical performance of ICP-MS methods

The bias and precision obtained by each laboratory were compared to the
interlaboratory results as well as to the certified or reference values for the glass
standards.

All LA-ICP-MS laboratories were asked to use the standard SRM NIST 612 as a
single calibrator for the analysis of verification control standards and samples.
Concentration values for SRM NIST 612 were used as reported by Pearce et al. [Pearce et
al., 1996]. The participant that conducted acid digestion followed the dissolution and
calibration methods described in ASTM E2330 [ASTM E2330-04].

The glass reference materials NIST 1831, FGS 1 and FGS 2 were used to monitor
the analytical performance of the methods. These reference materials were selected due
to the similarity of their compositions to the typical soda-lime glass found in forensic

casework. The interlaboratory test results for precision and bias obtained for the three
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reference standard materials are shown in Tables 3 to 5. Each of the ICP laboratories
made seven replicate sample measurements each on SRM NIST 1831, FGS 1 and FGS 2.
The repeatability and reproducibility are calculated as specified in ASTM Practice E 177
[ASTM E177-04].

The majority of the 18 isotopes monitored showed study bias and interlaboratory
reproducibility better than 10%, demonstrating that ICP-MS methods (solution and laser-
ablation-based) can provide accurate and precise quantitative information that can be
used for forensic comparison of glass samples.

Although accuracy is important in the decision to include data in glass databases
or data collections, for purposes of typical forensic comparisons between known and
questioned fragments, precision is more critical. As shown in Tables 35 to 37,
repeatability within replicates measured by a single laboratory is typically better than 5%.
Reproducibility better than 10% was achieved between participants in different
laboratories that used different instruments, operating parameters, and operators.

An exception was observed for iron. Even though good repeatability was achieved
by individual laboratories for replicate measurements, poor interlaboratory
reproducibility was observed between participants. The inferior performance for iron, in
terms of bias and reproducibility, was not surprising because standard quadrupole ICP-
MS instruments suffer from polyatomic interferences including oxides and hydroxides
such as 40Ar1601H+, 4OCa16OlH+, 41K160, 4()A1r160+, YCal®0 that compromise the
analytical determination of °Fe” and “Fe”. As a consequence of the nature and
abundance of these interferences, standard unit resolution ICP-MS instruments cannot

measure the most abundant iron isotope *Fe” (91.72 % abundant); therefore, limits of
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detection for the lower abundant isotope *’Fe” (2.2 % abundant) are typically high (>10
ngg') [Castro et al., 2008]. Moreover, the concentration of iron in the standard SRM
NIST 612 used as calibrator for LA-ICP-MS is close to the limit of quantitation for some

of the instrument configurations, introducing a source of error and inconsistency.

Table 35. Bias and precision obtained by ICP-methods for SRM NIST 1831 from the

second interlaboratory study.

Element | Reported Study Study | Repeatability- | Reproducibility-
value, Average, Bias | within s, (%) between sgr (%)
ngg' ngg'® | %

Li 5.00° 53 6 5.1 5.6
Mg 21200° 23200 9.4 1.1 10.8
Al 6380° 6400 0.3 1.1 8.7
K 2740 ° 2680 2.2 2.3 6.7
Ca 58600" 58000 -1.0 2.6 3.6
Fe 608" 540 11 2.7 24.9
Ti 114° 130 14 2.6 6.5
Mn 150° 13.3 -11 1.8 2.5
Rb 6.11° 6.0 -1.8 24 3.5
Sr 89.1° 86 -3.5 2.0 5.6
Zr 434° 37 -15 2.2 6.8
Ba 31.5°¢ 30 -4.8 2.6 7.9
La 2.12° 2.2 3.8 2.6 6.7
Ce 4.54°¢ 4.4 -3.1 2.6 3.8
Nd 1.69° 1.8 6.5 2.3 7.1
Hf 1.10° 1.0 -9.1 3.7 8.5
Pb 1.99°¢ 1.8 -9.5 5.0 4

* Historical data from a single lab over one year period (n=42 days).

® Certified by NIST

¢ Reported in ASTM E2330, values obtained by acid digestion ICP-MS interlaboratory
test.

d Average value obtained from 7 participant laboratories using different manufacturer LA

and ICP-MS instruments.
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Table 36. Bias and precision obtained by ICP methods in FGS 1 from the second

interlaboratory study.

Element | Reported Study Study | Repeatability | Reproducibility-
value ?, Average, | Bias -within s, between sg (%)
ngg’ ngg'® | % (%)

Li 6.0 5.9 -1.8 4.5 8.2
Mg 23900 26100 9.2 1.6 9.0
Al 1500 1560 4.0 2.2 3.5
K 920 1000 8.7 4.1 4.7
Ca 60600 59200 -2.3 1.0 5.5
Fe 580 530 -8.6 1.6 26
Ti 69 80 16 4.5 8.8
Mn 43 45 3.5 0.8 2.8
Rb 8.6 7.8 -8.8 2.8 3.1
Sr 57 56 -1.6 23 6.7
Zr 49 46 -5.9 24 8.9
Sn 19 20 4.7 1.9 1.9
Ba 40 41 23 2.8 8.0
La 4.3 4.2 -2.1 4.2 6.7
Ce 5.2 5.0 -4.6 0.9 7.8
Nd 5.1 5.0 -2.4 3.8 7.7
Hf 3.20 3.0 -6.6 2.4 10
Pb 5.8 5.2 -10 1.6 2.9

* Consensus values reported in ASTM E2330 (n=5-10).

® Average value obtained from 7 participant laboratories using different manufacturer LA
and ICP-MS instruments.
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Table 37. Bias and precision obtained by ICP methods in FGS 2 from the second

interlaboratory study

Element | Reported Study Study | Repeatability | Reproducibility
value ?, Average, Bias % -within s, -between sg (%)
ng g’ nge'’ (%)

Li 29 26 -10.3 1.7 4
Mg 23400 25600 9.4 1.1 10
Al 7400 7600 2.7 1.1 7.2
K 4600 4900 6.5 0.8 6.5
Ca 59300 59000 -0.5 1.3 6.5
Fe 2600 2600 0.8 1.5 15.3
Ti 326 370 13.5 1.3 10.6
Mn 221 222 0.5 2.3 2.1
Rb 35 38 7.7 1.5 3.8
Sr 253 256 1.2 0.7 6.1
Zr 223 221 -0.9 1.8 9.7
Sn 94 97 3.4 1.4 2.3
Ba 199 198 -0.5 1.3 8.3
La 18 19 5.0 1.5 8.2
Ce 23 24 3.5 3.5 6.4
Nd 25 25 1.6 4.1 8.6
Hf 15 14 -5.3 23 7
Pb 24 24 1.7 1.8 4.4

* Consensus values [Latkoczy et al., 2005].
® Average value obtained from 7 participant laboratories using different manufacturer LA

and ICPMS instruments.
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In addition to the interlaboratory measures of precision and bias reported, each
laboratory was later provided with detailed information of a) the individual mean values
and standard deviations reported by each laboratory for each element, b) certified values,
c) acceptance study range, d) interlaboratory variation of the measurements, and e) z-
scores. This information allowed an effective way for each participant to evaluate their
own protocol and detect outliers or systematic bias, if any.

The z-score corresponds to how far the reported value from each laboratory was
from the study mean, divided by the standard deviation of the study [Miller et al., 2000].
The acceptance range for the purposes of this interlaboratory study was defined as the
study mean + three times the study standard deviation [Miller et al., 2000].

Strontium results for FGS 1 are shown in Figure 46 as an example of the
interlaboratory statistics. In general, all laboratories had excellent of accuracy and
precision for most elements. All laboratories were within the control criteria for the
interlaboratory comparison (reported as z-score), with few exceptions for few elements.
For instance, one participant laboratory presented a systematic bias for Zr (for the three
reference standard materials), which led to improvement of their method of analysis.

One of the participants experienced inconsistencies of the results of the
concentrations of Ce and La for the glass reference FGS 1, which led to an interesting
finding for the forensic laser ablation community.

It was made clear by the participant that these values derived from measurements
that were taken from a fragment that had originated from the frosted rim of the FGS 1
glass disk. The TRA signal of these ablations exhibits a large peak in the beginning,

followed by tailing, suggesting surface contamination.
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Triggered by these observations, several experiments were carried out by the
issuer of the FGS glasses (BKA/Germany). All eight FGS 1 and FGS 2 glasses that were
examined exhibited a pre-peak-like signal for Ce and to a smaller extent also for La,
combined with spiking of the TRA signal. Based on communication with SCHOTT
AG/Germany, the producer of the glass, this is most certainly caused by a partial removal
of cerium oxide that was used during the polishing stages of the FGS 1 and FGS 2 disks.
Moreover, several sets of analyses have been carried out by BKA, ablating on the
polished surface very close to the rim of FGS 1 and FGS 2. When ablating on the rim or
very close to the rim (up to 250 um) in several cases spikes can be detected for Ce and
La, inspecting the TRA signal. These spikes led to incorrect high concentrations for
cerium and lanthanum. After removal of these peaks using the time-resolved analysis
software GLITTER™, the concentrations for Ce and La were correct.

It can be concluded that measurements/ablations on the rim and very close to the
rim of the FGS standards (FGS 1 and FGS 2) should be avoided. The interlaboratory
exercises showed that the analytical methods used by ICP participants are fairly
standardized and provide consistent results between laboratories regardless of the

instrument configuration. The analytical performance of the method proved to be fit for

purpose.
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Laboratory Mean Standard z- Inter-Lab statistics

ID value deviation scores
B-ICP 57.8 1.4 0.46 Study Mean 56.1
Study Standard 3.8
C-ICP 53.7 0.5 -0.63 Deviation
D-ICP 54.3 1.2 -0.47 high limit (mean + 3sd) 67.5
F-ICP 62.1 0.04 1.59 low limit (mean - 3sd)  44.6
G-ICP 57.3 1.6 0.32
H-ICP 57.2 0.8 0.30
I-ICP 50.0 5.0 -1.61
Reference
value 57.0 4
70

s 601 —

g 50 -

s 40 -

g 30 A

g 20 -

3 10 -
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Figure 46. Example of interlaboratory statistics of ICP-MS participants for strontium in

FGS 1
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4.2.1.1.2 Analytical performance of pu-XRF methods

The p-XRF group reported results based on semi-quantitative analysis (i.e.,
intensities or ratios of intensities for the analytes). Although some calibration strategies
can be used to conduct quantitative analysis of glass by pu-XRF, this is not typically
performed in forensic laboratories as part of their glass examinations. Quantitative
accuracy and precision are dependent on algorithm ZAF corrections that can vary
significantly for uneven surfaces and varying sample thicknesses. Instead, comparisons of
spectra and/or of ratios of intensities, the latter intended to mitigate the effects of varying
take-off angles, are common practice among forensic examiners.

All the individual laboratories were asked to report intensities for a pre-
determined list of elements. A large variation in the analytical signal was observed
amongst participant laboratories as a result of the differences of instrument
configurations and acquisition parameters, making the evaluation of the interlaboratory
performance particularly challenging.

Although these interlaboratory differences do not affect the interpretation of the
individual comparison results, a direct comparison between labs was unattainable at this
stage. For this reason, a standardization of the data was conducted versus the standard
reference material 1831 measured by each participant as a way to attempt to standardize
the responses from different laboratories. In order to conduct the standardization for each
laboratory, measurements of the glass samples and the SRM 1831 were conducted on the
same day. The mean intensity of an element measured on the glass standard was divided

by the mean intensity of the same element measured on the SRM 1831:
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where E is the peak area intensity of the analyte of interest and n is the number or

replicate measurements.

