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Abstract 

Peatland fires emit organic carbon rich particulate matter into the atmosphere. Boreal and Arctic 

peatlands are becoming more vulnerable to wildfires, resulting in a need for better understanding of the 

emissions of these special fires. Extractable, non-, and low-polar organic aerosol species emitted from 

laboratory-based boreal and Arctic peat burning experiments are analyzed by direct-infusion atmospheric 

pressure photoionization (APPI) ultrahigh-resolution mass spectrometry (UHRMS) and compared to time-

resolved APPI UHRMS evolved gas analysis from the thermal analysis of peat under inert nitrogen 

(pyrolysis) and oxidative atmosphere. The chemical composition is characterized on a molecular level, 

revealing abundant aromatic compounds that partially contain oxygen, nitrogen or sulfur and are formed 

at characteristic temperatures. Two main structural motifs are identified: single-core and multicore, and 

their temperature dependent formation is assigned to the thermal degradation of the lignocellulose 

building blocks and other parts of peat.  
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1. Introduction 

Particulate matter (PM) emitted from biomass burning (BB) directly affects the radiation budget of the 

atmosphere and likewise constitutes a risk for human health. 1–3 In addition to those particles’ physical 

properties (size, shape), the chemical properties, e.g., oxidative potential, light absorption ability or acting 

as cloud condensation nuclei, are affected by the complex molecular composition of the organic carbon 

(OC) fraction. The characterization of the highly variable composition of the organic aerosol (OA) provides 

information on factors like fuel type, combustion conditions and the degree of atmospheric processing. 

Peatland fires are known to emit particularly high amounts of OC rich PM and have been frequently 

observed in warmer climate regions such as southeast Asia and southern Africa. 4,5 However, globally, the 

largest deposits of peat are found in the northern hemisphere in boreal and Arctic peatlands, and the 

composition of PM emitted from these fires is not yet well characterized. 6–8 Climate change and the 

resulting increased temperatures as well as higher frequency of extreme weather events, like droughts 

and thunderstorms, increase the size and frequency of wildfires also in boreal and Arctic regions. 9–11 

Peatland fires, often associated with forest fires, are expected to follow this trend. 3,12 

Boreal and Arctic peatlands are home to a large variety of vascular and non-vascular plants including 

especially various species of sedges, shrubs, and Sphagnum mosses. Peat layers are formed by the 

accumulation of incompletely decomposed plant material partially transformed into humic substances by 

biodegradation. 13 With increasing depth of the peat layer, the maturation of fresh biomass increases due 

to methanogenesis under anaerobic conditions, consequently forming fossilized materials by coalification. 

14 Peatlands are typically affected by smoldering fires which are characterized by oxygen-deficient, slow, 

flameless burning and low temperatures (up to 600 °C) by heterogenous oxidation and a lower modified 

combustion efficiency (MCE; higher ratio of CO to CO2). In contrast, flaming combustion takes place at 

higher temperatures (1500 °C) and involves fuel volatilization by pyrolysis with subsequent homogeneous 

oxidation in the oxygen-rich gas phase with a higher MCE. 15–17 
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For the chemical characterization of peat burning derived OA, PM can be collected on filter samples and 

extracted for in-depth offline analysis. Targeted approaches like gas chromatography coupled to mass 

spectrometry (GC-MS) are used to identify and quantify known marker compounds but miss a large 

proportion of the low-volatile OC fractions. 18 To address the high complexity of combustion aerosols, 

direct-infusion Fourier transform ion cyclotron resonance (FT-ICR) MS enables the characterization of a 

wide mass and volatility range. Its ultrahigh resolution and mass accuracy allows for the assignment of 

sum formulas of compounds comprised of C, H, N, O and S. 19 Moreover, selective ionization techniques, 

e.g., electrospray ionization (ESI) targeting polar compounds and atmospheric pressure photoionization 

(APPI) targeting non-/low-polar species can be utilized to address a specific compositional space. 20 With 

respect to the unique composition and burning conditions of boreal and Arctic peats compared to other 

wildfire fuel types, FT-ICR MS have shown an extreme molecular complexity including polar nitrogen- and 

sulfur-rich OA compounds that were found to be clearly different comparing boreal and Arctic peat. 21–23  

