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“How to mine a complex spectrum”
or

Dealing with Complex Mass Spectrometric Data in the 
Framework of the EU_FT-ICR_MS Project  

Christopher P. Rüger
University of Rostock

End User School, 12.-16. December 2022, Lille
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• Chemical Complexity and Analytical Capabilities “What does complexity really means?”

• Challenges in High-Resolution Mass Spectrometry “Can we cope with the complexity by FT-ICR MS?”

• From Transient to Mass Spectrum

• Utilizing the Mass Spectrum Data and Feature Detection “Where are the good data?”

• From Mass to Chemistry “How to convert numbers to science?” 

• Handling Attribution Data “Thousands of Elemental Compositions and now?

• Research Examples from our Group – From Energy Transition to Environmental Sciences

• Summary and Outlook “Are we there yet?”

Lecture Outline

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023
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Joint Mass Spectrometry Centre

:

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023
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Analytical Chemistry at University of Rostock

Research building of the 
Interdisciplinary Faculty of the 

University of Rostock
(inauguration 2015)

New extension building 
of the Institute of 
Chemistry of the 

University of Rostock
(inauguration 2022) 

Some insights into the mass spectrometry laboratories

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023
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Topic: High-Resolution Mass Spectrometry

Silvia Vesga-Martinez

Group leader: Christopher Rüger

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München

Abdulghani Ebtini

Main research aim:
Developing high-resolution mass spectrometry based technologies based on soft (photo) 

ionization and evolved gas analysis for complex mixtures (fuels, materials, and environment). 

06.01.2023
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Impact of EU_FT-ICR_MS on Univ. of Rostock

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

January 2021 – Thesis Defense Anika 
Neumann (COVID-19 affected)

Neumann et al., Energy and Fuels 
2020, 34, 9, 10641–10654

Neumann et al., Energy and Fuels 
2021, 35, 5, 3808–3824
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Impact of EU_FT-ICR_MS on Univ. of Rostock

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Fostering Energy Transition and Recycling as Research Topics 

PhD Thesis of Lukas Friederici on composite recycling guided by thermal analysis mass spectrometry

Sampling next to pilot plant for 
pyrolytic composite recycling
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Impact of EU_FT-ICR_MS on Univ. of Rostock

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

New Projects Resulted from the Network with New Faces:

DFG-ANR 3-year research project TIMSAC
Thermal analysis and ion mobility coupled to high-resolution mass spectrometry for organic aerosol characterization

Maxime Sueur & 
Silvia Vesga-Martinez
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Complex Mixtures - Motivation

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Complexity of organic mixtures – The chemical space

Estimated number of organic molecules with MW < 500:  1062 

Bohacek, R. S., McMartin, C., and Guida, W. C. (1996), Med. Res. Rev. 16, 3−50

Cover of Vol. 375, 2109, 

Philosophical Transactions of 

the Royal Society A, Dec. 2017
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Complex Mixtures – Everywhere in Science 

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Schmitt-Kopplin et al., Faraday Discussions, 2019, 218, 9-28
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Complex Mixtures – Data Bases

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Other useful general databases: NIST Webbook (US), ChemSpider (RCS), Pubchem (NIH), HMDB, … 
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Fujita, MATCH Commun. Math. Comput. Chem. 57 (2007) 299-340

Complex Mixtures – Isomers

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Isomers in complex mixtures to be tackled by:
• fragmentation, MS/MS
• pre-ionization separation, e.g., LC, GC
• post-ionization separation, e.g., IMS
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Complexity – Molecules and Multiplicity

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Schmitt-Kopplin et al., Faraday Discussions, 2019, 218, 9-28
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The Concept of Challenging Complex Mixtures

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

unpublished data – 21T FT-ICR MS platform NHMFL

What is complexity really? How do we define a complex mixture?

or

a single doublet of not resolved (mass spectrometrically
or analytically in general) compounds

Rüger, et al., Analytical Chemistry 93 (14), S. 5872–5881.