This approach relies on the premise that if a certain instrument configuration
produces a lower intensity for a specific element, the response will be lower for both the
sample and the 1831 reference standard SRM, and vice versa. Therefore, by using the
ratios, these relative interlaboratory differences can be minimized.

Figure 47 illustrates this effect, where significant differences between laboratories
were observed, before standardization, in the response of calcium and magnesium on
FGS 1. After standardization with SRM NIST 1831, the responses between participants
were comparable. Standard deviations of the ratios were estimated as a random
propagation of errors.

This approach allowed a comparison of the response between laboratories for the
following ratios on standards FGS 1 and FGS 2: Ca/Mg, Ca/Ti, Ca/Fe, St/Zr, Fe/Zr and
Ca/K. The semi-quantitative normalized data expressed as ratio of the peak area
intensities were used to estimate z-score values and to detect systematic errors within
laboratories. Table 38 illustrates that data obtained by different participants were very
consistent after standardization, with variation between laboratories within the acceptance

criteria (absolute z-score value equal to or less than 3). The standardization not only
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facilitated interlaboratory comparisons but also opened an opportunity to share XRF

databases in the future.
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Figure 47. Interlaboratory comparison of the Ca/Mg ratio measured by p-XRF, for FGS1

without standardization (top) and after standardization (bottom) with SRM NIST 1831
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Table 38. Values of z-score obtained from the interlaboratory comparison of elemental

ratios by u-XRF for FGS 1 and FGS 2.

z-scores for FGS 1

Lab ID Ca/Mg | Ca/K Ca/Fe | St/Zr Fe/Zr | Ca/K
A-XRF 0.36 0.04 0.98 1.20 0.94 0.09
B-XRF 0.39 0.26 0.16 |0.72 1.23 1.61
C-XRF 1.41 1.89 0.81 1.05 0.19 0.42
D-XRF 1.64 0.91 2.09 |na na 1.51
E-XRF 0.24 0.32 0.05 1.18 0.49 0.83
F-XRF 0.16 0.16 0.25 ]0.31 0.15 0.08
G-XRF 0.95 0.18 0.18 |0.63 0.86 0.51

z-scores for FGS 2

Lab ID Ca/Mg | Ca/K Ca/Fe | St/Zr Fe/Zr | Ca/K
A-XRF 0.33 0.88 1.17 | 0.17 0.04 0.46
B-XRF 0.05 0.66 038 |0.77 1.34 1.09
C-XRF 1.97 1.67 0.98 1.84 1.51 1.10
D-XRF 1.21 0.36 1.33 na na 1.75
E-XRF 0.23 0.66 045 045 0.06 0.62
F-XRF 0.23 1.00 0.21 0.07 0.43 0.37
G-XRF 0.68 0.64 1.42 | 0.87 0.26 0.02
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The efficiency of the standardization approach is also reflected in Table 39 where the
reproducibility is presented for the FGS standards. With the exception of Fe/Zr,
reproducibility among laboratories was better than 12%. The poorer precision of Fe/Zr
could be a result of the x-ray energies for Fe and Zr that are widely divergent and much

more prone to take-off angle variations.

Table 39. Precision data obtained by u-XRF methods for FGS 1 and FGS 2.

FGS 1 Precision
Element Ratio | Average" | Repeatability-within Reproducibility-
st (%)* between sg (%)"
Ca/Mg 0.89 5 11
Ca/Ti 1.44 9 8
Ca/Fe 1.07 1 3
St/Zr 0.60 9 12
Fe/Zr 0.81 11 16
Ca/K 2.61 3 7
FGS 2 Precision
Element Ratio | Average” | Repeatability-within Reproducibility-
st (%)* between
sr (%)"
Ca/Mg 0.93 4 9
Ca/Ti 0.36 3 6
Ca/Fe 0.23 1 3
Sr/Zr 0.55 2 8
Fe/Zr 0.86 5 15
Ca/K 0.55 2 4

AAverage value obtained from 9 different u-XRF instrument configurations, 7 replicates
per configuration for a total of 63 replicates.

¢ Variation estimated as %RSD from mean values for 9 different u-XRF instrument
configurations. Mean values were estimated from ratios normalized to SRM NIST 1831.
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4.2.1.1.3 Comparison of figures of merit of u-XRF, ICP-based methods and LIBS.

Figures of merit such as repeatability, reproducibility, bias and limits of detection
were evaluated in these interlaboratory tests. Precision and bias figures obtained by ICP
and p-XRF methods were suitable for purposes of glass comparisons in the forensic
context.

The precision in terms of repeatability and reproducibility is reported for ICP-MS
(Tables 35-37) and p -XRF methods (Table 39). For LIBS analysis only repeatability
between samples was calculated because only one participant laboratory conducted LIBS
analysis. Precision between replicate measurements for the glass standards was better
than 11 %RSD for LIBS data. Although good precision is observed by all the studied
methods, better repeatability between replicate measurements is attainable by the ICP-
based methods.

Reproducibility and repeatability in the measurements by pu-XRF methods are
more affected than ICP-MS measurements by changes in the instrument configurations,
acquisition parameters, limits of detection and sample fragment size and orientation. The
concentrations of some elements in the standards analyzed in this study were close to the
limits of detection (LOD) and/or quantitation limits for some XRF systems, which
affected the overall precision. However, most monitored elements in p-XRF are typically
observed at higher concentrations than present in the standard reference materials and,
therefore, better precision (< 10 %) was observed on the K/Q comparisons.

The LOD have been used consistently in the area of analytical chemistry as an
objective way of evaluating and reporting the performance of the methods. For this

reason, the LODs were reported for ICP, LIBS and p-XRF data as a means to monitor
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and compare the methods and techniques used in these interlaboratory tests. The
evaluation of the LODs played an important role in the optimization and standardization
of the methods, helping participants to 1) evaluate the performance of their
instrumentation and optimize their parameters to achieve expected threshold values, 2)
make informed decisions about the selection of elements for the comparison of glass
samples, and 3) validate the methodology through interlaboratory comparison of the
sensitivity for a suite of relevant elements.

Table 40 shows the expected LODs of the different methods. The LODs were
determined for several elements in NIST SRM 1831, FGS 1, and FGS 2 [ACS 1980;
IUPAC 1976].

The background count level in u-XRF is affected by the sample and uses counting
statistics, therefore to estimate the signal-to-noise ratio (SNR), the noise in a pu-XRF
spectrum is calculated as the square root of the background counts under the peak of
interest. Limits of detection were estimated as the concentration of each analyte
corresponding to three times the noise. More detail in data treatment was recently
reported by Ernst et al. [Ernst et al., 2012 submitted].

The limits of detection of the method for LA-ICP-MS data were determined for
each element by measuring procedure blanks. Blanks corresponded to the background
signal prior to the laser interaction with the glass. For LIBS the background correspond
to the signal at the baseline close to each emission peak. The LODs were calculated by
three times the standard deviation of twenty-one instrumental replicates from the

standards NIST 1831, FGS 1 and FGS 2.
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The performance of the methods in terms of limits of detection were ICP > LIBS
>> XRF. It is worth stressing that limits of detection on LIBS are particularly affected by
the instrument configuration and acquisition method. For instance, detection limits can be
improved by doing multiple pulse ablations, using Argon as the ambient gas, using fs-
lasers, to mention some. These LIBS limits of detection are reported for a ns-laser, run at
ambient air with the instrument parameters described on table 32 (Lab H-LIBS).

As expected, the LODs for u-XRF improved with increasing atomic number as a
consequence of the increase in critical escape depth and excitation efficiency of the
generated x-rays from these elements in thicker samples [Ryland, 2011].

Regardless of the differences in sensitivity, most elements monitored by each
method are above the typical concentration range observed in soda-lime glass (Table 39).
Therefore, it is anticipated that all methods will provide information about the elemental
composition that is sensitive to variations in the composition of glass manufactured in
different plants or at the same plant at different time intervals.

To evaluate whether or not the differences in figures of merit among techniques
affect the discrimination capabilities, a set of glass samples were analyzed in both

interlaboratory studies as described in the following section.
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Table 40. Expected Limits of Detection (LOD) for glass analysis by ICP-MS, LA-ICP-

MS, p-XRF and LIBS methods, respectively.

Method/ | LA-ICP- digestion- LIBS Range of
Element MS*? ICP-MS® n-XRF ¢ sample
concentrations
(ngg")
Li 0.75 n.a n.a na 08-71¢
Na n.a n.a 7400 11 n.a
Mg 0.52 7.5 1300 2.9 6273 -51076 ¢
Al 1.85 5.0 890 1.3 298 — 11940 °
K 2.22 n.a 100 6.0 45 - 6328 ¢
Ca 145 n.a 49 42 46086 - 69767 ¢
Ti 3.15 0.18 20 3.0 39 -3226°
Fe 9.21 n.a 11 7.5 461 - 6063 ¢
Mn 0.77 0.17 14 n.a 9-468°
Rb 0.19 0.04 6.4 1.4 0.3-33°
Sr 0.07 0.06 7.8 3.1 19-576°
Zr 0.13 0.91 5.8 n.a 19-269°
Sn 0.52 n.a. n.a n.a 11-2180 ¢
Ba 0.30 0.04 n.a 2.3 3-384°
La 0.05 0.02 n.a n.a 1-19°¢
Ce 0.03 0.05 n.a n.a 2-1896°
Nd 0.17 n.a n.a n.a 08-8°
Hf 0.09 0.15 n.a n.a 0.5-7°¢
Pb 0.16 0.05 n.a n.a 0.3-251°

* Average limits of detection for measurements of glass standards FGS 1, FGS 2 and
SRM NIST 1831, values expressed as ugg” of the elemental concentration in the solid

glass.

®Values reported for a set of 50 soda-lime glass samples all expressed as ngg™' of the
elemental concentration in the final solution [ASTM E2330-04].
¢ Average limits of detection for instrument configurations A-I, for data collected for
glass standards FGS 1, FGS 2 and SRM NIST 1831 expressed as ugg” of the elemental
concentration in the solid glass.
4 From actual measurement of a set of 127 soda-lime glass samples from vehicle and
architectural windows by LA-ICP-MS.
‘From actual measurement of a set of 286 soda-lime glass samples from vehicle and
architectural windows by digestion-ICP-MS.
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4.2.1.1.4 Evaluation of association and/or discrimination capabilities of the methods

Another aim of these studies was to evaluate and compare the discrimination
capabilities of the different techniques and methods in traditional glass samples. Blind
test samples were submitted to each participant along with a simulated casework scenario
and preliminary analysis results (color, microscopic examination and refractive index) to
assist their selection of match criteria and reporting.

As detailed in the experimental section, samples submitted as known and
questioned items (K1 and Q1) for the first interlaboratory tests originated from the same
source, so it was expected that respondents associate those fragments based on their
elemental composition and their selected match criteria.

The glass from K1 and Q1 was analyzed prior its distribution and found to be
indistinguishable by refractive index and elemental analysis. Pre-distribution elemental
analysis conducted by LA-ICP-MS revealed no significant differences, using the t-test at
95 % confidence, in the content of the following elements: Al, K, Ti, Mn, Fe, Rb, Sr, Zr,
Ba, La, Ce, Nd, Hf and Pb.

