Chapter 20

GCxGC-TOFMS, the Swiss Knife for VOC
Mixtures Analysis in Soil Forensic
Investigations

Pierre-Hugues Stefanuto and Jean-Francois Focant

Abstract The study of the ‘smell of death’ is an important part of the thanatochem-
istry, the chemistry of death. Since 2004 (Vass et al. 2004), an increasing number of
studies have been conducted to understand the body decomposition process by mea-
suring the Volatile Organic Compounds (VOCs) released by decaying bodies.
However, the chemical profile of the decomposition odor is still far for from being
resolved. Indeed, the complexity of the VOC mixture makes it difficult to be carried
out by classical GC-MS. A better understanding of the decomposition process could
thus possibly be achieved using a multidimensional technique such as Comprehensive
Two Dimensional Gas Chromatography coupled to time of flight mass spectrometry
(GCxGC-TOFMS). The high peak capacity of this multidimensional technique
combined with the visualization power of multivariate statistical methods allows a
deeper understanding of complex VOC matrices.

20.1 Introduction

Forensic science is a dynamic area. Police officers always need advanced analytical
methods to help them in their investigations. For several years, researchers have
been working on volatile evidence analysis. Many cases of investigation are linked
with volatile organic compound (VOC) mixtures including drug, contraband, and
terrorism. Nowadays, police dogs are mainly used for searching for volatile evi-
dence in investigations (Lorenzo et al. 2003; Oesterhelweg et al. 2008). However,
the dog detection mechanism is not yet completely understood. Indeed, it is not yet
known which compounds police dogs react to during the detection of drugs,
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explosives and bodies. Lorenzo et al. studied the olphactometric fingerprint for
some illicit products. These results assisted with dog training improvement (Lorenzo
et al. 2003).

Another area of investigation for forensic volatiles is decomposition odor analy-
sis. People start to study VOC originating from decomposition in 2004. A decompo-
sition VOC database was created during this study containing approximately 400
compounds (Vass et al. 2004). Several additional studies tried to elucidate the pro-
cess of decomposition following the release of VOCs (Statheropoulos et al. 2005,
2007, 2011; Vass et al. 2004, 2008; Paczkowski and Schiitz 2011; Pandey and Kim
2011; Hoffman et al. 2009; DeGreeff and Furton 2011; Dekeirsschieter et al. 2009).
Allmost all of these studies were based on gas chromatography (GC) methods cou-
pled with different types of sampling methods.

Unfortunately, VOC mixtures from decaying bodies belong to the most complex
volatile matrixes from Life Sciences. Indeed, the decomposition process is dynamic
and the VOC concentration profile is changing over time. However, a better under-
standing of this process could help dog trainers to improve their training techniques.
Improvement of cadaver dog training would not only help in crime solving but also
improve the efficiency in finding trapped people after a natural disaster
(Statheropoulos et al. 2006). In the past, gas chromatography — mass spectrometry
(GC-MS) methods were used for this kind of forensic VOC investigation.
Nevertheless, the resolution limits has not yet allowed a full understanding of the
decomposition VOC profile.

In 2011, GCxGC was applied to the forensic field for the first time. Mitrevski
et al. used it for the analysis of the volatile profile of ecstasy to determine the drug’s
origin. de Vos et al. also applied GCxGC for environmental forensic analysis (de
Vos et al. 2011). They used GCxGC for Persistent Organic Pollutants (POPs) analy-
sis in developing countries that do not have access to GC systems coupled to high-
resolution mass spectrometry (HRMS). Their study shows that even though
GCxGC-TOFMS is a non-target method, it allows screening of the compounds that
are present in the environment and it can provide a good estimation of the concen-
tration levels (de Vos et al. 2011). GCxGC was also successfully applied for com-
plex matrix analysis in different metabolomics studies (Seeley and Seeley 2013).
Hence, it is considered as a good approach to solve the many co-elution problems
often encountered in classical GC methods.

In 2012, Brasseur et al. used multidimensional gas chromatography (MDGC) to
analyze grave soil samples in order to overcome the 1D GC limitations (Brasseur
et al. 2012). In subsequent years, several decomposition studies were conducted
using GCxGC-TOFMS. Dekeirsshieter et al. monitored the VOC profile from pig
carcasses during the different stages of decomposition. This study demonstrated
that the list of compounds in the decomposition database is not exhaustive.
Therefore, a method with high separation power is required (Dekeirsschieter et al.
2012). Stadler et al. conducted different studies on decomposition VOCs. The first
study analyzed the VOC profile of synthetic training aids used for cadaver dog train-
ing solution analysis. That study determined that these training aids are very simple
mixtures when compared to the true VOC profile from a decaying body. However,
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dogs trained with these solutions are able to locate human remains (Stadler et al.
2012). The second study was focused on the comparison of the decomposition pro-
cess between different environments in Canada and Belgium. They used
TD-GCxGC-TOFMS. This method combined the sampling advantage of TD
(Thermal Desorption) and the strong separation capability of GCxGC. This research
demonstrated for the first time the similarities between two different decomposition
trials conducted in different countries (Stadler et al. 2013).