Challenging complex mixture as somewhat philosophical question (courtesy to Prof. Jan Andersson, Univ. Munster)
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Deciphering Complex Mixtures

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023
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Analytical Platforms

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Schmitt-Kopplin et al., Faraday Discussions, 2019, 218, 9-28

Separation capabilities according to the 
three main domains:

Pragmatic combination of coverage, 
price/time, etc.:
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Which Mass Spectrometric Platform?

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

adapted based on: 
Curt Brunnée, The Ideal Mass 
Analyzer Fact or Fiction, Int. J. 
Mass Spectrom and Ion 
Processes, 76 (1987), 125-237

Orbitrap

“Positive and negative features are always 
combined in one instrument as Dr. Jekyll and 

Mr. Hyde are combined in one person.”

The realm of mass analyzers…
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Orthogonality and Peak Coverage

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Even highly complex mixtures are not covering the entire 
m/z-domain giving a limited peak coverage and utilization of 

the FTMS peak capacity (naturally by the mass defect)

Comprehensive GCxGC

Schwalb et al. Analytical and Bioanalytical Chemistry. DOI: 
10.1007/s00216-022-04393-w.

Peak capacity: Maximum theoretical number of 
components that can be separated. → Reality 
check: peak coverage
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Challenges in High-Resolution Mass Spectrometry 

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

“Can we cope with the complexity by FT-ICR MS?” – Wishful thinking

• analytical challenges: classical direct infusion versus hyphenated solution (some covered here)

• expanding the accessible chemical space via ionization techniques (see talk from Janne Jänis and Carlos Afonso)

• fragmentation techniques and novel unique 2D solutions (see talk from Pete O’Connor and Maria van Agthoven)

• open-code/access software solutions for data processing, visualization and comparison (see talk from Maxim Sueur)

→ Limitation for this lecture: Classical ‘omics sciences (biomedical/biochemistry/biopolymers via proteomics, 

metabolomics, lipidomics, etc.) excluded and not covered in this talk!
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From Transient to Mass Spectrum

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

21T FT-ICR MS platform at the NHMFL
(2nd comparable system at PNNL)Marshall et al., Mass Spectrometry Reviews (1998) 17, 1-35
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From Transient to Mass Spectrum

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Qi, Y.; O'Connor, P. B., Data processing in Fourier transform ion cyclotron resonance mass
Spectrometry; Mass Spectrometry Reviews 2014, 33, 333-352.
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so called “magnetron frequency”  (~ 10 Hz)

simplest case, only the value of the magnetic field is considered

A more accurate equation takes into account the reduction of 
ωc relative to the application of the trapping electric field
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From Transient to Mass Spectrum

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Slide courtesy mostly to Pete O’Connor

What to do with the time domain signal:

• Zero-filling
• Windowing (Apodization)
• Fourier-transformation
• Phasing
• Calibration

Software Solutions:
• vendor-based (Bruker/Thermo)
• custom free solutions, e.g., EU_FT-

ICR_MS development, phasing (Pete 
O’Connor) or Predator

• external companies, e.g., Spectroswiss
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From Transient to Mass Spectrum

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Peak Picking – From profile data to line centroided data 

Yang et al., BMC Bioinformatics 2009, 10:4 
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From Transient to Mass Spectrum

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Peak Picking – “Where to cut the noise?”

Analysis of full-profile mass spectra of
South American crude oil fraction (top)
and Humira IgG (bottom). Left panels:
absorption-mode-type mass spectra
acquired on Orbitrap Elite FTMS. Right
panels: distributions of logarithmic
intensity. Red lines indicate the noise
threshold values.
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From Transient to Mass Spectrum

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Mass Spectral Calibration – the ion trap behaviour and physics of FTMS

Zhang, L. K.; Rempel, D.; Pramanik, B. N.; Gross, M. L.; Accurate mass measurements by Fourier transform mass spectrometry Mass Spectrom. Rev. 2005, 24, 286-309.
T. J. Francl, M. G. Sherman, R. L. Hunter, M. H. Locke, W. D. Bowers, R. T. McIver, Int. J. Mass Spec. 1983, 54. 189-199.
M. L. Easterling, T. H. Mize, I. J. Amster, Anal. Chem. 1999, 71. 624-632.
C. Masselon, A. V. Tolmachev, G. A. Anderson, R. Harkewicz, R. D. Smith, J. Am. Soc. Mass Spectrom. 2002, 13. 99-106.