All fourteen respondents of this first tests correctly reported that item 1 (K1) was
found to be indistinguishable from item 2 (Q1) based on LA-ICP-MS, p-XRF or LIBS.
Each participant was asked to use the match criteria commonly used in their casework.
Although there was agreement in the reporting of results, a lack of standardization in the
match criteria was observed for this first interlaboratory test. The participants reported a
variety of match criteria, including t-test, +2s, +3s, +4s, modified +4s, range overlap and

spectral overlay.
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For the second interlaboratory trial, glass samples that were submitted as item 1
(K1), item 2 (Q1) and item 3 (Q2) were architectural float glass manufactured at the same
manufacturing plant. Glass samples sent as K1 and QI shared a common origin; they
were sampled from a glass pane manufactured in 2001. Glass samples sent as Q2
originated from a different source than sample K1. Although they were manufactured at
the same manufacturing plant, the glass Q2 was manufactured 2 years and 8 months
before.

The glass samples were analyzed prior to their distribution and found to be
indistinguishable by RI. These particular glass sources were selected specifically because
they had similar refractive indices but different elemental composition of some of their
trace elements. Concentration of the trace discriminating elements in these glass sources
ranged from 0.5 to 125 pgg™’, with exception of iron that was present at ~600 pgg™.
Major elements such as Al, K, Mg and Ca were present at concentrations above 1 %.

All the participating laboratories correctly reported that item 1 (K1) was
indistinguishable from item 2 (Q1), and all the labs correctly reported that item 1 (K1)
was distinguishable from item 3 (Q2). For this second trial, there was a consensus
amongst the p-XRF participants towards using spectral overlay and +3s as match criteria.
The ICP participants still reported a large variety of match criteria for this test.

In this test, the basis for discrimination (differences) between the elemental
compositions of glasses manufactured at different times depends on the LODs of the
methods. Significant differences were found by ICP-MS on a large number of elements
(7 to 15 out of the 16 to18 elements analyzed were found to be distinguishable based on

their selected match criteria). The XRF participants detected differences primarily on
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major elements (K, Ca) and trace elements that were present in these samples above 70
pgg' (Ti, Mn and Fe). The LIBS participant reported differences for 3 out of the 7
evaluated ratios (Fe/Sr, Al/Ca, Ca/Sr).

The results of these two studies demonstrate that each of the evaluated methods
(ICP-MS, LA-ICP-MS and p-XRF) can be successfully applied to determine the
elemental composition of glass fragments as a tool to improve discrimination capabilities
of preliminary screening tests, such as RI. Despite the use of a variety of analytical
methods and match criteria, all laboratories were able to correctly associate samples that
originated from a single source and discriminate between glasses manufactured in the
same plant at different periods of time.

The lack of standardization of the match criteria used by the participants
motivated the design of additional interlaboratory exercises that permitted a thorough
evaluation of the effect of match criteria on the incidence of type 1 and type 2 errors.

Those results are described later in this text.

4.2.1.1.5 Comparison of composition data from SRM 1831 full thickness versus small
fragments

The effects of size of glass fragments on the analytical measurements by LA-ICP-
MS and its performance in forensic comparisons were also studied as part of the second
inter-laboratory test.

Data reported in the literature have shown that fragment size and shape do not
affect the performance of the quantitative data on glass fragments by LA-ICP-MS. These

studies have been reported on standard reference materials NIST 612, NIST 610 and
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several flat glass samples but, to the best of our knowledge, have not been reported on
SRM NIST 1831 [Trejos et al., 2005] .

In this interlaboratory exercise, quantitative data obtained from fragments of SRM
NIST 1831 having different thicknesses and sizes showed good precision and accuracy
(repeatability <1-5 %, bias <10 %). Nevertheless, significant differences were detected
between full thickness and small fragments using the most common match criteria
reported by the participants (ANOVA (p=0.05), t-test comparison (p=0.05) and +3SD)
(see Table 40).

Significant differences were also found between small and full thickness data
collected by pu-XRF. These differences were expected as a result of the well-known
effects of the take-off angle and critical depth on XRF measurements [Howden et al.,
1978]. For this reason, the study was then focused on ICP-MS data only.

For the purposes of forensic glass comparisons, if the two fragments being
compared are significantly different by at least one element (or ratio), these can be
excluded as having come from the same source. In this exercise, full thickness fragments
were used for the known source and the small fragments were used for questioned
samples. The results presented here indicate that the application of multiple t-tests for
multivariate datasets obtained by LA-ICP-MS measurements might be problematic
(Table 41). The possible reasons for these type 1 errors (false exclusions) might be day-
to-day variations of measurement conditions, sample orientation or position in the
ablation cell, sample heterogeneity, and small variations between replicate measurements.

In an effort to identify the sources of type 1 errors in this set, an additional

experiment was conducted to evaluate whether the differences in elemental composition
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were due to: a) fragment size, b) surface versus bulk heterogeneity, and/or c) match
criteria used for comparisons.

Analyses were conducted on full thickness fragments at both original surfaces
(S1, S2), at the bulk area of full thickness fragments (B1 and B2), and on 4 small
fragments taken from the bulk of a SRM NIST 1831 fragment. Six replicate
measurements were acquired from each fragment.

Pairwise comparisons by ANOVA (p=0.05) show significant differences between
the small fragments, bulk areas and surface areas.

A recent study published by the Bundeskriminalamt/Federal Criminal Police
Office, Forensic Science Institute [Weis et al., 2011] reported that wider match criteria
are recommended for LA-ICP-MS measurements of glass due to the excellent precision
between replicates. The authors conducted an extensive study on the elemental variability
of 34 glass fragments that originated from the same glass sheets and found that tight
match criteria, such as the t-test, produced high rates of false exclusions. The best results
for glass casework were achieved using a broader match criterion, such as a modified +4s

approach, based on fixed relative standard deviations.
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Table 41. Detail of elements with differences in elemental composition for full thickness vs small fragment of SRM NIST 1831

measured by LA-ICP-MS

Lab | Elements Elements Elements Elements Elements Elements Elements
ID | distinguished by | distinguished distinguished | distinguished | distinguished | distinguished | distinguished by
t-test (p=0.05) by by +3s by by by +4s with 5%
t-test with +4s +4s with | +4s with | min RSD
Bonferroni 3% min RSD | 4% min RSD
correction
(p=0.05
B Mg, Al, Sr, Zr, | Mg, Al, Sr, Zr, | Mg, Al, Sr, | Hf, Zr, Sn Hf, Zr, Sn Sn Sn
Sn, Nd, Hf, K, Ca, | Hf, Ca, Ti, Pb Zr, Sn, Hf
Ti, Mn, La, Pb
C Mg, K, Fe, Li, Al, | Mg, K, Fe, Mn, | Mg, K, Fe, Zr, | K, Fe, Zr, Sn, | Fe, Zr, Sn Fe, Sn none
Ti, Mn, Rb, Sr, Sn, Nd Nd
Zr, Sn, La, Nd,
Hf, Pb
D Mg. Sr, Zr, Al, K, | Mg, Sr, Zr, Ti Al, Mg, Sr, Zr | Al, Mg, Sr, | Sr,Zr Sr, Zr none
Ca, Ti, Fe, Rb, Zr
Ba, La
G Sr, Zr, Sn, Nd, Hf, | Sr, Zr, Sn, Nd, | Ti, Sr, Zr, Sn, | Ti, Sr, Zr, Sn, | Sr, Zr, Sn,|Sr, Zr, Sn,| Sr,Zr, Sn,
Li, Mg, AL, K, Ca, | Hf, Al, Ti, Mn, | Nd, Hf Nd, Hf Pb, Hf Hf
Ti, Mn, Fe, Ba, | Ba, La, Ce, Pb
La, Ce, Pb
H Mg, Al, Zr, K, Ca, | Mg, Al, Zr, Mn, | Mg, Al, Zr, | Mg, Al, Zr, |Zr, Hf none none
Mn, Fe, Sr, Nd, | Fe, Hf Hf Hf
Hf
| Mg. Sr, Zr, Al, | none Mg, Al, Sr, | Mg, Al, Sr, | Sr, Zr, Sn Sr, Zr, Sn Sn
Ca, Ti, Fe, Rb, Zr, Pb Zr,

Ba, La, Sn
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As a result of the close precision obtained and reported by most of the ICP-based
participants (< 1-5 % RSD), it was observed that match criteria, such as the t-test, may be
too sensitive to false exclusions, depending on the data set under evaluation. For this
reason, a modified +4s criterion was applied to these samples. Table 42 shows that, for
most participants, the number of elements distinguished is reduced by using a 4-s
criterion with a minimum of 3-5 % RSD. Further discussion of this recommendation is
included later in this document.

Some ICP laboratories still detected differences on the tin content, even after
applying wider match criteria. Although SRM NIST 1831was not produced by the float
glass process, ICP methods detected a slightly different composition on the original
surfaces versus the cross section of the glass. Original surfaces were only present on the
full thickness fragments. Nevertheless, in casework, tin is typically monitored to detect
the float versus the non-float side of a glass and is not typically included as part of the
elements used for comparison between samples.

The results in Table 42 demonstrate that the differences detected between the
SRM NIST 1831 fragments submitted for the interlaboratory tests were the result of a
combination of the heterogeneity between surface and bulk composition on SRM NIST
1831 and the selection of match criteria used for comparisons.

First, the use of wider match criteria, such as +4s with minimum 3%RSD, reduced
the number of false exclusions. Using ANOVA, 18 out of 28 possible comparison pairs
were excluded (64 %); using +4s criterion, the number of exclusions was reduced to 13
out of 28 possible comparison pairs (46 %), whereas using the wider match criteria the

number of exclusions were limited to 7 out of 28 possible pairs (25 %).
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Second, when using wider criteria (i.e. £4s criteria with a minimum of 3 %RSD)
significant differences are still detected between one of the original surfaces (S2) and the
rest of the fragments, while no significant differences are detected between the rest of the
fragments regardless of their size.

The results revealed that one of the original surfaces of the SRM NIST 1831 is
depleted in Sr, Zr, Hf and Pb which causes a significant heterogeneity for microsampling
techniques like LA-ICP-MS.

Although this study implies that fragment size does not affect comparison of the
elemental composition of glass by LA-ICP-MS, caution should be taken when using full
thickness fragments to avoid possible differences in the composition of original flat
surfaces. The effects of expanding the match criteria on type land type 2 errors was

further studied and is reported later in this chapter.
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Table 42. Pairwise comparison of SRM NIST 1831 glass fragments using ANOVA (p=0.05) and 4s interval, respectively.

Elements listed were significantly different using the specified match criteria.

ANOVA
p=0.05 |B1 B2 F5 F6 F7 F8 S1 S2
B1
B2 Fe
F5 Fe
F6 Li Li, Fe
F7 Li, Fe Fe
F8 Fe
S1 Na, Fe Li, Na Na, Fe Ti, Fe
Fe, Sr, Hf, Pb, | Fe, Sr, La, Hf, | Sr, Hf, Pb, | Sr, Hf, Pb, | Na, Fe, Sr, Pb,

S2 Fe, Sr, Pb, Zr | Sr, Pb, Zr Zr Pb, Zr 7r Zr Zr
+4s B1 B2 F5 F6 F7 F8 S1 S2
B1
B2
F5 Fe
F6 Li
F7
F8
S1 Fe Li, Na Li, Fe, Zr | Li, Na

Sr, Pb, Zr,
S2 Fe Sr, Pb, Zr Fe, Sr, Pb, Zr | Fe, Sr, Pb, Zr | Sr, Pb, Zr | Sr, Zr Fe, Sr, Pb, Zr
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Table 42B. Pairwise comparison of SRM NIST 1831 glass fragments using 4s minimum 3% RSD. Elements listed were

significantly different using the specified match criteria.