The origin of the complex composition of fresh peat-derived OA could be accessed by online chemical 

analysis of laboratory-scale peat smoldering elucidating formation processes of the found organic 

compounds. Thermo-gravimetric analysis (TGA) provides a valuable basis to mimic combustion conditions 

as measurement atmospheres (inert, oxidative) and temperature programs can be controlled. The evolved 

gas mixture emitted during TGA can be further analyzed to obtain insights into the chemical composition 

of evaporation, pyrolysis, or combustion processes. As an example, TGA revealed different temperature 

ranges for the decomposition of remaining lignocellulosic biomass in peat that could be attributed to 

cellulose, hemicellulose, and lignin. 24 Evolved gas analysis (EGA) by Fourier transform infrared 

spectroscopy (FTIR) and MS showed temperature-dependent differences in the evolution profiles of gases 

and small organic compounds, that were also referred to lignocellulosic biomass decomposition. 25 The 

application of UHRMS for evolved gas analysis revealed in-depth characterization of lignin pyrolysis 

products as well as insights into wildfire-related changes in soil organic matter (SOM). 26,27 
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FT-ICR MS in combination with EGA, but also with fragmentation techniques, such as infrared multiphoton 

dissociation (IRMPD), allow for insights into structural motifs of macromolecules based on pyrolysis 

products, 28 or fragmentation patterns, 29 respectively. Two main structural motifs can be assigned: single-

core (island) and multicore type (archipelago). The single-core motif is comprised of larger condensed 

aromatic ring structures with alkylation, whereas the multicore motif is characterized by smaller 

interconnected aromatic ring structures. 30 This concept was initially applied to asphaltenes in petroleum 

but later transferred to OA from brown coal and biomass burning. 21,31 For OA, single-core structures are 

built up during combustion from smaller aromatic structures or humic substances formed by microbial 

degradation of biomass during peat maturation. 32,33 Multicore motifs are derived from lignin structures, 

soil organic matter biodegradation products (humic substances) or their incomplete thermal degradation. 

34  

This study aims to access the complex molecular composition and structural motifs of low and non-polar 

species formed during boreal and Arctic peat burning. The molecular complexity of real-world peat 

combustion aerosol is addressed by direct infusion ultra-high resolution APPI-FT-ICR MS. Additional IRMPD 

fragmentation experiments were applied on selected precursor compounds to access information on 

prevalent core structures present in the aerosol. The analysis conception is broadened by EGA-FT-ICR MS 

mimicking peat burning under oxygen-rich and inert nitrogen conditions on a small-scale laboratory basis. 

Because of comparatively low temperatures and slow heating rates of the TGA, we could mimic especially 

smoldering-like conditions. Oxygen-rich conditions can mimic smoldering in the upper soil layers that 

contain higher oxygen concentrations, whereas inert nitrogen conditions mimic particularly smoldering or 

heat-induced reactions in deeper soil layers with limited access to oxygen. Both IRMPD and EGA 

experiments are able to elucidate structural molecular motifs and provide insights into the single- versus 

multicore discussion of peat and peat burning aerosol. The combination of this complementary analytical 
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information adds molecular knowledge on OC-rich PM emissions from peatland fires in the northern 

hemisphere, increasing the understanding of their diverse climate and environmental health effects. 

 

2. Materials and Methods 

2.1. Peat sampling sites and laboratory burning experiments 

A detailed description of the peat sampling sites and the laboratory burning experimental set up was given 

in a previous publication. 21 Briefly, 30 cm deep peat samples (top layer) were collected at four locations 

in northern Europe. Two samples were collected from Finnish Boreal peatlands (Lakkasuo: FIA, Siikaneva: 

FIB) and two sample were collected from permafrost peatlands in Rogovaya (ROG; Russia) and on Svalbard 