Frequency shift as a function of ion population for the
monoisotopic peak of bradykinin, showing the change in
observed frequency as a function of total ion intensity as ions
from a single laser shot are remeasured.

Pushing the limits by 
correcting for global and local 

frequency shifts!
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From Transient to Mass Spectrum

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Mass Spectral Calibration – “Walking” Calibration Equation

“Addition of an abundance-dependent
term to the walking calibration equation
and 13C isotopomers to the calibration
series was also advantageous.”
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From Transient to Mass Spectrum

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Mass Spectral Calibration – Iterative Recalibration



06.01.2023 ©  2009 UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München  Anika Neumann 28 Christopher P. Rüger 28

Mass Spectrometric Recalibration

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Hyphenated Solutions – Time-Dependent Data

Time-resolved total ion count (TIC) for the DIP experiment conducted with APCI
(blue) and APPI (red) on ground beech pellets. The shaded area corresponds to
±1σ, and the scattered circles are derived from individual mass spectra. The
averaged summed TIC with the respective standard deviation is given in the inset.
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Mass Spectrometric Recalibration

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Hyphenated Solutions – Time-Dependent Data
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From Transient to Mass Spectrum

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Software Solutions – Example: Kairos MS
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Feature Detection

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

“Where are the good data?” – Hyphenated Solutions – Example Gas Chromatographic Hyphenation
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Feature Detection

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

“Where are the good data?” – Hyphenated Solutions – Example Gas Chromatographic Hyphenation
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Feature Detection

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

“Where are the good data?” – Hyphenated Solutions – Example Gas Chromatographic Hyphenation

TIC

BIC

EIC

average MS

time slice

individual scan

NM 517
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Feature Detection

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

“Where are the good data?” – Hyphenated Solutions – Example Gas Chromatographic Hyphenation

Ø
S/N = 9

N

chemically 
accessed “island” 
for Petroleum

chemically not accessed 
space – noise
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Feature Detection

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

“Where are the good data?” – Hyphenated Solutions – Example Gas Chromatographic Hyphenation

Noise estimation based on the signal height at the m/z interval chemically not accessible for each nominal mass

Noise estimation for GC-APCI run:
(550 nominal m/z-values * 2000 spectra = 1.1e6 noise values) 

frequency noise bands
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Feature Detection

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

“Where are the good data?” – Hyphenated Solutions – Example Gas Chromatographic Hyphenation
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Feature Detection

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

“Where are the good data?” – Hyphenated Solutions – Example Gas Chromatographic Hyphenation
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Ø m/z

• feature detection based on time trace and moving mass window
• automatic discarding of non-chromatographic, to low intense and to short features and deconvolution
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Feature Detection

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

“Where are the good data?” – Hyphenated Solutions – Example Gas Chromatographic Hyphenation

but poor scaling for larger data sets

Rüger, European Journal of Mass Spectrometry 23, S. 28–39. DOI: 10.1177/1469066717694286.
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Feature Detection

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

“Where are the good data?”

RAW DATA

Zoom: 499 – 499.4 Da

Iterative method:
Time: 3min 7.2s
ROIs detected: 23350

K-means
Time: 10.9 s
ROIs detected: 26896

Enhanced Iterative method:
Time: 27.5 s
ROIs detected: 23642

Local grouping approach by nominal mass

8
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From Mass to Chemistry 

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

284.12574

284.23732

CD8_pos_000001.d: +MS(isCIDbbCID)

284.08 284.12 284.16 284.20 284.24 m/z
0

1

2

3

4

9x10

Intens.

