
Sample preparation 
•Exhaustive extraction,

•Increase of the number of features through derivatisation for polar 
compounds.

High-Intensity
Vessel-Wall
Sonication

For ultra-sound assisted
•Liquid-Liquid Extraction
•Dissolution
•Solid Liquid Extraction
•Derivatisation

Example- Exhaustive 
liquid-liquid extraction 
of processed waters 

from UCG.


Example- Derivatisation 
of coal gasification tar.


Phenol-TMS
Fluorophenol-TMS
Pyrocatechol-TMSx1
Pyrocathecol-TMSx2
2,4,6-trimethylphenol-TMS
4-bromo-2,6-dimethylphenol-TMS
Naphthol-TMS

Workflows for Signature Analysis by Gas 
Chromatography Coupled with Mass Spectrometry.
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Chemical 
Signatures

Altered 
chemical 

Signatures

Environmental/Geo
Engineering 
Processes

Enables to describe a process as a whole not by individual 
compounds.


QA/QC

• Capture heterogeneity of samples- subsampling theory, experimental 

replicates,

• Monitor sample preparation reproducibility- pooled samples, surrogates, 

• Monitor chromatographic shifts- pooled samples, internal standards,

• Multivariate analysis of replicates and check samples to understand error.

Sample preparation

• Exhaustive extraction,

• Increase of the number of features through derivatisation for polar compounds,

• Thermal desorption and pyrolysis for applications to (micro)plastics and organic 

matter.
Analysis

• Optimisation of the chromatography for maximal use of the chromatographic 

space,

• Increase resolution and sensitivity with (multi)detection: HRMS, VUV, soft 

Data Processing

• Data cleaning to maximise the number of features (e.g. wavelet analysis),

• Features picking (e.g. peak searching or binning), 

• Data reduction (F-ratio, Regions of Interest, wavelet compression),

• Further data treatment: replacing zeros, saturated peak correction, 

Data Exploration

• Machine learning to establish relationships between features and/or samples,

• Trend assessment,

• Marker discovery.
Correlation and Integration

• Integration with other omics- high throughput sequencing, metagenomics, 

lipodomics, proteomics,

• Integration with QSAR or mechanistics models,

• Integration with toxic assay- Effect Directed Analysis.
Annotation

• Features into compounds

• Identification by comparison to library 

• Componentization


Signature Analysis: Non-Targeted Approaches to Complex Samples 
Non-targeted analysis (NTA) is changing chromatography and mass spectrometry. In contrast to 
conventional analytical methods that focus on the targeted identification of specific compounds in 
samples, NTA offers a holistic view of complex samples, exploring the entire "chemical space." Enabled 
by cutting-edge hardware and data science and initiated by biological applications, the rapid growth of 
this technique is also significantly shaped by its applications in environmental sciences.

Just as an individual's signature evolves with time and stressors, so do the chemical profiles in 
environmental samples. Instead of a "chemical fingerprint," we should call it a "chemical signature." 
Think of NTA as signature analysis – the path to extracting unique insights from samples that targeted 
analysis can't uncover. NTA has the potential to elucidate the mechanisms of the transformation of 
complex environmental systems and to isolate markers for these reactions. 
Figure 1- To grasp the value of signature analysis in the context of environmental samples, let's draw a 
parallel with handwritten signatures. In this illustration, we trace the evolution of signatures from two U.S. 
presidents, namely R. Nixon and D. Trump.

A- Nixon's signature seems to bear the marks of his time in office, marked by the Watergate scandal and 
the subsequent impeachment proceedings leading to his resignation.

B- However, if we restrict our analysis to specific graphological elements, like the shape of the capital 
'R,' the loop on the 'h,' and the dots on the 'I,' we inadvertently overlook other significant characteristics, 
rendering the data unusable for further extrapolation.

C- Conversely, when we undertake a holistic examination of the entire signatures, we open the door to 
the identification of new statistical markers and the development of transformation models. The model, 
statistically constructed from R. Nixon's signatures, offers the potential to predict the impact of 
impeachment on D. Trump's signature.
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Figure 2- Processes of coal transformation investigated and the types of samples analysed.

A- Manufactured Gas Works and coal tar and tar contaminated soils.

B- Coal Gasification in Barbara Mine, Poland  and coal tar. Diagrams from Wiatowski et al. (2019).