+4s
(min
3%RSD)

B1

B2

| )

Fé6

F7

F8

S1

S2

B1

B2

F5

Fé6

F7

F8

S1

S2

Sr, Pb, Zr,
Hf

Sr, Pb, Zr,
Hf

Sr,
Hf

Pb, Zr,

Sr,
Hf

Pb, Zr.

Sr,
Zr, Hf

Pb,

Sr, Pb, Zr,
Hf

Sr, Pb, Zr
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4.2.2 Results and discussion for interlaboratory tests 2, 3 and 4: Evaluation of the
performance of different criteria for comparing elemental composition

It has been well established that major, minor, and trace element profiles can
provide excellent discrimination among glass sources [Koons et al., 1991; Becker et al.,
2001; Hicks et al., 2003; Almirall et al., 2011; Ryland, 2011]. In order to assess the
extent to which this discrimination can be made, participants in three interlaboratory tests
provided elemental data measured in their laboratories using several analytical
instrumental methods. The p-XRF users provided fluorescence peak intensity ratios,
typically reporting between six and eight ratios for each sample. The ICP-MS and ICP-
OES users reported the measured concentrations of up to 18 elements. The LIBS
participants provided emission lines intensity, peak area and/or peak intensity ratios for
six to eight ratios.

Analytical data were received from 24 participants in 22 laboratories. The pool of
participants used a suite of different instruments, brands, configurations and analytical
parameters that represent instrumental techniques currently used by the forensic
community. An exception to this observation is for the LIBS participants, which none of
them are currently forensic glass practitioners. One of the laboratories though has
validated their LIBS method for the particular application of forensic glass analysis (lab
H-LIBS).

The data were utilized to assess the ability of the participants to correctly
associate glass fragments from the same source and to distinguish between fragments
from different sources. Throughout this study, a K and Q pair of samples was considered

to be indistinguishable when every measured parameter, either element concentration or
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intensity ratio, for the two samples could not be distinguished using the pertinent match
criterion. For the purposes of error rate analysis, the “correct” result was that two
samples were considered indistinguishable only when they came from the same small
panel of glass in the FIU collection. Two samples produced on the same float line at
different times were considered as different sources in assessing the accuracy of
conclusions. This approach was taken because in most cases, the question of forensic
interest is whether or not two fragments can be associated with the same window, rather

than made in the same manufacturing plant.

4.2.2.1 Results are reported by each participant laboratory using their selected match
criteria
4.2.2.1.1 Results reported for the second interlaboratory test

This test was organized like a traditional proficiency test with one K sample and
two Q samples. All 16 of the responding participants correctly reported that samples K1
and Q1 were indistinguishable and K1 and Q2 were distinguishable. Results for each
analyst with corresponding match criteria and the number of element concentrations or
intensity ratios measured are shown in Table 43.

As indicated, the participants used several different match criteria to reach their
conclusions. However, it is noteworthy that all methods gave correct results in this rather
simple test. This result was anticipated, since, as shown in Table 34, the concentrations

of Ti, Mn, Fe, and Rb are quite different between K1 and Q2.
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With these results, the protocols for both u-XRF and LA-ICP-MS were
considered robust and further, more difficult tests were designed. In order to evaluate the

LIBS capabilities more LIBS participants were invited for the third and fourth tests.

Table 43. Results for the inter-laboratory test 2 sample comparisons as reported by each

participant using their match criteria.

No. of
K1 vs | K1 vs | Reported match criteria elements or
Lab ID Q1 Q2 ratios
XRF-A I D Spectral overlay 6
XRF-B I D Spectral overlay, = 3s of ratio | 8
intensities
XRF-C I D Spectral overlay, range overlap | 6
of ratio intensities
XRF-D I D Spectral overlay, + 3s of ratio | 4
intensities
XRF-E I D Spectral overlay, = 3s of ratio | 6
intensities
XRF-F I D Spectral overlay, = 3s of ratio | 6
intensities
XRF-G I D Spectral overlay, = 2s of ratio | 7
intensities
H-LIBS D t-test (p=0.05) 6
ICP-A I D t test (0.05) of concs and ratios 18
ICP-B I D + 2s of ratios 18
ICP-C I D Modified +4s of concs 18
ICP-D I D t test (0.05) of concs 18
ICP-F I D + 3s of concs 18
ICP-G I D Range overlap of ratios 16
ICP-H I D Modified +4s of concs 16
ICP-1 I D t test (0.05) of concs 16
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4.2.2.1.2 Results reported for the third interlaboratory test

The purpose of this third study was to evaluate the capabilities of each method to
discriminate samples manufactured at the same plant at different time intervals. Samples
with similar refractive indices but distinctive elemental compositions were selected for
this exercise.

Samples were manufactured at the same plant on dates that were weeks, months,
and years apart from each other. The dates of manufacture and the elemental profile of
each of the samples as recorded in the FIU glass database are shown in Table 34. The
mean concentrations shown were obtained following the ASTM method for acid
digestion and solution-based ICP-MS analysis (E330-04). The values shown are reported
in parts per million (ngg™).

Samples manufactured only weeks or months apart have small, but significant
differences in their elemental composition, e.g., K1 and Q1. However, most of the
differentiating elements are present at low trace levels and it was therefore expected that
only the more sensitive methods might detect some of the differences in compositions.
The comparison results reported by the participants and the respective match criteria used

to arrive at those conclusions are summarized in Tables 44 and 45.
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Table 44 XRF and LIBS results for the inter-laboratory test 3 sample comparisons as reported by each participant using their

match criteria

No. of
K1 vs | K1lvsQ3 K2 vs|K1l vs| K2 vs|K2 vs|Reported match criteria elements
LabID | Q2 Q1 Q1 Q2 Q3 or ratios
Time 3years, 3years, 3years,
interval | 3months | Imonth 4months | 2weeks | Imonth | 3months
XRF-A | D D D I D I Spectral overlay 9
XRF-B | D D D I D I Spectral overlay, = 3s of ratio | 8
intensities
XRF-C | D D D I D I Spectral overlay, = 3s of ratio | 7
intensities
XRF-E | D D D I I I Spectral overlay, = 3s of ratio | 7
intensities
XRF-F | D D D I D I + 3s of ratio intensities 8
XRF-H | D D D I D I Spectral overlay, = 3s of ratio | 6
intensities
XRF-1 |D D D I D I Spectral overlay, range overlap | 10
ICP-A | D D D I D I + 2s (for 10 elements, allows | 10
one element to be different)
LIBS-H | D D D D D D Elemental ratios, t-test | 6
p=0.05, ANOVA + Tukey
p=0.05
LIBS-I |I D D I D I PLS algorithm 7
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Table 45. ICP results for the inter-laboratory test 3 sample comparisons as reported by each participant using their match criteria.

ICP-B D D D D D D +2s and + 3s 18

ICP-C D D D D D D Modified +4s 18

ICP-D |D D D D D D t test (Bonferroni correction), | 18
p=0.05, ANOVA + Tukey
p=0.05

ICP-E D D D I D D t test p=0.05 and ANOVA | 18
(p=0.05)

ICP-F D IC D I D IC Range overlap and + 3s 16

ICP-H |D D D D D D Modified +4s 16

I = Indistinguishable
D = Distinguishable

IC = inconclusive
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There were three pairs of samples that were produced over three years apart;
K1/Q2, K1/Q3, and K2/Q1. Based on the results of pre-distribution analysis shown in
Table 33, these sample pairs have differences in elemental compositions that were
expected to be recognized using sensitive analytical methods.

All sixteen respondents correctly reported that items K2 and Q1, manufactured 3
years and 4 months apart and items K1 and Q2, manufactured 3 years and 3 months apart
were distinguishable. An exception was observed for one of the LIBS participants who
reported item K1 and Q2 to be indistinguishable. Fifteen of the sixteen respondents
correctly reported that items K1 and Q3, samples that were manufactured 3 years and 1
month apart were distinguishable. The participant that used solution-based ICP-MS
reported an inconclusive result as consequence of some uncontrolled problems during the
digestion of sample Q3. Thus, each of the participants that completed the analysis was
able to correctly discriminate between samples that were manufactured approximately 3
years apart in the same manufacturing plant, despite their indistinguishable refractive
indices and physical properties. The only LIBS participant that reported a false inclusion
in this sample subset used a proprietary algorithm as match criteria. After re-analysis of
their raw data using other match criteria reported by the rest of the participants, no
significant differences were observed.

The match criteria that were used by the participating forensic glass examiners
included spectral overlay, range overlap, several different forms of confidence intervals,
the t-test, and ANOVA. These criteria were used in various forms either individually or

in combinations.
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Test 3 also contained three pairs of samples that were produced several weeks to
months apart; K1/Q1, K2/Q2, and K2/Q3. The results of pre-distribution analysis shown
in Table 34 indicate that these sample pairs have very similar elemental compositions
with relatively small differences in the concentrations of some elements. It was expected
that these differences could only be detected by those techniques that have good precision
of the measurements and low limits of detection.

Only five of the sixteen respondents reported that item K1 was distinguishable
from item Q1. Four of these respondents used LA-ICP-MS methods and one used LIBS
to arrive at that conclusion. As reported in Table 34, these samples were manufactured at
the same plant 2 weeks apart and therefore their elemental compositions are very similar.
The discriminating elements reported by the few laboratories that found significant
differences between K1 and Q1 were Ba (by three of the four laboratories using LA-ICP-
MS and by the LIBS lab) and Mn, K, Zr, Fe, Sr, Sn or Rb. Of the latter, the only other
element that was common to two of the LA-ICP-MS laboratories was Zr. Table 34
shows that these elements were present in those samples at concentrations ranging from
<2 to 30 ugg” and therefore only sensitive methods with excellent precision between
measurements would be able to detect those differences in concentration. For example,
the reported Ba concentration difference between the two samples is approximately 2.5
ugg™'. Tron, the trace element having the largest difference in concentration, was reported
as significantly different in the two samples by only one of the LA-ICP-MS laboratories.
This result is consistent with the fact that not only the differences in mean element
concentrations, but also the variations of the measured data within a sample, are

important in defining the ability of a method to distinguish two different sources of glass.
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Fifteen of the sixteen respondents reported that item K2 was distinguishable from
item Q2. The only respondent that could not distinguish between item K2 and item Q2
used u-XRF. However, after discussion of the results, this respondent re-examined their
data and found significant differences in the Fe/Mn peak intensity ratios that were missed
during the test. These samples were manufactured at the same plant 1 month apart and
their elemental compositions are similar, but significant differences were detected for
some elements, in particular Mn and Ti for u-XRF measurements, between 2 to 4 ratios
by LIBS and between 6 to 12 elements for the ICP measurements.

Six of the sixteen respondents reported that item K2 was distinguishable from
item Q3. None of the seven pu-XRF users were able to differentiate these two samples.
Only one LIBS user was able to differentiate these samples. The participants that were
able to detect differences between these samples used laser ablation techniques (LA-ICP-
MS or LIBS). Two of the ICP-MS users did not differentiate this pair. Lab ICP-A was
unable to differentiate the samples probably as a consequence of their smaller number of
elements measured, and their match criteria that allows one element to differ and still call
the results indistinguishable. Lab ICP-F, who used solution-based ICP-MS, reported an
inconclusive result as a consequence of problems with the digestion of sample Q3.
Samples K2 and Q3 were manufactured at the same plant 3 months apart. However, the
elemental compositions of K2 and Q3 are more similar than those of K2 and Q2, which
were manufactured only one month apart. The concentrations of discriminating elements
were present at levels below 30 ugg™ in the glass.