(NOR; Norway) (Table 1). At the Finnish Boreal peatland sites, samples from deeper layers (30-60 cm) were 

collected additionally, for thermal analysis. All samples were stored under dark and dry conditions until 

the combustion experiment. Both Finnish peat samples (FIA, FIB) were collected from ombrotrophic boreal 

peatlands characterized by a vegetation dominated by Sphagnum moss cover as well as sedges, some small 

shrubs and birch trees. In contrast, the samples ROG and NOR originate from the active layer of Arctic 

permafrost peatlands that experience lower peat formation due to the harsher climatic conditions. The 

main vegetation at the minerotrophic ROG sampling site is dominated by sedges and, to a lesser extent, 

Sphagnum mosses and some shrubs. The vegetation at the Svalbard study site (NOR) is characterized as 

herbaceous moss tundra. 

Open peat burning was conducted at the ILMARI-laboratory of the University of Eastern Finland. 35 50 g of 

each top-layer peat sample was placed in the burning stove and ignited by a heating element within the 

sample. The formed exhaust gases were collected by a hood and transferred to connected on-line 

instrumentation and filter sampling. Particulate matter (PM) samples were collected from the exhaust 

aerosols on pre-baked quartz fiber filters (QFF, Pallflex Tissuquartz) for 12–55 min (depending on the 

duration of the combustion) with a flow rate of 90 l min-1. Fourier Transform Infrared Spectroscopy (FTIR, 
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DX4000, Gasmet, Finland) was used to measure carbon monoxide and carbon dioxide was measured by 

an NDIR-based trace level CO2 gas analyzer (ULTRAMAT 23, Siemens, Germany) to define the start and end 

point of the combustion experiment (above or below 5 ppm CO, respectively) and to calculate the 

modified combustion efficiency (MCE). 17 

 

2.2. Thermal Gravimetric Analysis and Time-resolved Ultrahigh-Resolution Mass Spectrometry 

For thermal gravimetric analysis (TGA), aliquots of each peat were cryo-milled to create homogenized 

samples. Few milligrams (7–22 mg) of the powder were weighted in aluminum crucibles and placed in the 

thermobalance (TG 209, Netzsch Gerätebau, Selb, Germany) coupled to a modified Bruker GC-APCI II 

source equipped with atmospheric pressure photoionization (APPI) by a Kr vacuum ultraviolet lamp 

(10/10.6 eV, 124/117 nm) operated in positive ion mode. 36,37 The temperature gradient of the 

thermobalance was programmed to start with a 2 min isothermal step at 30 °C, then a ramp to 600 °C 

(10 K min-1), and a final isothermal step for 15 min at 600 °C, with a constant flow of 200 mL min-1 

compressed air or nitrogen, depending on the experiment (Table 1). The evolved mixture was sampled via 

a heated interface and transfer line (deactivated fused silica capillary, 0.53 mm inner diameter, 280 °C) 

into the ion source of the mass spectrometer. For mass spectrometric detection, a Fourier-transform ion 

cyclotron resonance mass spectrometer (FT-ICR MS; Apex II Ultra FT–MS, Bruker, Germany) was used, 

equipped with a 7 T superconducting magnet. Mass spectra were recorded in the range of m/z 100–1000 

with a four megaword transient, resulting in a resolving power of approx. 300,000 at m/z 400. Time-

resolved broadband spectra were recorded by accumulating 10 microscans that result in an acquisition 

rate of 3 summed spectra per minute. A detailed description of the combined setup can be found 

elsewhere. 38 
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Table 1: Overview of peat samples (top layer: 0-30cm), conditions during thermal analysis and resulting 

mass loss after the temperature protocol and keeping the sample for 15 min at 600 °C. 

origin classification sample atmosphere mass [mg] residue [%] mass loss [%] 

Lakkasuo 

(Finland) 
boreal FIA 

nitrogen 7.37 23 77 

oxidative 6.77 2 98 

Siikaneva 

(Finland) 
boreal FIB 

nitrogen 8.21 25 75 

oxidative 10.05 2 98 

Svalbard 

(Norway) 
Arctic NOR 

nitrogen 9.27 59 41 

oxidative 21.7 43 57 

Rogovaya 

(Russia) 
Arctic ROG 

nitrogen 8.72 29 71 

oxidative 12.6 5 95 

 