An additional chromatographic dimension is helpful to improve the resolution of
individual VOCs. Moreover, data treatment with multivariate statistical methods,
such as Principal Component Analysis (PCA), can improve the data visualization
and simplify the interpretation. These kinds of statistical methods were first applied
to decomposition studies in 2006 by Statheropoulos et al. (2006). The aim of this
current paper is to demonstrate the advantage of combining the chromatographic
resolution power of GCxGC-TOFMS and the visualization enhancement of multi-
variate statistics for data handling. This combination of methods is applied to grave
soil VOC analysis to demonstrate the different aspects of these tools and their value
to forensic investigators.

20.2 Comprehensive Two Dimensional Gas Chromatography

Comprehensive Two Dimensional Gas Chromatography is a multidimensional
approach that offers the possibility to isolate and identify compounds present in
complex mixtures (Seeley and Seeley 2013). GCxGC was introduced almost 25
years ago by Liu and Phillips (Liu and Phillips 1991). This method is based on two
chromatographic separations that separate the compounds on a chromatographic
plane. GCxGC allows the screening of large numbers of compounds in one GC run.
The main advantages of this method are the increase in peak capacity and the pos-
sibility to obtain a structured chromatogram (Dalliige et al. 2003).

The majority of hardware equipment in a GCxGC system is the same as in clas-
sical GC except the addition of a secondary column and the presence of a special
device, i.e. a modulator (Seeley and Seeley 2013). The modulator is the interface
between the two dimensions of separation (Ryan and Marriott 2003). The design of
efficient modulators was crucial for GCxGC development. The key of a GCxGC
application is the ability to rapidly pulse segments of effluent from the first to the
second dimension (Phillips and Beens 1999). The modulator samples peaks eluting
from the first dimension and injects them into the second dimension. The co-eluting
peaks from the first dimension will be sent together into the second column where
they will separate according to the selectivity of the second dimension. This addi-
tional separation contributes to cleaner mass spectra but the ultimate aim is, of
course, to correctly resolve all the peaks on the chromatographic space to use the
mass spectra for identification purposes. The slicing process also improves the
deconvolution of the co-eluting peaks. The peak height is increased by the compres-
sion process in the modulator. This process increases the peak intensity and the limit
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of detection compared with classical GC (Patterson et al. 2011; Shellie et al. 2001).
There are two major types of modulator: thermic and valve systems. Both types
must serve three functions: (1) Continuously trap small adjacent fractions of the
eluent from the primary dimension; (2) Refocus the trapped sections; and (3) Inject
the refocused trapped slices into the secondary dimension (Dalliige et al. 2003).

The selection of the best columns combination for a specific analysis is not obvi-
ous to achieve a proper comprehensive separation. There are three important param-
eters to take into account to ensure a comprehensive separation that were developed
from the Giddings’s rules (Giddings 1987). First, all peaks must pass through the
two dimensions. Second, the two dimensions of separation must be orthogonal
(meaning that the process of separation is entirely different on each column).
Finally, the second dimension must be in fast GC condition.

Nowadays, there are numerous GC columns available on the market. Column
manufacturers are introducing new kinds of stationary phases, either to increase the
existing polarity range or using completely different separation principles, e.g. with
liquid crystalline phases. Recently, Supelco® introduced the ionic liquid columns
(de Boer et al. 1992). These columns allow GC users to obtain very high polarity
selectivity (Armstrong et al. 2009). The constant development of new columns is
really helpful to determine the best separation conditions for a specific analysis.
This wide selection of phases offers a bench of possibilities to tune the separation.
A suitable column combination will ensure a full separation (Dalliige et al. 2003;
Ryan et al. 2005; Ryan and Marriott 2003). In multidimensional methods, each
added dimension gives additional information that can be used for identification
(Dalliige et al. 2003). The column set must be carefully selected taking into account
the sample composition (Dalliige et al. 2003; Ryan et al. 2005). For example, in
polychlorinated biphenyls (PCBs) congeners analysis, a structured chromatograms
can give important additional information that is helpful for the identification
(Korytar et al. 2002; Focant et al. 2004). More recently, Seeley et al. combined two
semi-polar columns to obtain a specific separation for the FAME compounds in
diesel samples (Seeley et al. 2012). These studies show the importance of the struc-
ture in multidimensional chromatography.