This third interlaboratory test allowed the study of the ability of the different

analytical methods to discriminate among samples that shared very similar composition.
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All techniques were able to differentiate samples manufactured three years apart in the
same plant, regardless of the match criteria employed by each respondent. Samples
manufactured weeks to months apart could only be differentiated in some instances by

the more sensitive analytical techniques.

4.2.2.1.3 Results reported for the fourth interlaboratory test

The EAWG members felt that the results of the third interlaboratory test were
encouraging, particularly in the excellent ability of the ICP-MS methods to discriminate
glass sources produced over fairly short time periods. However, the high degree of
source discrimination could lead to the incorrect source exclusion of glass fragments that
came from the same source. To address this, a fourth interlaboratory test was designed
and carried out. The set of samples for this test was selected primarily with the aim of
studying type 1 errors, although one sample was also included to evaluate type 2 errors
on samples produced in the same manufacturing plant at different times. There were
twenty-one participants in this test, including two additional LIBS participants and one
who used an additional technique, LA-ICP-OES.

Samples K1, K2, Q2 and Q3 all originated from glass manufactured at the
Pilkington plant on 03/03/10. Sample Q1 was manufactured at the Pilkington plant on
02/18/2010. As shown in Table 33, the pre-distribution analysis indicated that the
composition of Q1 is significantly different from that of the other samples. To simulate
typical casework, known samples K1 and K2 consisted of three small full thickness
fragments, while questioned samples were each three small irregular fragments of

approximately 0.5-1 mm in size. The participants were instructed to make a comparison
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and reach an opinion concerning possible source for each Q fragment separately, rather
than grouping them as was done in the prior tests. The participant (ICP-F) who used
solution-based ICP-MS was unable to analyze the small Q fragments individually as a
consequence of the sample size requirements in the ASTM method, and thus combined
the three fragments for digestion and analysis. The results of comparisons made by the
participants in the fourth interlaboratory test are shown in Table 46 for u-XRF methods,
table 47 for ICP methods and table 48 for the LIBS labs.

Seventeen of twenty-one respondents correctly reported that all of the Q1
fragments were distinguishable from items K1 and K2 (see Tables 46, 47, 48). Although
these samples were manufactured only 2 weeks apart on the same float line, significant
differences exist in composition for Fe, Al and Ti and several trace elements that were
readily detected by all participant methods. One of the ICP participants, designated as
ICP-L, does not conduct glass comparisons on a routine basis at their laboratory and
therefore only reported their measured concentration data and did not make a decision of
association or exclusion. Their data were only utilized for comparison of match criteria
in the next part of this study. Likewise, three out of the four LIBS participants do not
conduct glass examinations in a regular basis and reported either inconclusive results or
false inclusions between some fragments of K1 and K2 vs QI.

All of the K1, K2, Q2, and Q3 fragments came from the same pieces of a single
glass sheet, so they should have been associated by the participants. Using their selected
match criteria, all seven respondents that used p-XRF correctly reported that each
fragment labeled as item Q2 or Q3 were indistinguishable from both K1 and K2.

Therefore, all participants who used pu-XRF were correct in both their distinguishable and
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indistinguishable conclusions in this fourth interlaboratory test. It is noteworthy that by
the completion of this fourth interlaboratory test most u-XRF participants agreed on the
selection of match criteria for their comparisons, based on previous results and discussion
from the interlaboratory tests. All participants used spectral overlay as a preliminary
assessment of similarity followed by a +3s criterion for comparison of intensity ratios
with the exception of one laboratory that used range overlap.

As shown in Table 47, of the 100 reported comparisons for these four samples
made by the ten participants using ICP-based methods, there were 16 incorrect
discriminations of fragment pairs. Labs A, E, H, and K correctly found each of the Q2
and Q3 fragments to be indistinguishable from both K1 and K2. Lab C had only one
incorrect result for a K1/Q3 comparison. Lab F, the one that used solution-based ICP-
MS had one incorrect result, but it was out of only four comparisons because the limited
fragment size forced grouping of the fragments for each sample for digestion. The
majority of incorrect exclusions were made by Lab D with six and Lab J with eight.
These two participants used the t-test with Bonferroni correction for their match criterion.
These false exclusion results raised a flag for further discussion by the EAWG members
concerning the appropriate match criteria for ICP-based methods. Past experience of
ICP-MS and ICP-OES users was that false exclusions rarely occur when an appropriate
number of elements are used with reasonable match criteria. The observed rate of false
exclusions, particularly for Labs D and J were unexpectedly high. It was felt that this
high false exclusion rate was a result of participants using match criteria that were too
narrow when considering the relatively large number of elements measured. Therefore,

further data analysis was conducted to assess the error rates for a number of match

246



criteria with the aim of finding an optimum match criterion that would simultaneously
minimize both type 1 and type 2 errors. The results of these studies are discussed in the
following section.

As shown in Table 48, of the 48 reported comparisons for these four samples
made by the four participants using LIBS methods, there were 16 incorrect
discriminations of fragment pairs and 13 results reported as inconclusive.

This fourth tests was the first inter-laboratory trial for some of the LIBS
participants thus it was not surprising that LIBS data showsed drastic inconsistencies
among participants. This could be a consequence of the lack of a standardized LIBS
method for data acquisition and statistical treatment of the data as well as significant
differences in the instrument configuration and optimized parameters. Because LIBS is
not established yet in forensic laboratories as a method of analysis, it is noteworthy that
contrary to the rest of participants (XRF and ICP users) none of the LIBS participants are
experienced glass examiners and therefore their respective methods of analysis still have
potential for improvement and optimization. One of the participant LIBS laboratories has
spent several years of research on optimizing the method for glass analysis; their results
are more comparable to ICP-participants. For this reason, the study on the effect of
match criteria on error rates will not be discussed in the following sections for the LIBS
data. Standardization of data reduction and method optimization across the different
laboratories is recommended for LIBS measurements prior the evaluation of comparison

methods and match criteria.
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Table 46. Inter-laboratory test 4 results as reported by each pXRF participant using their selected match criteria

Lab K1 vs | K1lvs | KIvs|Klvs|KIvs|Klvs|KIvs|Klvs|KIvs| Match No. of
ID Q1-1 [Q1-2 | Q1-3 | Q2-1 | Q2-2 | Q2-3 | Q3-1 |Q3-2 | Q33 ratios
Criteria used
XRF-A | D D D I 1 I I I 1 spectral overlay 6
XRF-B | D D D I I I I I I spectral overlay, + 3s 7
XRF-C | D D D I I I I I I spectral overlay, + 3s 6
XRF-D | D D D | I I | | I 3s 5
XRF-F | D D D I I I I I I spectral overlay, + 3s 6
XRF-H | D D D | I I | | I + 3s 6
XRF-1 |D D D I I I I I I 8
spectral overlay, range overlap
K2vs | K2vs | K2 vs | K2 vs | K2 vs | K2 vs | K2 vs | K2 vs | K2 vs | Match
LabID | Q1-1 | Q1-2 | Q1-3 | Q2-1 [Q2-2 | Q2-3 | Q3-1 | Q3-2 | Q3-3 | criteria
XRF-A | D D D I I I I I I spectral overlay 6
XRF-B | D D D I I I I I I spectral overlay, + 3s 7
XRF-C | D D D I I I I I I spectral overlay, =+ 3s 6
XRF-D | D D D | I I I I I + 3s 5
XRF-F | D D D I I I I I I spectral overlay, + 3s 6
XRF-H | D D D | I I | | I + 3s 6
XRF-1 | D D D I I I I I I 8
spectral overlay, range overlap
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Table 47. Interlaboratory test 4 results as reported by each ICP participant using their selected match criteria.

Lab Klvs | Klvs | Klvs | Klvs | Klvs|K1vs|KI1vs|K1l vs| K1 vs| Match criteria No. of
ID Q1-1 | Q1-2 | Q1-3 | Q2-1 | Q2-2 | Q2-3 | Q3-1 | Q3-2 | Q3-3 elements
ICP-A | D D D | 1 I | | I + 2s interval, 9 of 10 11
ICP-B | D D D IC IC IC IC IC IC + 25, +3s 18
ICP-C | D D D I I I I I D modified 4s 11
ICP-D | D D D I D D I D D t-test / Bonferroni 17
ICP-E | D D D | 1 I I I I +2s 16
ICP-F | D - - D - - I - - +3s, grouped Qs 17
ICP-H | D D D I | | | | | modified +4s 16
ICP-J |D D D D D D D | D t-test / Bonferroni 10
ICP-K | D D D I 1 I I I I +4s 17
ICP-L | - - - - - - - - - - 17

Lab K2vs | K2vs | K2vs | K2vs [ K2vs | K2vs | K2 vs | K2 vs | K2 vs No. of
1D Q1-1 | Q1-2 | Q1-3 | Q2-1 | Q2-2 | Q2-3 | Q3-1 | Q3-2 Q3-3 | Match criteria elements
ICP-A | D D D I 1 1 | I | + 2s interval, 9 of 10 11
ICP-B | D D D IC IC IC IC IC IC + 25, +3s 18
ICP-C | D D D I 1 1 | I 1 modified 4s 11
ICP-D | D D D | | D | D | t-test / Bonferroni 17
ICP-E | D D D | 1 I I I I +2s 16
ICP-F | D - - I - - I - - +3s, grouped Qs 17
ICP-H | D D D | 1 I | I I modified +4s 16
ICP-J |D D D D 1 D D I | t-test / Bonferroni 10
ICP-K | D D D | 1 I I I I +4s 17
ICP-L | - - - - - - - - - - 17

D:distinguishable I:indistinguishable

IC:inconclusive

-: data not measured/not reported
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Table 48. Round robin 4" results as reported by each LIBS participant using their selected match criteria.

Lab Kl vs | KIvs | Klvs| K1l vs| K1 vs|KI1vs|K1vs|Kl1vs|KI1vs| Match # elements
ID Q1-1 |Q1-2 |Q1-3 | Q21 | Q22 | Q23 |Q3-1 | Q3-2 | Q3-3 | criteria / ratios
LIBS-H | D* D? D? P D? D? D? ° P ttest /| 8 elements,
bonferoni 1 1ratios
LIBS-I |I° P P D? D? P P P P t-test 7 elements,
p=0.01) 6 ratios
LIBS-J | IC® IC* IC* IC* IC* IC* IC* IC* IC* PLS-DA  and | spectra
SIMCA®
LIBS-K | D? D? P D? D? D? P P P t-test 8 elements,
p=0.01 14 ratios
Lab K2 vs | K2vs | K2 vs | K2 vs | K2 vs | K2 vs | K2 vs | K2 vs | K2 vs | Match # elements
ID Q1-1 |Q1-2 |Q1-3 [Q2-1 | Q22 |Q2-3 |Q3-1 |Q3-2 | Q3-3 | criteria / ratios
LIBS-H | D* D* D* ° D* D* D* I D* t-test /|8 elements,
bonferoni 11ratios
LIBS-I |I° I D* ° D* ° ° I I t-test 7 elements,
p=0.01) 6 ratios
LIBS-J | IC® IC* IC* IC* IC* IC* IC* IC* IC* PLS-DA  and | spectra
SIMCA®
LIBS-K | IC® icc | D’ D* D’ icc | g t-test 8 elements,
p=0.01) 14 ratios
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4.2.2.2 Evaluation of performance of different match criteria

In order to evaluate how the choice of match criterion affects error rates, the data
provided by each participant was used to assess the error rates for the following criteria
for the p-XRF methods: range overlap, t-tests (p=0.05, 0.01 and Bonferroni correction to
0.05), confidence intervals (+ 2s, 3s, 4s), Hotelling Tz, and for the ICP-based methods:
these plus modified confidence intervals (+ 2s, 3s, 4s, 5s, 6s with minimum 3% RSD).