 

2.3. Filter Extraction and Direct-infusion Ultrahigh-Resolution Mass Spectrometry 

Portions of each QFF sample were extracted in cleaned glass vials with 4 ml methanol/dichloromethane 

(1/1 v%, LC-MS grade) and ultra-sonication for 30 min in an ice chilled water bath. Finally, the extracts 

were filtered (0.22 µm PTFE membrane, Sartorius, Goettingen, Germany) to remove any remaining 

particles and stored at -25 °C until analysis. Prior to the analysis, an aliquot of 0.5 ml of each sample was 

diluted with 4 ml methanol/toluene (1/1 v%). 

Direct-infusion broadband APPI FT-ICR MS measurements were performed at the National High Magnetic 

Field Laboratory in Tallahassee (Florida, USA) on a custom-built hybrid linear ion trap FT-ICR mass 

spectrometer equipped with a 21 T superconducting magnet. 39 Time domain transients of 3.2 s were 

conditionally co-added (100 scans) to achieve comparable total ion abundances. 2x106 charges were 

externally accumulated and transferred to the ICR cell for analysis.  
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2.4. Fragmentation: Infrared multiphoton dissociation  

For infrared multiphoton dissociation (IRMPD) at the 21 T FT-ICR MS, ions of a 2 Da mass window (m/z 559-

561) were isolated by the external dual linear ion trap, accumulated and transferred to the ICR cell, 

fragmented by irradiation for 500 ms with an IR-laser (λ = 10.6 μm, 40 W, Synrad CO2 laser, Mukilteo, USA) 

inside the ICR cell and consequently detected. 29 Time domain transients of 3.2 s were conditionally co-

added (200 scans) to achieve comparable total ion abundances. 

 

2.5. Data Analysis and Sum Formula Assignment 

Data analysis of direct-infusion 21 T FT-ICR MS data (broadband and fragmentation experiments) was 

carried out with Predator Analysis. It was used for the processing of coadded time-domain transients, 

including phasing (only broadband), Fourier-transformation, peak picking (peaks greater than six times the 

baseline root-mean-square noise at m/z 400) and mass calibration, based on selected intensive Kendrick 

mass series covering the whole mass range and consequent walking calibration.  

For time-resolved TGA 7 T FT-ICR MS, DataAnalysis 5.1 (Bruker, Germany) was used for peak picking (S/N 

of ≥6), internal calibration with intensive homologous series and export of the time-resolved data by a self-

written Visual Basic script. 

The exported mass spectra from both instruments were processed by self-written MatLab algorithms and 

routines combined in a graphical user interface named CERES Processing. 40 After careful manual 

investigation, the following restrictions were deployed for elemental composition assignment: CcHhNnOoSs, 

where 5≤c≤100, 5≤h≤100, n≤4, o≤15, and s≤2, with a maximal error of ±0.3 ppm for direct-infusion data 

or ±1 ppm for time-resolved data, allowing for the assignment of radical cations and protonated species 

(M·+/[M+H]+). 

FT-ICR mass spectra files and assigned elemental compositions are publicly available via the Open Science 

Framework at DOI 10.17605/OSF.IO/B8FDU. 41 
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2.5.1 Double bond equivalents (DBE) and Planar Aromatic Limit 

Double bond equivalents (DBE) are a measure for the degree of unsaturation. It is defined as the sum of 

the number of double bonds (π-bonds) and rings in a molecule and can be calculated based on the assigned 

elemental composition: DBE = C-H/2-N/2+1. DBE versus carbon number plots are used to visualize complex 

datasets and emphasize changes in the degree of unsaturation in combination with the size (carbon 

number) of molecules. The planar limit, defined as the line generated by connecting the maximum DBE 

values of given carbon numbers based on the maximum valence of carbon, can be applied to assign 

structural building blocks of compounds. 42 

 

3. Results and Discussion 

3.1. Extractable Low-polar Species in Boreal and Arctic Peat Burning PM 

The laboratory-based burning of the two Boreal and two Arctic peat samples is dominated by smoldering 

combustion, indicated by low to medium MCE values during the burning phase (MCE = 0.82–0.92, Table 