• even with ppm mass accuracy several
mathematical possibilities – pure ab-initio
calculation difficult / not possible

→ selection rules needed!

some heteroelements CHNO only

Now we have a list of mass spectrometric features – What to do?
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From Mass to Chemistry 

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Suwannee River Fulvic Acid Standard, ESI negativ ≈ 8,500 Peaksm/m < 1ppm

Koch et al., Anal.Chem., 1758-1763 (2007)
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From Mass to Chemistry 

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Attribution of elemental compositions:

“Seven golden rules”

1 . Restriction to element numbers
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From Mass to Chemistry 

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

2. LEWIS and SENIOR check

Attribution of elemental compositions:

“Seven golden rules”
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From Mass to Chemistry 

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

3. Isotopic pattern filter

Attribution of elemental compositions:

“Seven golden rules”
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From Mass to Chemistry 

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Attribution of elemental compositions:

“Seven golden rules”
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From Mass to Chemistry 

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Available Software Solutions

• vendor Solutions, e.g., Bruker Data Analysis, ThermoFisher Xcalibur, Agilent Mass Hunter, etc.

→ but most often strong limitations in-handling complex data, isotpologues, validation concepts,…

Custom Software Solution:

• Commercial: PetroOrg Sierra Analytics Composer Peak-by-Peak

• Free Software: CERES (Univ. Rostock), OpenMS, mMass, MZmine / MZmine2

• Specialized Solutions:

• OCEAN (Univ. Oldenburg for DOM)

• …
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From Mass to Chemistry 

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

459.3865

459.3899

459.2960

SH4/C3 3.4 mDa 135,000

C2H3/13CN 17.0 mDa 27,000

O/CH4 36.4 mDa 13,000

Rodgers, R., Presentation at  Mag Lab Summer School 2009 

H12/C           93.9 mDa 5,000

Doublet m2-m1 m2-m1

m2

N S

C23H47 C30H53NS

C33H49N

C31H41NS
N S

C16H33

N

C20H41

459.3695
13CC31H46N2

13CC17H37

N

N

459.3501

C32H45NO

C13H27

N O

Characteristic mass splits and critical aspects in elemental composition attribution:

→ Let us imagine we attributed the
correct elemental compositions.
How to handle several thousands of
formula efficiently?
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Handling Attribution Data

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

O2 Class

D
B

E

Carbon Number

molecular formula 
assignment

data grouping and 
visualization

Complex Mixture Peak Molecular Measured Calculated ppm

No. Formula Mass              Mass error

1 C29H42N1 404.3323 404.33227 0.16

2 C30H44N1 418.348 418.34792 0.18

3 C31H46N1 432.3638 432.36357 0.48

4 C32H50N1 446.3793 446.37922 0.15

5 C27H47O2 403.3582 403.35815 0.09

6 C28H49O2 417.3738 417.37380   -0.13

7 C29H51O2 431.3895 431.38945 0.18

8 C30H53O2 445.4052 445.40510 0.12

9 C31H55O2 459.4210 459.42075 0.49

10 C32H57O2 473.4364 473.43640    -0.07

Kendrick Diagram van Krevelen Diagram DBE vs C#

S. Gutierrez Sama et al., Energy and Fuels (2018)

200 300 400 500 600 700 800 900
m/z

DBE = 1 + #C - #H/2 + #N/2
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Handling Attribution Data

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Visualization and grouping of elemental compositions – Kendrick Mass Defect Diagram
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Handling Attribution Data

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Visualization and grouping of elemental compositions – Kendrick Mass Defect Diagram
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Handling Attribution Data

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023
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Handling Attribution Data

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

Different graphical representations of the chromatographic separation and mass spectral data obtained by GC-APCI-FT-ICRMS
for sample CD5: (a) m/z vs KI values, with peaks of the +1O1 subclass highlighted in black. (b) Plot of Kendrick mass defect vs
KI values showing a more orthogonal distribution of peaks throughout the two-dimensional space. (c,d) Comparison of the
+1O1 subclass with (panel d) and without (panel c) chromatographic separation being taken into account.
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Handling Attribution Data – DBE/#C
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Visualization and grouping of elemental compositions – Van Krevelen Diagram
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Visualization and grouping of elemental compositions – Van Krevelen Diagram