The calculations of error rates were performed for data collected for the second,
third and fourth interlaboratory tests. The data from each of the individual Q fragments
were used when making the comparison to the known sample for the purpose of this error
rate analysis. Therefore, each K/Q comparison was made between nine or more
measurements from the K sample and three measurements from the Q sample. The result
of a comparison was declared as indistinguishable when the values for all measured
variables met the match criterion, otherwise the samples were deemed to be
distinguishable.

The second test had one K/Q pair that originated from the same source (K1 vs.
Q1), which allowed the evaluation of false exclusions, or type 1 errors and one pair of
samples that originated from different sources (K1 vs. Q2), which allowed the evaluation
of false inclusions or type 2 errors. The third test had five glass items, 2 known samples
and 3 questioned samples, all of them originating from the same plant manufactured on
different dates. Because this test did not have pairs of samples that originated from the
same source, it did not have the possibility for type 1 errors. There were six sample pair
comparisons that could result in false associations, or type 2 errors; (K1/Q1, K1/Q2,

K1/Q3, K2/Q1, K2/Q2, and K2/Q3). The fourth test had five glass items, two known and

251



3 questioned samples. Two K/Q comparison pairs allowed the evaluation of type 2 errors
(K1/Q1 and K2/Q1) and 4 K/Q sample pairs (K1/Q2, K1/Q3, K2/Q2, and K2/Q3) were
used to evaluate the rate of type 1 errors. For each sample pair, the number of errors was
determined three times for the individual fragments of each Q sample and summed across
all participants reporting results for that sample pair. All reported sample pairs were used

to calculate the number of incorrect associations using each of the tested match criteria.

4.2.2.2.1 Error rates for u-XRF data

The summary results of error rate analyses obtained using pu-XRF data for
different match criteria expressed as the percentages of incorrect associations or
exclusions are shown in Table 49. The number of comparisons used to calculate each
percentage is given in the footnote to the table. False inclusions, or type 2 errors, were
determined for the data from all three interlaboratory tests. The rate of false inclusions
on this test was very low regardless of the match criteria employed for u-XRF data. For
the 68 sample pair comparisons made for the second and fourth interlaboratory tests, only
one pair resulted in a type 2 error. This error only occurred for the t-test at p=0.01, the t-
test with Bonferroni correction, and the 4s test for the second test. The sample pairs used
for the evaluation of type 2 error rates on the second and fourth interlaboratory tests were
manufactured in the same plant more than 2 years apart and 2 weeks apart, respectively.
Their elemental composition was fairly distinctive and significant differences were

detectable using p-XRF methods.
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Table 49. Results for the application of different match criteria on data acquired by XRF

methods
Match criteria Type 1 error rate (%) Type 2 error rate (%)
Test 2* | Test3” | Test4® | Test2! | Test3® | Test4'
Range 11 - 19 0 21 0
t-test .05 52 - 60 0 6 0
t-test .01 22 - 30 4 15 0
t-test Bonf. 15 - 26 4 21 0
+2s 41 - 24 0 18 0
+3s 11 - 6 0 27 0
+4s 7 - 0 4 36 0
Hotellings T* 15 - 9.5 0 26 0

* percent rate calculated out of 27 comparisons from 9 laboratories.

® design of the round robin 3 did not account for estimation of type 1 errors.
¢ percent rate calculated out of 84 comparisons from 7 laboratories.

4 percent rate calculated out of 26 comparisons from 9 laboratories.

¢ percent rate calculated out of 124 comparisons from 7 laboratories.

! percent rate calculated out of 42 comparisons from 7 laboratories.

253



As expected, the type 2 error rates on the third interlaboratory test are larger than
for the other tests because the samples for this test were manufactured on the same float
line and, in some cases, at relatively short date intervals. As a result, these samples have
only minor differences in elemental composition. The t-test at the 0.05 and 0.01 levels
resulted in the lowest numbers of type 2 errors in this set, 6 % and 15 %, respectively.

Type 1 error rates (false exclusions) were determined for the second and fourth
tests. At least one false exclusion was observed for all of the match criteria except for 4s
in the fourth test. The number of type 1 errors when using the narrower match criteria of
the t-tests and the 2s test are generally quite high. The range, 3s, 4s, and Hotelling’s T*
tests, with their wider match criteria, result in more acceptable type 1 error rates. The
high number of type 1 errors is somewhat surprising considering that p-XRF
measurements have repeatability values of 10% or greater for elements present at lower
concentrations, such as Ti, Sr, and Zr. The most likely reason as to why all pairs of
samples from the same source are not correctly associated is that the irregular shapes and
small sizes of the Q fragments result in biases in measured intensities when compared to
the data from the larger, multiple K fragments. It is also significant that the conclusions
reported by individual participants in the interlaboratory tests were all correct. There are
several possible reasons for the better performance by the participants than that indicated
by the various match criteria. First, the participants used spectral overlay as a pretest
prior to comparison of analytical data. As a result, they may have removed some
elements that were present at close to limits of quantitation from further quantitative
comparison. Some of the false exclusion errors seen here result from comparisons of

ratios involving these barely detectable elements which are more prone to sample size
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and orientation errors than elements present at higher concentrations. The second reason
for the lower number of type 1 error rates for individual participant is that they grouped
the data for Q fragments in Test 2, which improved the error rates compared with treating
fragments individually.

For a compromise between type 1 and type 2 error rates, the optimum match
criteria were 3s, range overlap, and Hotellings T>. As shown in Table 48, 3s and
Hotellings T* criteria had higher rates of false inclusions than range overlap for the data
from the third test, which employed samples having very similar elemental compositions.
However, the range overlap criterion had a significantly greater false exclusion rate than
the 3s or Hotellings T criteria for the small irregular shaped fragments encountered in
the fourth test. One advantage of pu-XRF data is that the typical number of variables (6-8
ratios) allows the fulfillment of the requirement of Hotellings T> to have more replicate
measurements than variables (i.e., at least 5 to 7 replicate measurements for the known
sample and at least 3 for each questioned sample). However, in instances with small Q
fragments such as debris cases, it may not be practical, or even possible, to collect the
required number of replicate measurements on each fragment unless the position of the x-
ray beam remains stationary between measurements. Spectral overlay was not included
in the tested match criteria because it is a qualitative comparison. However, based on the
experience of EAWG members and the results reported by the participants in the
interlaboratory tests, spectral overlay is one of the best match criteria. A protocol for p-
XRF that has been submitted to ASTM for consideration as a standard test method
recommends the use of spectral overlay followed by either a 3s or range overlap match

criterion using element intensity ratios. Although the results of this study cannot be
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applied directly to other manufacturers or even other dates for the float lines studied, they
should be generally applicable. That is, the p-XRF methods are capable of detecting
differences in composition of flat glass from the same line within a float glass plant when

they are produced over time periods of weeks to months apart.

4.2.2.2.2 Error rates for ICP data

The summary of error rates obtained for ICP data for different match criteria are
shown in Table 50. Because of the good precision of most ICP data, additional broader
match criteria were included in this study (5s, 6s and modified confidence intervals with
minimum of 3% RSD)[15]. False inclusions or type 2 errors were estimated for the three
tests. The only type 2 error that was made for the samples of the second and fourth
interlaboratory tests was from the t-test with Bonferroni correction for one fragment from
one participant in the second test. The samples used for the evaluation of type 2 error
rates on these sets were manufactured in the same plant more than 2 years apart or 2
weeks apart, respectively. However, differences in their elemental composition as
measured by ICP methods are detectable by any of the match criteria.

The type 2 error rate in the third interlaboratory test was expected to be larger
than the other tests because the samples were purposely selected to be closer in
manufacture date and also very similar in elemental compositions. In spite of this, the
false inclusion rate was very low. All the K/Q pairs that showed false inclusions came
from the pair of samples manufactured only 2 weeks apart, demonstrating that the

sensitivity and precision of ICP data allows for the discrimination of samples
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manufactured at the same plant during short time intervals. Confidence intervals greater
than 5s provided the largest number of type 2 errors in this set.

Type 1 error rates, or false exclusions, were determined for the second and fourth
tests. Some false exclusions were observed for the majority of the match criteria, with
lower rates provided by broader match criteria (> 4s). Failure to associate samples with
the same origin was observed in the second test only for 2 out of 7 participant
laboratories and in all cases the differences were found only for one out of the 16-18
elements monitored. Repeatability between measurements in the discriminating element
was lower than 2% RSD. The larger number of type 1 errors on the fourth test is
attributed mainly to the atypical heterogeneity discovered in the samples, which is
discussed in more detail in the following section.

The best performance for a compromise between type 1 and type 2 error rates is
found for 4s and modified 4s interval. Using these broader match criteria reduced
significantly the Type 1 errors without sacrificing the capability to discriminate samples
(type 2 errors). Hotellings T is not as practical for ICP data as for the u-XRF data
because of the larger number of variables measured (16-18 elements). However,
Hotellings T? could be applied in cases where the questioned sample is large enough to
allow the requisite number of replicate measurements. Since that was not the case in
these studies, no statement can be made as to the error rates that might result when using

Hotelling’s T* with ICP data.
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Table 50. Results for the application of different match criteria on data acquired by ICP

methods.
Type 1 error rate (%) Type 2 error rate (%)
Match criteria
Test 2* | Test 3" | Test4° | Test2® | Test3® Test 4'
Range 42 - 81 0 0 0
t-test .05 74 - 93 0 1 0
t-test .01 53 - 84 0 1 0
t-test Bonf. 53 - 69 0 2 0
+2s 53 - 85 0 0 0
+2s (s>3%) 26 - 75 0 0 0
+3s 42 - 66 0 2 0
+3s (s>3%) 0 - 47 0 2 0
+4s 26 - 42 0 5 0
+4s (s>3%) 0 - 28 0 5 0
+5s 11 - 30 0 9 0
+5s (s>3%) 0 - 18 0 11 0
+6s 11 - 27 0 12 0
+6s (s>3%) 0 - 13 0 15 0

* percent rate calculated out of 19 comparisons from 7 laboratories.

® design of the round robin 3 did not account for estimation of type I errors.
¢ percent rate calculated out of 120 comparisons from 10 laboratories.

4 percent rate calculated out of 19 comparisons from 7 laboratories.

¢ percent rate calculated out of 126 comparisons from 7 laboratories.