S1), producing high amounts of OC-rich PM because of incomplete thermal peat degradation. PM extracts 

of those samples are characterized by (+)APPI 21 T FT-ICR MS analyses and reveal a complex mixture of 

non- and low-polar organic constituents (Figure 1a), mostly assigned to the CHO, CH, CHNO and sulfur-

containing compound classes in the range of m/z 180–600. The average DBE (8.63–9.43) and AImod (0.39–

0.43) values are consistently high, indicating a strong abundance of molecules that contain aromatic ring 

structures (Figure 1b, Figure S3). However, in general, all four peat combustion extracts are vastly similar, 

both regarding the detected elemental compositions (70–87 % common compounds, Figure S1) as well as 

their intensity distribution in the mass spectra (Figure S2), even though APPI is reported to be less prone 

to matrix effects. 20 This result contrasts with observations made for the polar organic fraction of these 

aerosol extracts investigated in a previous study by ESI 21 T FT-ICR MS, that revealed distinct differences 

between the boreal and Arctic peat burning aerosols in all compound classes. 21 With regard to Figure 1, 
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the CHO class is the most abundant compound class (approx. 50-54% int.) with molecules containing up 

to 10 oxygen atoms, but predominantly with small oxygen numbers (average #O: 1.8–2.0), resulting in low 

intensity weighted average O/C ratios of 0.14–0.16, which is lower than would be expected for, e.g., lignin 

(Table S2, Table S3). 38 The DBE versus carbon number plot (Figure 1b) shows broad coverage of the 

compositional space, indicating condensed aromatic structures, close to the planar aromatic limit, 43 as 

well as less aromatic structures with more alkylation. CHO compounds originate during combustion from 

the incomplete thermal degradation of the main plant building structures cellulose, hemicellulose and 

lignin, which are all found, partially degraded, in the peat before combustion and may undergo further 

oxidation during the combustion process. 44–46 

The second most abundant compound class in the organic aerosol (OA) of peat burning is the CH class, 

followed by the CHS class, with both also covering the whole detected mass range. The CH class is 

dominated by condensed aromatic compounds (Figure 1b) but also species with lower aromaticity and 

higher alkylation were detected. Hydrocarbons are a known product from combustion processes and are 

therefore also expected for the smoldering combustion of peat, e.g., in the form of PAHs or alkanes, which 

were often particularly abundant in peat burning emissions. 47,48 The low temperature smoldering 

conditions are also the reason for the observation of more alkylated hydrocarbon and PAH species, that 

would not be formed by e.g., high temperature flaming combustion. 49 

The CHS class shows abundant signals in the high DBE range (Figure 1b), indicating the formation of sulfur-

containing condensed PAHs (e.g., Benzothiophenes) during peat burning. A dimeric or trimeric pattern of 

the main intensity distribution is observed, with maxima at DBE = 6, 9 and 12 (CHS1) and DBE= 8 and 11 

(CHS2). CHS compounds have been rarely detected in primary emissions from biomass burning, as the 

amount of sulfur is low in most types of fresh biomasses. 50 Peat seems to be an exception to this, as the 

number of detected CHS as well as CHOS compounds is high in all samples. The reason for the high 

abundance of sulfur-containing species in peat smoldering organic aerosol could be the ability of 
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Sphagnum mosses to efficiently fixate sulfur as well as the microbial activity during the formation of peat 

under oxygen-depleted conditions, especially from sulfur-reducing microorganisms. The organosulfur 

species are therefore likely already present in the partially maturated peat before being volatilized during 

combustion. Additionally, the ionization by APPI is very sensitive for sulfur-containing species, which may 

result in an overrepresentation of these species. 51 The herein discussed results are in line with our 

previous study, that revealed an unusually high abundance of sulfur-containing species (CHOS, CHNOS) in 

the polar fraction of the same peat combustion emission extracts. 21 

Nitrogen-containing species are found to be oxidized (CHNO) or reduced species (CHN) with high 

aromaticity in all samples, but with higher relative intensity in the two Arctic peat samples. Smoldering 

combustion is known to emit nitrogen-containing compounds from the low-temperature, oxygen-

depleted combustion of biomass, and especially peat was found to emit high concentrations of e.g., 

pyridine-like compounds, which would fit the observed distribution in the DBE versus carbon number plot 