C- Ex-situ high pressure underground coal gasification (UCG) reactor and processed waters. Diagrama and photos from Pankiewicz-Sperka et al. 

Signature Analysis to Describe the Gasification of Coal and its By-Products 

Analysis 
•Optimisation of the chromatography for maximal use of 

chromatographic space.
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Figure 3.14: GC-MS chromatogram of an ex-situ coal gasification waste-water sample. Al-
though the chromatogram is focused on the micro-components of the sample, an overview of
the chromatogram in full scale can be seen in the upper right corner. A chromatogram of the
total sample is on top (A) and that of the back-extracted sample on the bottom of the figure
(B)

of a smaller modulation time (5s) and an additional loop in the secondary column (+0.15cm)
to increase resolution on the second dimension. Also, it was possible to inject the back-
extracted sample with a lower split ratio, which may increase identification of low concen-
tration components.

Analysing all four chromatograms using the software and setting stated in the materials and
methods section gave the results in Table 3.9. The chosen deconvolution and peak picking
conditions were relatively strict, nevertheless, false positives are expected in both GC-MS
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Figure 3.15: GCxGC-TOFMS chromatogram of an ex-situ coal gasification waste-water
sample. Top:total sample. THe green square indicates the elution area of the majority of the
phenolic compounds. Bottom: back-extracted sample. The yellow arrow indicates the order
of elution pattern of phenols with increasing carbon number. The red square shows the area
where the low polarity compounds elute. Increased separation and intensity in comparison
with the total sample is evident for these compounds

and GCxGC-TOFMS analyses. However, this is an initial assessment with more detailed
sample composition studies appearing in Chapter 5. Regarding the total sample it can be
seen that almost twice the peaks are detected in GCxGC-TOFMS. This could be attributed to
better separation and/or a more sensitive detector in the case of GCxGC-TOFMS; however,
it can be also be partly attributed to software, since the deconvolution algorithms between
Chromatof® and AMDIS are very different. Regarding the back-extracted sample, in the case
of GC-MS almost half the peaks are detected in comparison with the total sample. However,
in the case of GCxGC-TOFMS more than double the peaks are detected. Taking into ac-
count both the GC-MS result and the fact that the back-extraction process removes some of
the more acidic compounds, this result was unexpected. However, this can be attributed to
the additional loop in the second dimension oven in combination with a lower modulation

Example- 
Processed waters 

GC vs GCxGC

Specific column 
combination for phenols.
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Figure 4.8: GC-MS chromatograms of an in-situ UCG tar sample. The chromatogram is
focused on the micro-components of the sample with an overview in full scale given in the
upper right corner. A chromatogram of the 1:10 diluted sample in on the top (A) and that of
the 1:2 diluted sample on the bottom of the figure (B)

of 1:2 ratio is expected to foul the inlet liner, analytical column and ion source much sooner,
possibly creating issues during the analysis of a series of samples. Therefore, the 1:10 dilu-
tion ratio was used for analysis of sample series for statistical analysis purposes where more
injections are required and the 1:2 ratio is suggested for identification purposes. An initial
compositional assessment of the sample by chromatogram processing, as described in the
materials and methods section, showed the sample is particularly rich in SVOCs including,
PAHs as the primary components, phenols, heterocycles and alkanes.

Analysis of the tar extracts from pitch and UCG using GCxGC-TOFMS appear in Figure 4.9.
The differences between pitch and UCG tar can be seen just by looking at the chromatogram.
Specifically, pitch is composed mainly of aromatics, with some aromatics being in a much
higher percentage in the sample. Also, as indicated in Chapter 2, pitch resembles high tem-
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Table 4.6: Detected components in the two GC-MS chromatograms. The peak yield is
significantly higher for the 1:2 dilution sample

Dilution 1:10 - GC-MS Dilution 1:2 - GC-MS
components/method 1 179 279
components/method 2 1010 1301

perature tar, and this can be see by looking at the intensity of the late eluting compounds. On
the other hand, UCG tar is much more complex, it contains a lot more different species of
aromatics and also a significant number of alkanes and alkylbenzenes.