! percent rate calculated out of 60 comparisons from 10 laboratories

The need to widen the match criteria for ICP measurements is a consequence of

the high precision of the measurements (typically less than 2% RSD). Using the broader

criteria, the ICP methods were still able to correctly discriminate between samples with
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similar elemental profiles that originated from the same plant and were manufactured
more than 2 weeks apart. It should be noted here that the significant factor affecting
changes in composition of float glass is not time, per se, but rather changes in the
compositions of raw materials and internal processes within the manufacturing plant that
occur over time. Again, the results of this study cannot be applied directly to other
manufacturers or even other dates for the float lines studied. However, they should be
generally applicable in that the ICP-based methods, when applied to many major, minor,
and trace elements, are capable of detecting differences in composition of flat glass

originating from one plant over time periods of weeks to months.

4.2.2.2.3 Homogeneity study: Pilkington and Cardinal plants

The samples selected for the fourth interlaboratory test originated from a
Pilkington glass manufacturing plant that experienced changes in the formulation of the
glass as a consequence of market requirements. Figure 48 shows the variation of
concentration of iron in glass samples collected over a 2-month period. Error bars
represent the variation (as standard deviation) obtained from 5 replicates of a single
sample measured by LA-ICP-MS. Drastic concentration changes in iron content were
observed in glass manufactured between February 25, 2010 and March 19, 2010.
Nevertheless, the plant reported that their “transition period”, where the glass was not
released to the market, was between March 14, 2010 and April 16, 2010.

Samples selected for the interlaboratory test were manufactured approximately
two weeks and one month before the transition period, respectively. As a result of the

unexpectedly high rates of false exclusions found in the fourth interlaboratory test by
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ICP-based methods, it was suspected that one cause for the occurrence of this type of
error could be an atypical heterogeneity at the micro-scale of the samples submitted for
analysis.

To test this hypothesis, homogeneity studies were conducted on the original
source samples from the Pilkington plant. In addition, a set of glass samples from
another plant was included for comparison purposes. The Cardinal sample manufactured
on August 17, 2001, which was used as K1 for the third interlaboratory test, was selected
for this study because in that interlaboratory test none of the participants reported false
exclusion errors in their findings. The homogeneity study was designed to compare the
variation: a) between fragments from the same source (i.e. 6-7 fragments from the same
source, 3 replicates each) and b) within fragments (spatial variation, i.e. float side. non-

float side, and different areas through a cross section of the glass)
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Figure 48. Elemental variation of iron composition between samples manufactured at the

Pilkington plant from 02/07/10 to 04/09/10.
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4.2.2.2.3.1 Variation between fragments from the same source (non-float sides only)

Six fragments were randomly selected from each sample, 3 replicates were
conducted on each of the non-float original surfaces of the fragments for a total of 18
measurements per sample.

Comparisons between the six fragments versus each other were conducted using
ANOVA with Tukeys post-hoc test. The results show more heterogeneity in samples
from the Pilkington plant than in the samples from the Cardinal plant. Significant
differences for 7 out of 18 elements monitored (Mn, Al, K, Ca, Ti, Fe and Sr) were
observed between fragments from the Pilkington glass manufactured on February 18,
2010 and for 3 out of the 18 elements monitored (Al, Ca and Hf) for the Pilkington
sample manufactured on March 3, 2010. In contrast, no significant differences were
observed between any of the fragments sampled from the Cardinal glass using the same
criterion.

In order to simulate the statistical treatment given to the data during the fourth
interlaboratory test, the comparison between fragments was also conducted by randomly
choosing 3 of the fragments to act as the Known sample (K) and the remaining fragments
as independent Questioned samples (Q), with 3 measurement replicates each. Only non-
float surfaces were analyzed during this experiment.

In general, the Cardinal glass sample showed evidence of uniform distribution of
elemental composition among non-float surfaces. No significant differences were
detected between fragments using different match criteria (except t-test p=0.05). On the
other hand, the Pilkington samples showed more heterogeneity, as evidenced by more

false exclusions than the Cardinal sample. The false exclusions were reduced to zero for
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the three Pilkington subsets when applying broader match criteria, such as + 4s and

modified + 4s (minimum 3-5% RSD).

4.2.2.3.3.2 Variation between original surfaces and across the thickness of the fragment
Figure 49 shows the sampling scheme used to study spatial variation within a

single fragment. Five replicate analyses were conducted on each of the sampling sites

(original surfaces such as float versus non-float side, and fracture surfaces as different

areas across the thickness of the fragment).
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Figure 49. Sampling diagram used for the analysis of spatial elemental variation within a

fragment.

Significant differences in composition were found between float and non-float
surfaces on all tested samples (Cardinal and Pilkington) using all match criteria.
Differences between the surfaces were detected not only for the content of Sn, but also

for other elements, such as Al, Ca, Sr, Zr, Ti and Fe.
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These results highlight the relevance of sampling. Whenever possible, sampling
from fracture surfaces is preferred over original surfaces. Otherwise, if analyzing original
surfaces, either all non-float surfaces or all float surfaces should be used for the
comparisons of known and questioned sources. An easy way to detect if the analysis is
being done on the float side is to monitor the content of Sn, which will typically be 1-2
orders of magnitude larger on the float side of the glass. This observation can be done in-
situ during the analysis and the sample can be easily turned to the non-float side if
needed.

The study of elemental variability across the thickness of the interior portion of
glass fragments also revealed more heterogeneity in the Pilkington samples. Significant
differences were detected, depending on the match criteria, particularly close to the non-
float surface (<200um). This variability was detected regardless of the match criteria
applied to sample PK030310, which was manufactured close to the time of the reported
transition in Fe formulation. This sample was the one selected for the fourth
interlaboratory test to examine false exclusion errors.

Significant differences across the thickness of the sample were also detected for
the Cardinal sample, depending on the match criteria. Nevertheless, no significant
differences were detected using +4s or modified +4s match criteria. Figure 50 shows the
variability of the iron content observed between different sampling areas of the fragments
for one of the Pilkington samples (PK03010) and the Cardinal sample.

The results of this study demonstrate that the heterogeneity between fragments is
more pronounced for the Pilkington samples than for the Cardinal samples. As

consequence of the shape and small fragment size chosen for the Q samples on the fourth
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interlaboratory test, it is likely that participants received, Q samples from different areas
across the thickness of the fragment and encountered heterogeneous compositions. This
could have contributed to the elevated number of false exclusions obtained with sensitive
ICP-based methods.

Consequently, based on post distribution experiments and various statistical
evaluations of the data, the rate of false exclusions found in the fourth test for ICP-based
methods is attributable to several factors: a) the limited number of replicates for
questioned samples, a common casework concern, b) unusual heterogeneity of the
samples of Pilkington glass, and c¢) match criteria too sensitive for methods achieving
very high precision between replicates.

In the fourth interlaboratory test, participants were asked to compare the known
fragments to each of the individual questioned fragments (instead of grouping all
questioned fragments). This approach was selected to be a more realistic simulation of a
case where small, irregular fragments recovered from surface debris must be treated as
individual fragments. As a result of the small size of the fragments submitted for
analysis, only 3 replicates were requested per questioned fragment. As a result, for the
sensitive ICP-based methods that have high precision, only some of the fragments were
correctly identified as indistinguishable from the known sources. The precision and
sensitivity of u-XRF techniques, in combination with the selected match criteria, were

shown to be appropriate for these types of samples.
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Figure 50. Variation of iron content across different sampling areas within a
single fragment. Top: glass manufactured at Pilkington plant on 03/03/10. Bottom: glass

manufactured at Cardinal plant on 08/17/01.
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The heterogeneity observed on the Pilkington samples, both within a fragment
and between fragments originating from a single source is atypical of what has been
observed in the float glass encountered in several manufacturing plant studies analyzed
by solution ICP-MS and LA-ICPMS at FIU over the last decade. Heterogeneity of these
samples is also inconsistent with previous within-sheet homogeneity studies conducted at
FIU, the BKA, and the FBI. Nevertheless, as with any commercial product, the
variability of its elemental composition is dependent on market requirements and the
manufacturing history of the specific plant. For these reasons, samples such as those
encountered in this fourth interlaboratory test may be present in a real case and should be

taken into account during the selection of match criteria and interpretation of the data.

4.3 Conclusions for the evaluation of the performance of different match criteria for the
comparison of elemental composition of glass

These interlaboratory studies allowed for a direct comparison between four of the
most sensitive methods currently available for the forensic elemental analysis of glass
samples (LA-ICP-MS, solution ICP-MS, LIBS and pu-XRF). The methods were compared
in terms of analytical performance and discrimination capability.

ICP-based methods (ICP-MS and LA-ICP-MS) are the most sensitive methods,
with limits of detection on the order of sub-ppm in the solid material. Advantages of
these methods are that they are fairly standardized among participant laboratories, they
are currently used in forensic laboratories and they have been accepted in court. A
standardized ASTM method already exists for the digestion and analysis by ICP-MS

(ASTM E2330) [34] and the EAWG is currently working on developing a standardized
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method for LA-ICP-MS. Both methods are fairly mature with several publications
previously reporting the evaluation of their capabilities and limitations. In addition, laser
ablation sampling has unique advantages over digestion-based methods, such as reducing
the sample consumption from milligrams to just few a hundred nanograms, reducing the
time for analysis and eliminating the use of hazardous digestion reagents. Interlaboratory
comparisons of glass reference standard materials demonstrated that ICP-methods
provide accurate and precise quantitative data with deviations lower than 10% for nearly
all elements measured in the studies.

Important findings from LA-ICP-MS methods include: a) the detection and report
of heterogeneity of Ce and La close to the rim on FGS standards (< 250 um) and b) the
awareness that possible differences between surface and bulk composition in compared
glasses may lead to false exclusions if sampling and data interpretation are not carefully
evaluated.

XRF methods provided consistent data among participants after normalization
with a reference standard material such as SRM NIST 1831. The EAWG is also using the
experience gained from these interlaboratory tests to work towards the standardization of
a u-XRF method for the elemental analysis of glass. Limits of detection are 2-3 orders of
magnitude higher than ICP-based methods; therefore, the number of trace elements
typically detected in glass samples is more limited. Nevertheless, good performance was
also observed among XRF laboratories. The measurement of LODs provided a better
understanding of the capabilities of the technique and permitted a means of quantitatively

comparing the performance of different instrument configurations.
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Relevant observations derived from the studies include: a) the use of normalized
data to a glass standard such as SRM NIST 1831 provide a means to account for
differences among instrumental configurations and to conduct interlaboratory
comparisons, b) the use of a glass standard as a “control” glass is recommended to check
method performance prior to analysis, and ¢) the use of K and Q fragments with similar
size and shape is necessary to improve precision and thus increase discrimination power.

Although LIBS is not as mature as the other techniques evaluated in this work, the
results suggest that LIBS offers potential for the forensic analysis of glass samples.
Advantages of this method are its micro-destructive nature, speed of analysis, lower
instrumental and maintenance costs and versatility. Limits of detection and precision of
the measurements are comparable to those obtained by LA-ICP-MS and are generally
superior to those obtained by XRF. Inter-lab optimization and validation of instrumental
parameters, data reduction and element list will be crucial to improve the agreement of
results between laboratories.

Mock case samples allowed an inter-method comparison of the capabilities to
associate samples that originated from the same source and to discriminate among
samples that were manufactured in the same plant line at different time periods. Excellent
agreement between laboratories was achieved in the first interlaboratory tests with 100%
correct conclusions. These first interlaboratory tests also provided an excellent
opportunity for participants to fine-tune their methods and protocols and cross-validate
their methodology.

The study revealed that a wide variety of match criteria are currently employed by

forensic laboratories to conduct statistical comparisons of elemental composition data.
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Extensive discussions between the group members led to the design of additional
interlaboratory tests to address the interpretation of evidence and the systematic selection
of match criteria for elemental comparisons of glasses, based on simultaneously
minimizing the frequency of both false exclusions and false inclusions.