Wozniak et al., ACP (2008)
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Handling Attribution Data
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Example of reaction processing lines in van Krevelen diagrams corresponding to
losses of molecules of water, carbon dioxide, carbon monoxide, methane, and
hydrogen. The characteristic molecular formulae of molecules in each line are
shown on the right corner and the CO, CO2, and CH4 poles are shown along the
axis, 2c + Z correspond to the total hydrogen atoms within the molecule.
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Research Examples by EU_FT-ICR_MS 
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Hyphenated Solutions – here Thermal Analysis Coupled to High-Resolution Mass Spectrometry

→ time-dependent processing of the temperature-resolved complex mass spectra needed applying the 
shown concept and steps for data mining

• Aging of Bitumen – Combing FT-ICR MS and GCxGC Data

• Plastic Pyrolysis Chars – Combination of Several Thermal Analysis Techniques

• Carbon Fibers from Bitumen Feedstocks – Cooperation with the 21T platform at NHMFL

• Orbitrap Thermal Analysis and Online Emission Tracking – non-ICR but deploying the same concepts
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Methodology -Thermal Analysis
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Complex Mixtures: Heavy Fractions and Residues

GC/GCxGC-MS accessible

Challenging heavy fractions• Petroleum (fossil/biomass/pyrolysis) are ultra complex mixtures → Petroleomics

©  2009 UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023
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Three processes occur during the thermogravimetric heating process:
(1) Desorption: mostly evaporation of intact compounds
(2) Pyrolysis: thermal decomposition of high molecular weight species (starting at 300-350 °C)
(3) Residue: coke formation of high aromatic compounds and highly stable aggregates

Insights via Thermogravimetric Processes

©  2009 UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023
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Mass Spectrometric Platform – FT-ICR MS

FT-MS

thermo balance

TG

sample
• thermal separation by a 

defined heating ramp leading 
to less matrix effects

• tracing mass loss during the 
heating process

Rüger et al., Anal. Chem. 2015, 87, 13, 6493–6499

→ reduction of matrix effects 
by prior separation or 
novel ionization schemes

Fourier Transform Ion 
Cyclotron Resonance Mass 

spectrometry
(FT-ICR MS)

adapted atmospheric pressure 
ionization approaches (API)

Rüger et al., Anal. Chem. 2021, 93, 8, 3691–3697

©  2009 UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023
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Asphaltenes – Molecular Architecture Debate

island motif
archipelago motif

Wyoming Deposit asphaltenes Athabasca Bitumen asphaltenes

Only limited analytical techniques available, which show evidence for both types of asphaltenes.
→ A structural motif is most often highlighted by a specific analytical technique.

Is TG-FT-ICR MS able to distinguish between both structural motifs?

Architecture of asphaltenes strongly discussed in literature

©  2009 UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023



06.01.2023 ©  2009 UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München  Anika Neumann 66 Christopher P. Rüger 66

Asphaltene Pyrolysis Products

TA-HRMS is able to successfully distinguish between 
the structural motifs in those ultra-complex mixtures

Neumann et al., Energy and Fuels 2021, 35, 5, 3808–3824

©  2009 UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023



06.01.2023 ©  2009 UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München  Anika Neumann 67 Christopher P. Rüger 67

Case Study I – Bitumen Aging
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Bitumen Ageing – Combining FTMS and GCxGC
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Neumann et al., Energy and Fuels 2020, 34, 9, 10641–10654
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Neumann et al., Energy and Fuels 2020, 34, 9, 10641–10654
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Bitumen Ageing – Combining FTMS and GCxGC
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Neumann et al., Energy and Fuels 2020, 34, 9, 10641–10654
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• significant increase for oxidized compounds
• especially species with DBE 9 and 10 are pronounced in FT-ICR 