Figure 4.9: A: Pitch sample as analysed with the GCxGC-TOFMS method B: UCG sam-
ple as analysed with the GCxGC-TOFMS method. The elution patterns of n-alkanes, n-
alkylbenzenes and aromatics are shown in the figure. Pitch sample is rich only in aromatics
while the tar sample from UCG shows a number of alkanes and methylated benzenes. The
differentiation between the samples is clear only by looking at the chromatogram.

DB-17MS

Rxi-5Sil MS

GC vs GCxGC

Tiled elution of isomers and 
homologs.

Example- Tar 
from coal 

2-ethylnaphthalene

1-ethylnaphthalene

2,3-dimethylnaphthalene

1,5-dimethylnaphthalene

N
or

m
al

is
ed

 P
ea

k 
Va

lu
e 

R
at

io

Time (hour)
24 48 1440

Example- Tar from 
manufactured gas works

GC vs GCxGC

Reverse phase provides 
better resolution of aromatic 

Data Processing 
• Features picking

• Data Reduction 

XCMS

SIMAT

GAVIN

GC-MS data: 

Data processing workflow based on available 
metabolomics tools and methodologies

GCxGC-MS data: 
Alignment using tiling of chromatogram

Feature selection using Fisher Ratio 

Output: 

Replace
this

Feature intensity for each sample (colours= class)

a- High F-ratio: variance within classes much 
lower than variances between classes 

b- Smaller F-ratio: smaller variance between 
classes but still larger than variance between 
class

c- Low F-ratio: variance between classes similar 
to variance within classes- high precision

d- Low F-ratio: variance between classes similar 
to variance within classes- low precision

GC-MS
245

146

Features
Table GCxGC-MS
Tar from coal 
gasification 

Procesed waters 
from UCG 

2879

896

Data Exploration 
•Machine learning to establish relationships between features and/or samples,

•Trend assessment,

•Marker discovery.

Example of time series of processed water from two experimental UCG using an ex-situ UCG reactor

GC-MS
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Figure 5.9: A: top 25 most strongly correlated features with gasification time B: Dendro-
gram of the samples grouped according to composition C: heatmap of all the features in the
TOPS1 dataset. Values are normalised and autoscaled. Feature grouping is done according
to evolution patterns. An elongated version of the heatmap is provided in Figure Appendix
A.3.5

Q2 = 0.96, no over-fitting - 5.10). Internal standard and the surrogates cluster in a narrow
area near the 0,0 point of the loadings scatterplot (Figure 5.10).

The scores plot in Figure 5.11A shows the variation explained by each one the two compo-
nents (89.7% for the first and 5.5% for the second) and it indicates that the second component
is needed to explain most of the variation coming from the first 5 sampling periods while the
sample from the 6th period is well separated from the rest using variation explained by the
first component. By studying Figure 5.11B it can be safely assumed that most of the top
ranked features have their levels quickly increasing and then decreasing during the gasifica-
tion.

5.3.4 TOPS8 exploratory data analysis

Similar to the TOPS1 experiment this experiment was also performed in one replicate. The
same data analysis approach was followed as above. The relative standard deviation of
phenol-d6 before normalisation was 18.52%, however, this relatively high deviation was
caused by an injection where the amount of phenol was so high that is affected the shape of
the peak of phenol-d6 and possibly the signal of the detector for the quantifying ion (Fig-
ure Appendix A.3.2). With the repetitions for that injection removed from the calculation,
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Figure 5.11: A: scatterplot of samples scores for the first and second components B: VIP
scores for the top 15 features that mostly influence variation as ranked by the PLS-DA model
for the TOPS1 trial. A VIP score of 2 is typically considered as a threshold for defining the
most important features.

the RSD value falls down to 11.30%, very similar to the value of the same internal stan-
dard for the TOPS1 trial. After normalising the values with naphthalene-d8, the RSD value
for phenol-d6 was 7.96% and with the affected injection removed it went down to 1.43%,
similar to the amount of experimental variation that was seen in TOPS1. It must be noted
that this effect was observed for phenol-d6 and the peak area values were very close to the
control limit but not larger while a similar trend can be seen in naphthalene-d8 with the peak
areas being much further from the control limit. This can be attributed to high concentration
of phenol and naphthalene in that sample which may affect both chromatography and the
detector signal since the annotated versions were almost completely co-eluting. Regarding
surrogates the average RSD before normalisation was 15.19±4.19%, higher than TOPS1 and
the average RSD after normalisation was 5.93±3.16% similar to approximate experimental
variation seen in TOPS1.