The last Giddings’s rule is very important as the separation obtained in the first
dimension must be maintained in the secondary column. An important consider-
ation is the length ratio between the two columns. The first column length is similar
to that used in classical GC. Thus, the separation is similar to a 1D GC temperature
program analysis. The second dimension must be a series of fast GC isothermal
separations. The second column has to be smaller to fit with this restriction. The
combination of these two separations gives a GCxGC two dimensional chromato-
gram (e.g. Fig. 20.1) (Seeley and Seeley 2013). Additionally, the modulation period
must be chosen carefully to obtain the best space occupation on the two dimensional
separation space (Ryan et al. 2005).

Peaks elute from the second dimension with a Full Width at Half Maximum
(FWHM) in the order of 100-300 ms. This represents less than 10 % of the peak
width in conventional GC analysis. Hence, GCxGC detectors need to have a fast
response (Seeley and Seeley 2013). There are several detectors that can reach the
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Fig. 20.1 3D chromatogram of the VOCs trapped in the headspace of the grave soil. The two
retention axes are in seconds and the 1D traces for each dimension are shown. The peak occupation
is important due to the sample complexity. Without a multidimensional approach, the complete
resolution of this mixture is not possible

acquisition rate required for GCxGC. There are electron capture detectors (ECD,
RECD), flam ionization detectors (FID) and other elemental detectors that do not
allow full identification (Dalliige et al. 2003). But GCxGC systems can also be con-
nected with a mass spectrometer. The mass spectra can be compared with databases
(e.g. NIST and Wiley) to obtain peak identification. Due to the acquisition speed
required, quadrupole MS is not suitable. A Time of Flight Mass Spectrometer
(TOFMS) is the most viable technology available to provide this rapid acquisition
capability (Ryan and Marriott 2003; Dalliige et al. 2003). The absence of concentra-
tion skewing ensures spectral continuity and allows for effective mass spectral
deconvolution of the co-eluting peaks characterized by different fragmentation pat-
terns (Cochran 2002; Focant et al. 2004). Recently, High Resolution Time of Flight
Mass Spectrometers (HRTOFMS) have also become available coupled to GCxGC
systems. These new instruments will improve the mass spectra dimension without
losing the required acquisition rate. HRMS provides exact masses for the ions that
can be linked to their chemical formula improving the identification capabilities
(Ochiai et al. 2011; Ieda et al. 2011).

For sample injection, GCxGC systems can be linked to all the classical injection
devices that are used for classical GC. All the methods usually used in 1D GC can
be implemented on 2D GC. The most used one is probably the liquid injection but
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to study VOC mixtures Thermal Desorption (TD) methods are more efficient (Barro
et al. 2009; Ramirez et al. 2010; Brokl et al. 2013).

One of the major drawback of the GCxGC technique is the number of parame-
ters that can affect the separation. The additional parameters make the optimization
steps more complicated. GCxGC users need to choose the best column combination
and set the best modulation period... (Dalliige et al. 2003). Condition optimization
is important to ensure optimal separation by GCxGC (Semard et al. 2011; Mostafa
etal. 2012).

The data treatment software is another critical part in GCxGC. The commercial
availability of GCxGC instruments was strongly linked to the development of dedi-
cated software. Due to the raw data complexity, GCxGC instruments must be linked
to powerful software for the data processing and to obtain the final chromatogram
(Fig. 20.1). The chromatogram obtained from the detector must be transformed to
obtain a 2D chromatogram and as a result, the data process follows different steps. A
raw (1D) chromatogram is cut in several slices due to the modulation process. Based
on the modulation period (Py;), the software will divide the 1D traces into different
pieces. Each piece will be rotated by 90° to obtain the 2D space chromatogram. After
that, each modulation slice will be combined to reconstruct the real GC peaks. If a
mass spectrometer is used for the detection, a mass spectra comparison is applied to
determine if two consecutive slices are part of the same peak and have to be com-
bined. The slice-to-slice combination also improves the deconvolution capabilities.
Slices from the same peak must be separated by one Py, and the mass spectra of each
slice must be the same. The deconvolution improvement is critical for very complex
samples because even with the increased peak capacity, co-elutions can remain.
Finally, a 2D chromatogram is obtained with two retention times, one on the x-axis
and one on the y-axis. The z-axis is used to show the peak intensity based on the
detector response (see Fig. 20.1). If a mass detector is used, a mass library identifica-
tion can be performed to identify the compound linked to each peak (Dimandja 2004;
Seeley and Seeley 2013; Ramos 2009; Mondello et al. 2008).