MS data
• GCxGC HRTOF MS shows significant increase for fluorenones, 

but no changes for furans

https://www.google.com/search?q=dibenzofuran&client=firefox-b-d&sxsrf=ALeKk013AED1NEDk-AEJ39af1BViyKn7IA:1587976478025&tbm=isch&source=iu&ictx=1&fir=_6Utx4PqHV9N1M%253A%252Ccv2m90GQ5gBymM%252C%252Fm%252F04wth4&vet=1&usg=AI4_-kRxIIozqrmCXDWM1ILonFJo5jactA&sa=X&ved=2ahUKEwi8lImvmYjpAhVK2aQKHa7cBSUQ_B0wEXoECBEQAw#imgrc=_6Utx4PqHV9N1M:
https://www.google.com/search?q=fluorenone&client=firefox-b-d&sxsrf=ALeKk01z6YY3ta-okVIBui7wOdwPmjk2CA:1587976502572&tbm=isch&source=iu&ictx=1&fir=XsrgPIaO--7ClM%253A%252CQ6JanZz6pkEihM%252C%252Fm%252F025xgyj&vet=1&usg=AI4_-kQcNaIhNFQ6dJ3VntBUVpjqJgiH7A&sa=X&ved=2ahUKEwi7sOO6mYjpAhWlM-wKHRo6BhMQ_B0wEXoECA0QAw#imgrc=XsrgPIaO--7ClM:
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Bitumen Ageing – Combining FTMS and GCxGC
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Neumann et al., Energy and Fuels 2020, 34, 9, 10641–10654

TG-FT-ICR MS, desorption phase, MS-mode

0 days 7 daysN1 class N1 class

• strong decrease for all N-containing species revealed by both 
techniques, especially species with DBE greater than 9 
(carbazoles)

• oxidized N-compounds are near detection limit, but evidence 
for further oxidation

GCxGC-HRTOF MS

Carbazoles

DBE 9

https://www.google.com/imgres?imgurl=https%3A%2F%2Fupload.wikimedia.org%2Fwikipedia%2Fcommons%2Fthumb%2F7%2F76%2FCarbazol_-_Carbazole.svg%2F1200px-Carbazol_-_Carbazole.svg.png&imgrefurl=https%3A%2F%2Fde.wikipedia.org%2Fwiki%2FCarbazol&tbnid=I1rBa2S6GxqckM&vet=12ahUKEwjH68LysojpAhXJu6QKHaAoBYMQMygAegUIARDgAQ..i&docid=b0bTolw9rydO_M&w=1200&h=737&q=carbazol&client=firefox-b-d&ved=2ahUKEwjH68LysojpAhXJu6QKHaAoBYMQMygAegUIARDgAQ


06.01.2023 ©  2009 UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München  Anika Neumann 72 Christopher P. Rüger 72

Case Study II – Plastic Pyrolysis Chars
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Plastic Pyrolysis Coke

Auger reactor

Chemical description of plastic pyrolysis coke residues for improved recycling

Main research hypothesis:
• Can we reduce the waste mass for disposal?
• Can we examine the quality and purity/toxicity of the coke?
• Are valuable chemicals be accessible based on a second pyrolysis step?
• Is there a potential for usage of the residue in material science?

©  2009 UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023
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Plastic Pyrolysis Coke

Unique thermogravimetric behavior with several distinct mass loss events

universal analyzer

aromatic 
selective analyzer

©  2009 UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023
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Plastic Pyrolysis Coke
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Survey view of the thermal analysis high-resolution mass spectrometric data

Plasticizer derivatives, such as UV-stabilizers 
(benzophenones) released at elevated temperatures 
from the char network (strongly bound and/or 
integrated in the macromolecular structure. 

Polymer additives and plasticizers cause unique pyrolysis chemistry

©  2009 UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023
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Plastic Pyrolysis Coke

island motif
archipelago motif

Is TG-FT-ICR MS able to distinguish between both structural motifs?