Hierarchical clustering shows that samples from the first 3 sampling periods cluster together
(Figure 5.12B). However, for the rest of the samples clustering does not appear to follow
a gasification time-wise pattern. The sample from the 4th gasification period also appears
not to belong in any of the clusters. Many features follow a similar pattern with their lev-
els increasing until the 4th sampling period and then decreasing (Figure5.12C). There was
a similar trend observed in the features in TOPS1. Also, some of the features appear to
have their levels decreasing with increasing gasification time, while others have their levels
fluctuate (Figure 5.12C).

1- Multivariate analysis

Heatmap 

HCA by 

HCA by sample Partial Least Square- Discriminant 
analysis (PLS-DA)

5.3. Results and disussion 105

Figure 5.18: Evolution patterns for compounds that appear in multiple trials. A&D C1-
cyclopentanone in TOPS1 and TOPS8 respectively; B&E C2-pyridine in TOPS1 and TOPS8
respectively with G&H for 1-methylpyridine and 3,4-methylpyridines for Hanna IVB; C&F
indole in TOPS1 and TOPS8 respectively. Generally, C1-cyclopentanone, C2-pyridine and
indole has similar patterns in each TOPS experiment

010B 010C

C1-

cyclopentano

019B 021C

C2-pyridine

105B 101C

Indole
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Figure 5.22: Evolution patterns of specific compounds that are usually included in pyrolysis
studies. A: TOPS1, B: TOPS8, C: Barbara II, D: Hanna IVB. Phenanthrene was not detected
in TOPS8 with GC-MS. The legend in D applies to all figures

attached to each plot that indicate the percentage of mid-high polarity compounds and low
polarity compounds in the case of waste-water and aliphatics and aromatics in the case of
UCG coal tar. Polarity was chosen to differentiate major groups in waste-water since this is
what governs separation in the second dimension. Regarding tar, aliphatics and aromatics
are two groups that are clearly defined, and this separation may also provide information
regarding gasification conditions (Section 2.3.2 & 2.3.3).

Two dimensional GCxGC-TOFMS plots that provides imaging of the SVOC content for the
TOPS1 experiment can be seen in Figure 5.23. For each image the total number of peaks and
the total area are also given to quantitatively indicate the total SVOC load of each sample.

By studying Figure 5.23 one can see that the percentage of mid-hi and low polarity com-
pounds is between 11-13% in most of the samples except sample 3 and sample 6 (Figure
5.233 and 6). Sample 3 corresponds to the period of the highest SVOC production as in-
dicated by the total peak area. Sample 6 corresponds to the period near the end of the
gasification experiment. It is clear, both by looking at the bubble plot and the pie chart that
during this period the amount of high polarity compounds is significantly reduced. Also the
amount of late eluting low polarity compounds also appears reduced. This may mark the pe-
riod where most of the volatile content of the coal in the reactor is reduced and the increase
in late eluters may be attributed to an increase in aromatisation reactions.

Figure 5.24 provides bubble plots and corresponding pie charts for the TOPS8 experiment.
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Cluster groups compounds chemically 
related to markers identified by GC-MS.

3- Cluster Analysis
GCxGC-MS

5.3. Results and disussion 93

Figure 5.10: Top Density plot of the data from the TOPS1 trial before and after normali-
sation B: Scatterplot depicting feature loadings for the first and second components of the
TOPS1 PLS-DA model. Grouping of the internal standard and surrogates is tight around the
0,0 point, indicating that the degree of experimental variation is small and that most of the
variation explained by the model is due to compositional changes between the samples

1- Surrogates and Internal Standards

• Quantitative check of recovery,

• Run PCA/PLS-DA with “all features” ,

• Check that surrogates and internal 

standards are near (0,0) on loading plot.


2- Reference Sample
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• Use pooled sample when possible,

• Carry extraction of one sample 5/6 

times,

• HCA of samples after feature selection: 

closest neighbour should be duplicate.


QA/QC 
• Monitor sample preparation 
reproducibility- pooled 
samples, surrogates, 


• Monitor chromatographic shifts- 
pooled samples, internal standards,


• Multivariate analysis of replicates and 
check samples to understand error.

A

B C

A B C
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