When the 2D chromatogram is obtained, different data comparison tools are
available. To compare a set of data robust comparison tools are recommended
(Almstetter et al. 2011; Castillo et al. 2011). The LECO® ChromaTOF software
contains a Statistical Compare (SC) option. This feature allows chromatogram
alignment and Fisher Ratio (FR) calculations. SC aligns the chromatograms based
on the two retention times and on a mass spectra comparison. When the chromato-
gram is aligned, the FR can be calculated. A Fisher Ratio is the ratio of “between
class” variance to “within class” variance. This factor identifies the compounds that
are significantly different from one class to another (Almstetter et al. 2011). This
tool assists with finding biomarkers that are responsible for group segregation when
different compounds have to be compared (e.g. different origin of drugs).

Chromatogram comparison is like DNA analysis. It helps to identify the links
that exist between different samples. Each peak is comparable to a gene and the
complete peak pattern represents the genetic fingerprint of the sample. If different
samples have some groups of peaks in common, it means that they are probably
linked.
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20.3 GCxGC and Multivariate Statistics: A Helpful
Combination!

As explained before, GCxGC offers a real solution for complete separation of com-
plex samples. However, this improvement of separation is linked to an increase in
the data complexity. Dalliige notes that “The amount of data generated per run is
overwhelming and data handling is, consequently, rapidly becoming the real ana-
lytical problem” (Dalliige et al. 2003). To solve this problem, GCxGC users need
tools that can reduce the amount of data. A way to achieve this is the use of multi-
variate statistics.

The combination of GCxGC resolution power and robust statistical tools can be
helpful when a large number of different samples need to be compared. GCxGC
separation provides all the information about the composition of one sample. It is its
chemical fingerprint. The comparison of this chemical signature with databases or
other samples can identify the origin of one substance. The combination of compre-
hensive GC and multivariate statistic has been employed to analyze the VOC profile
from beers and olive oils (Cajka et al. 2010a, b). These products are much appreci-
ated by customers all over the world and their geographic origin can have a signifi-
cant impact on the prices. Economic fraud by incorrect labeling is sometimes
observed and should be avoided. Thus, analytical methods that can verify the trace-
ability of these products are important to the producers. In these two studies, the
traceability was studied using GCxGC and multivariate analysis (Cajka et al. 2010a,
b). This combination of multidimensional chromatography and statistics was also
applied in 2011 to a forensic application. Mitrevski et al. used GCxGC-TOFMS to
analyze the VOC profiles of ecstasy from different countries. Based on the volatile
fingerprint, Principal Component Analysis (PCA) was applied to observe clustering
of the different kind of drugs according to their country of origin. The improvement
of peak capacity and signal enhancement due to the use of GCxGC method allowed
the detection of low level markers of the drug’s origin (Mitrevski et al. 2011).

These studies are the result of the combination of the chromatographic resolution
from GCxGC analysis and the data visualization power of multivariate statistic.

20.4 Application for Grave Soils Analysis

In this study, TD-GCxGC-TOFMS was used in combination with multivariate sta-
tistics to monitor the VOC profile from grave soil samples collected above a grave
at different depths. The method was based on a study by Brasseur et al., which used
GC x GC for grave soil investigations. The study identified different kinds of bio-
markers with the highest number coming from the soil below the pig. Notably,
branched alkane compounds were found through all grave soil depths above the pig
carcass up to the surface. Based on a scripting method, an algorithm was developed
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to search the different peaks and identify the branched alkanes. The scripts were
based on the specific fragmentation pattern of alkanes in electron ionization source
(Brasseur et al. 2012).

The research was conducted by trapping VOCs on tubes and desorption using a
liquid solvent. However, Brokl et al. demonstrated that the volatile profile is influ-
enced if the sampling is conducted using liquid extraction versus thermal desorp-
tion. Moreover, the number of peaks detected in the headspace were two times
higher using thermal desorption (Brokl et al. 2013). Based on this result, it was
decided to investigate the volatile organic compound profile of grave soil samples
using TD-GC x GC-TOFMS. This experiment follow the pig were the same as in a
previous study realized by Brasseur et al. (Brasseur et al. 2012). The pigs for the two
studies were buried at the same time but the excavation took place after a different
delay (17 months). Three hundred grams of the soil above the pig carcass was sam-
pled every 10 centimeters from the surface to the carcass. The VOCs were trapped
using the same kind of pumping device as Brasseur reported (Brasseur et al. 2012)
but the sorbent tubes were chosen to be more polyvalent. A combination of Tenax®
and Carbopack B® wad used to trap a higher number of VOCs. The efficiency of
these sorbent tubes has been previously reported in other decomposition studies
(Stadler et al. 2013).