Architecture of graphitized materials strongly discussed in literature…

©  2009 UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München

Neumann et. al., Energy Fuels 2021, 35, 3808-3824; DOI: 10.1021/acs.energyfuels.0c03751

06.01.2023
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Plastic Pyrolysis Coke

Comprehensive Chemical Description of Pyrolysis Chars from Low-Density Polyethylene by Thermal Analysis Hyphenated to Different Mass 
Spectrometric Approaches, Friederici et al., Energy and Fuels, 2021, DOI 10.1021/acs.energyfuels.1c01994

TA-HRMS is able to successfully describe the complex 
pyrolysis pattern of coke residue from plastic recycling

Island/Archipelago-type structural motives with low heteroatom count

©  2009 UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023
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Case Study III – Bitumen Carbon Fibers
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Carbon Fibers from Bitumen Feedstocks
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• production of asphalt binder, activated carbon and carbon fibers from asphaltene-rich bitumen (15-30 wt%)
• carbon fibers are widely used in applications ranging from aerospace to blades for wind turbines
• light weight, corrosion resistance, and conductivity 
• increasing demand for carbon fibers (58k tons in 2015 to more than 100k tons in 2020)
• PAN serves as the principal precursor (96%) => greenhouse gas emissions for PAN and fiber production

Newcomb, Bradley A. (2016): 
Processing, structure, and 
properties of carbon fibers. In: 
Composites Part A: Applied 
Science and Manufacturing 
91, S. 262–282. DOI: 
10.1016/j.compositesa.2016.1
0.018.
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Carbon Fibers from Bitumen Feedstocks

©  2009 UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023

• large aromatics separate to form a liquid 
crystal phase

• stacking of aromatics detected by 
diffraction of light

• liquid crystal phase is called mesophase

Sasani Ghamsari, Morteza; Carlescu, Irina (Hg.) 
(2020): Liquid Crystals and Display 
Technology: IntechOpen.

Isotropic Pitch

React at 400 °C for 3h

Addition reactions give dimers, trimers etc.
Methyl groups contribute to addition reactions

Mesophase Pitch
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Carbon Fibers from Bitumen Feedstocks
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Carbon Fibres from Bitumen Feedstocks
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submission to ACS Energy and Fuels  

Mass loss data (black) from TG measurements
and summed intensity of all ions (red), summed
intensity of all Sx-classes (yellow), and summed
intensity of the HC-class (grey) from HRMS
measurements for the asphaltene feedstock,
the three processed samples, and the fibers.
The dotted line indicates the change of the
atmosphere from nitrogen to oxygen at 600°C
at the end of the TG measurement.
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Case Study IV – Application on Orbitrap
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Photoionization Orbitrap Time-Dependent Data
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Photoionization Orbitrap Time-Dependent Data
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Photoionization Orbitrap Time-Dependent Data
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Photoionization Orbitrap Time-Dependent Data

Online Tracing of Ship Emission via High-Resolution Mass Spectrometry
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Finishing – Review Recommendation
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Finishing – Chemometrics - Petroinformatics
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• supervised and unsupervised multivariate data analysis for accessing 
similarities and differences in large attribution data sets 

• always take hypothesis tests into account (if data set allows it), such as 
ANOVA/MANOVA for creating powerful and easy significance and fold-
change visualizations (Volcano Plot)

• primarily via principle component analysis (PCA), clustering approaches (e.g. 
hierarchical clustering – HCA), matrix factorization (NNMF/PMF)

• Venn plots as starting point for elucidation shared and unique chemical 
space (upset plots for nice visualization)
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Summary and Outlook

“Are we there yet?”

• all steps of data processing are important in FT-ICR MS and require attention for pushing to the best results

• but peak-picking and transient processing (FT/non-FT, absorption/magnitude mode, etc.) are very well advanced

• current challenges are primarily for elemental composition attribution with optimized validation strategies

• efficient open-code and free workflows tackling big data from hyphenated solutions remain rare

• for most complex mixture fields (energy transition, environmental, etc.) we are just at the starting point for 

comprehensive data treatment with supervised/non-supervised statistics (ANOVA, HCA/PCA; NMR

• plenty of roam for future (your?) research → learn a programming language 

– it will always help you either in academia or industry 

UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München06.01.2023



06.01.2023 ©  2009 UNIVERSITÄT ROSTOCK | HELMHOLTZZENTRUM München  Anika Neumann 91 Christopher P. Rüger 91

Thank you for the kind attention!

christopher.rueger@uni-rostock.de

Complete team of: 

Joint Mass Spectrometry Centre Rostock and Munich - JMSC

International Joint Laboratory Complex Matrices Molecular Characterization- iC2MC
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