Based on results obtained in the interlaboratory tests, it is concluded that the
match criteria for comparison of elemental composition of glass fragments should be
carefully selected based on the technique used for analysis as well as the number of
replicates that are conducted to characterize the variability of the known and questioned
samples.

For pu-XRF analysis, the following observations are derived from the studies.
Spectral overlay, +3s, range overlap, and Hotellings T performed well in terms of both
false exclusions and inclusions. Excellent consistency of reported comparison results
among participants was achieved for all the interlaboratory tests, not only for comparison
conclusions but also for the elements reported to be responsible for discrimination.
Participants who used p-XRF methods were able to detect significant differences
between fragments of glass that were manufactured in the same plant within short periods
of time. That period of time is dependent on the variability of the formulation of the
glass within a plant. For instance, participants who used u-XRF were able to detect
differences in samples manufactured a month apart at the Cardinal plant. Differences
were not detected between samples manufactured at this plant 2 weeks apart and 3
months apart when their elemental compositions were extremely similar. However, all
participants were able to detect significant differences between samples manufactured 2

weeks apart at the Pilkington plant. Users of p-XRF must take into consideration that
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small, irregularly shaped fragments may result in false exclusions when they are
compared to larger fragments, particularly when they are thin enough that high energy x-
rays penetrate completely through them.

For ICP-based methods (digestion ICP-MS, LA-ICP-MS and LA-ICP-OES), the
following conclusions are derived from the studies. Most participants reported precisions
between replicates of 2% RSD or less. This good analytical precision may be one of the
factors that contribute to higher false exclusion rates when sensitive match criteria such
as the t-test or a low multiple of standard deviations are used. Due to the sensitivity of
the method, the capability of multi-elemental analysis of trace elements, the typical high
precision, and the concerns for heterogeneity, the use of broader match criteria such as
+4s is recommended, either with or without minimum precision values depending on the
reproducibility within replicates. These match criteria still allow detection of significant
differences between samples manufactured in the same plant over short time intervals,
even for samples with quite similar elemental profiles. The performance of these match
criteria is in agreement with recent published data [Weis et al., 2011]. As with p-XRF
methods, the time interval over which samples cannot be distinguished depends upon the
variability of the formulation of the glass within a plant. For instance, ICP participants
were able to detect differences in samples from the same float line at the Cardinal plant
manufactured a month apart and some participants detected differences of samples
manufactured 2 weeks apart.

In terms of interpretation of elemental comparisons of glass, it can be concluded
from the study that glass samples that are manufactured in different plants, or even at the

same plant years apart, are clearly differentiated by elemental composition when p-XRF
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or ICP-based methods are used for analysis. Samples produced in the same plant over
time intervals of weeks to months may also be differentiated. This level of differentiation
can be used to add significance to an association, when one is found, and to assist in
assigning recovered fragments to a source when selecting among several potential

sources.
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5.0 OVERALL CONCLUSIONS

Elemental analysis is a very powerful tool for the identification, characterization
and/or differentiation of many man-made materials that could become a critical piece of
information of a forensic investigation. The proper assessment of the value of an
elemental profile depends on a) a full knowledge of the capabilities and limitations of the
analytical technique(s) used for the acquisition of the measurements and b) an
understanding of any effect that the nature of the material, its composition and/or its
manufacture could have in the overall estimation of the discrimination potential.

The work presented in this dissertation aim to offer the forensic community more
information on both of these aspects for three matrices of interest: ink, paper and glass.

In the case of ink and paper, forensic applications of LA-ICP-MS and LIBS were
developed for the first time and therefore an exhaustive evaluation of the analytical
capabilities of the methods is reported.

In the case of glass, LA-ICP-MS and LIBS methods have been already developed
and optimized. Hence, the main focus was to evaluate the significance of its elemental
composition in forensic comparisons. To accomplish this, both laser ablation methods
were compared to other techniques such as digestion-ICP-MS and uXRF through a series
of inter-laboratory studies conducted by 31 forensic examiners representing 22 different
laboratories in the US and outside the US (Mexico, Canada and Germany).

In the first part of this work, laser ablation methods (LA-ICP-MS and LIBS) were
developed, optimized and validated for the elemental analysis and forensic comparison of
paper and inks in documents. The overall evaluation of its forensic utility was performed

in terms of a) analytical performance of the method, b) homogeneity of the material at a
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micro-scale, c¢) capabilities to differentiate samples manufactured at different plants or
time periods and d) capabilities to correctly associate a material to its source of origin.

Within this context, the results presented here for ink and paper analysis revealed
that both laser ablation methods performed as fit for purpose and can be applied for the
forensic comparison of paper and inks (writing inks, inkjets and toner). More specifically:

a) Both laser ablation methods offer good analytical performance. LA-ICP-MS
and LIBS measurements showed good linearity, good selectivity and repeatability
between measurements better than 15% RSD. Nonetheless, LA-ICP-MS showed superior
sensitivity than LIBS with limits of detection 10-1000 times better than LIBS, depending
on the element of interest.

b) LA-ICP-MS showed superior performance to LIBS particularly for its better
sensitivity and selectivity. LIBS also offers the advantages of affordability, reduced
complexity and more versatility than LA-ICP-MS.

c) Both methods provide simple sampling, fast analysis and convenient micro-
removal of the material (0.3-28ug), leaving the document almost unaltered to the naked
eye.

Homogeneity studies show smaller variation of elemental compositions within a
single source (i.e sheet of paper, pen, ink cartrige) than variations between different
sources (i.e brands, models, batches).

Significant and detectable differences were observed between multipurpose white
paper from different sources (discrimination of ~ 97-99% depending on the sample set
under investigation and the laser ablation method applied). These differences of the

elemental composition of paper were detected between papers of different brands, paper
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manufactured at different mills/plants and batches of paper manufactured at the same mill
at times intervals ranging from few days to three months, depending on the variability of
the raw materials and the recycled contents.

Significant and detectable differences were observed between black gel inks, blue
gel inks, ballpoint inks, toners and inkjets from different sources (discrimination (~87-
100%) and low error rates (<0.4 false exclusions; 1.2 -12.8 false inclusions) depending on
the sample set under investigation and the method applied. Differentiation of inks was
possible at the brand, model, type and batch level for all the printing inks and writing inks
studied here.

The main recommendations for the elemental analysis of ink and paper by LA-
ICP-MS or LIBS derived from this study are:

a) It is very important to characterize the natural variability of the elemental
composition of multiple sheets from a single ream or multiple pages from the comparison
document before doing comparison to the questioned document. The number of sheets to
be sampled should be according to the expected plant stacking policies, but it should be at
least 4-6 sheets per ream.

b) For LIBS analysis, comparison of spectral overlay by regions of interest is an
attractive alternative to quantitative comparisons of inks. Broad-band spectrometers are
more practical than Czerny-Turner, reducing not only the time of analysis but the amount
of sample required per replicate.

c) Laser ablation-ICP-MS could be the method of choice for those laboratories
that have an ICP-MS or that already use the technique for forensic analysis of other

evidence such as glass, paint and for the determination of provenance of materials.
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d) Differences in the chemistry of the inks and ink-paper interaction required
optimization of methods that were specific to the ink-type. Thus, a preliminary method
optimization is recommended for any different type of ink than the ones studied here.

e) Mass removal studies revealed that there is a considerable amount of paper
substrate removed along with the ink during the ablation process and therefore the
identification of the contribution of the paper has to be part of the analytical approach
prior comparison of the elemental ink profile.

f) Further studies that incorporate the feedback from the ink industry are
recommended to fully assess the value of elemental composition of inks and to evaluate
whether these methods can be used to identify the inks by country of origin and/or brand
type.

These laser ablation methods now present an attractive analysis alternative for
forensic examiners to increase the informing power in comparisons and identification of
ink and paper.

Finally, the second part of this dissertation describes a series of interlaboratory
that allowed for a direct comparison between four of the most sensitive methods currently
available for the forensic elemental analysis of glass samples (LA-ICP-MS, solution ICP-
MS, LIBS and p-XRF).

The interlaboratory studies were conducted specifically on glass materials by
members of the NIJ-funded scientific working group EAWG. Design of the experiments
and data processing was part of this dissertation. This grant made possible the fusion of
several forensic experts to standardize their methods of analysis, cross-validate the

analytical protocols and evaluate the interpretation of elemental data.
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Important findings from LA-ICP-MS methods for glass include:

a) The detection and report of heterogeneity of Ce and La close to the rim on FGS
standards (<250 pum)

b) The awareness that possible differences between surface and bulk composition
in compared glasses may lead to false exclusions if sampling and data interpretation are
not carefully evaluated.

c) As a result of the sensitivity of the method, the capability of multi-elemental
analysis of trace elements, the typical high precision, and the concerns for heterogeneity,
the use of broader match criteria such as +4s is recommended, either with or without
minimum precision values depending on the reproducibility within replicates.

d) These wide match criteria still allow detection of significant differences
between samples manufactured in the same plant over short time intervals, even for
samples with quite similar elemental profiles. The time interval over which samples
cannot be distinguished depends upon the variability of the formulation of the glass
within a plant. For instance, ICP participants were able to detect differences in samples
from the same float line at the Cardinal plant manufactured a month apart and some
participants detected differences of samples manufactured 2 weeks apart.

Important outcomes for XRF methods include:

a) The use of normalized data to a glass standard such as SRM NIST 1831
provide a means to account for differences among instrumental configurations and to
conduct interlaboratory comparisons.

b) The use of a glass standard as a “control” glass is recommended to check

method performance prior to analysis,
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c) Spectral overlay, £3s, range overlap, and Hotellings T2 performed well in
terms of both false exclusions and inclusions.

d) Participants who used u-XRF methods were able to detect significant
differences between fragments of glass that were manufactured in the same plant within
short periods of time. That period of time is dependent on the variability of the
formulation of the glass within a plant. Users of u-XRF must take into consideration that
small, irregularly shaped fragments may result in false exclusions when they are
compared to larger fragments, particularly when they are thin enough that high energy x-
rays penetrate completely through them

Although LIBS is not as mature as the other techniques evaluated in this work, the
results suggest that LIBS offers potential for the forensic analysis of glass samples. LIBS
has analytical capabilities close to those obtained by LA-ICP-MS and better than u-XRF.
Further inter-lab optimization and validation of the analytical protocols is believed to be
key to improve the agreement of results between laboratories.

In summary, based on results obtained in the interlaboratory tests, it is concluded
that the match criteria for comparison of elemental composition of glass fragments should
be carefully selected based on the technique used for analysis as well as the number of
replicates that are conducted to characterize the variability of the known and questioned
samples.

It can be concluded from the glass study that glass samples that are manufactured
in different plants, or even at the same plant years apart, are clearly differentiated by
elemental composition when p-XRF or ICP-based methods are used for analysis.

Samples produced in the same plant over time intervals of weeks to months may also be
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differentiated. This level of differentiation can be used to add significance to an
association, when one is found, and to assist in assigning recovered fragments to a source
when selecting among several potential sources

The inter-laboratory experience demonstrated to be a very efficient method to
validate forensic methods and to assess the significance of the evidence and therefore
they are recommended in the future for other matrices such as ink and paper.

It is expected that the results disclosed in this dissertation will be very informative
to the forensic community in the assessment of the evidential value of elemental analysis

of glass, ink and paper.
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