The TD-GCxGC-TOFMS system used was a Markes® Unity 2 TD (Llantrisant,
U.K) linked to a LECO® Pegasus 4D (St. Joseph, MI). The separation was con-
ducted on a reverse column set: a polar ionic liquid (SLB-IL-111; 30 m x 0.25 mm
% 0.25 pm) column in the first dimension and a non-polar polysiloxane (Rtx-1; 1 m
x 0.1 mm x 0.08 pm) column in the second dimension. This particular configuration
was chosen because most of the decomposition biomarkers found in previous stud-
ies are polar or semi-polar compounds. These compounds are better separated on a
reverse column combination (polar — non-polar) (Dimandja et al. 2003).

The chemical composition of the headspace was analyzed at each depth. The
results are displayed on Fig. 20.2. It shows that the VOCs from the top of the grave
are mostly hydrocarbon compounds. This observation is consistent with the result
obtained by Brasseur et al. in the headspace of a grave. At a depth of 10 cm, the most
abundant chemical class is the carboxylic acids. Carboxylic acids likely result from
the degradation of amino acids and lipids. At a depth of 30 and 34 cm, the most abun-
dant class is that of the sulfur compounds. Sulfides are typically the most abundant
compounds in the headspace of decomposition. Dimethyl disulfide and dimethyl tri-
sulfide are predominantly responsible for this abundance (Stadler et al. 2013).

The Statistical Compare feature of the LECO Software (see section above) was
also used to determine which compounds are different between grave soil samples
and control soil samples. Fig. 20.3 shows on the top PCA that the grave soil samples
(red) are correctly separated from the control soil samples (blue). The principal
component axis responsible for this segregation is PCA (1). On the lower plot, the
PCA (1) component was plotted vs. the different chemical families (the variables of
the multivariate analysis). The green points represent the classes that have a medium
influence on the PCA (1). The three points have different colors and demonstrated
the greatest impact. These points correspond to the chemical classes with the highest
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0cm 10 cm

30 cm 34 ¢m

Fig. 20.2 Chemical families present in the different depths of the grave: lAlcohol, MAldehyde,
BAromatic, MiCarboxylic acid, MEster, ®Halogen, " Hydrocarbon, ®Ketone, | Nitrogen, '
Sulfur, " Other

impact on the separation. This observation is consistent with the conclusion from
Fig. 20.2. The chemicals, which are significantly different between the grave soil
and the control, are present in greater quantity.

The major advantage of the Statistical Compare approach is the speed of the data
processing. It allows direct alignment of all the samples. Moreover, the comparison
of all the peaks through the different samples allows multivariate statistics to visual-
ize how the different classes are clustering and which variables (i.e. compounds) are
responsible for this separation.

20.5 Conclusion

A comprehensive decomposition VOC profile is still unknown due to the complex-
ity and the dynamic nature of the decomposition process. Moreover, the decomposi-
tion markers are often linked to other complex matrices (e.g. soils). Since 2004, an
increasing number of studies have investigated the VOCs profile of decaying bodies.
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Fig. 20.3 The top figure displays the Principal Component Analysis of the VOC profiles from a
grave (red) and a control (blue). The first axes clearly separates the two samples. The plot at the
bottom shows which chemical families are responsible for this separation: the carboxylic acids
(blue), the hydrocarbons (red) and the sulfur compounds (yellow)

However, a robust analytical method is required to ensure a comprehensive analysis
of decomposition samples.

This study aimed to demonstrate the real analytical improvements offered by
GC xGC-TOFMS. The high resolution of separation can isolate the markers from
the matrix and the mass spectral data can provide an identification of the com-
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pounds. The implementation of multivariate analysis (e.g. Principal Component
Analysis) in the data processing is helpful to obtain a better visualization of the
results. This visualization tool helps to reduce the data dimensionality of GCxGC-
TOFMS analysis.

This combination of multidimensional chromatography and multivariate statistic
offers solutions to overcome the analytical limitations of decomposition studies.
Moreover, it offers solutions for VOC profiling in different areas of forensic
sciences.
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