(Figure 1b). 52 The overall number and intensity of nitrogen-containing compounds is low compared to the 

other classes, which may partially be explained by their lower ionization efficiency in APPI. 53,54 

https://doi.org/10.26434/chemrxiv-2024-k8ld5 ORCID: https://orcid.org/0000-0001-9634-9239 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-k8ld5
https://orcid.org/0000-0001-9634-9239
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

Figure 1: a) Mass spectrum of assigned elemental compositions for an exemplary peat PM extract sample 

(FIA) measured by direct-infusion 21T APPI FT-ICR MS. The compound class of each formula is indicated by 

its color and the relative intensity compound class distribution is indicated by the inserted pie chart. b) 

Contour plots of double bond equivalents (DBE) versus carbon number summarized into four major 

compound classes (CH, CHOX, CHNyOx and CHSz) for the exemplary peat PM extract sample FIA measured 

by 21 T APPI FT-ICR MS. Reference lines for fullerene-like hydrocarbons (black, DBE= 0.9 x C), cata-

condensed PAHs (pink, DBE= 0.75 x C -0.5) and linear polyenes (orange, CxHx+2) are indicated by dotted 

lines. The planar limit of each compound class is calculated by a linear regression and the slope a is 

indicated by a red dotted line. 
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Although the non- and low-polar OA fractions of boreal and Arctic peat reveal high similarity with respect 

to compound occurrence and abundance pattern, they are still of relevance regarding the differentiation 

to other emission sources due to the observed nitrogen- and sulfur-containing compounds. While the 

polar organic fraction was found to contain highly oxygenated CHO, CHNO, CHOS and CHNOS species, 21 

the low polar fraction analyzed in this study contains most of these compound classes, but more uniformly 

regarding the different peat samples, as well as less oxygen and higher abundancies of the reduced 

compound classes CH, CHN and CHS. However, there are some differences between peat samples, 

observed in the low intensity region of the mass spectra, showing variances between the two origin regions 

of the peat samples (Boreal/Arctic). A number of common compounds from all compound classes is 

observed for the two Boreal peat samples (FIA + FIB: 1407) as well as several non- or low oxygenated 

nitrogen-containing compounds for the two Arctic peat samples (NOR + ROG: 416, unique NOR: 304, 

unique ROG: 523) (Figure S1). The origin of peat is therefore still a relevant factor that influences the 

chemical composition of the emitted organic aerosol, also regarding the low polar fraction of OC.  

All detected compound classes show their center of intensity in the DBE versus carbon number plots close 

to the planar limit, with some also further extending to higher carbon numbers and lower DBEs. While 

compounds close to the planar limit can commonly be described as single-core compounds (island-type: 

large, condensed ring with low alkylation), compounds with lower DBE values and higher carbon numbers 

can be described as multicore compounds (archipelago-type: smaller aromatic rings connected by alkyl-

bridges). 28,30 Both structural motifs are observed in all samples, with higher intensity of the single-core 

motif in most compound classes (Figure 1b, Figure S3).  
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3.1.1.  Isolation and Fragmentation: IRMPD 

Broadband mass spectrometric information gives limited access to structural information. However, the 

molecular structure determines the environmental, climate and health properties of the OA. For a deeper 

analysis of structural motifs in peat smoldering aerosol, extending beyond the interpretation of regions in 

the broadband DBE versus carbon number plots, isolation, and fragmentation of selected precursor 

masses by IRMPD is conducted (Figure 2a). The high chemical complexity does not allow for the external 

isolation of single compounds from direct-infusion experiments, but the isolation of 2 Da mass windows is 

feasible. The selected precursor mass range (m/z 559–561) is on the upper end of the observed mass 

range, but extended ion accumulation times enable the accumulation of a sufficient number of ions for 

fragmentation. The fragment spectrum, therefore, represents a combination of fragments from an 

average of multiple hundred precursor ions and their corresponding molecular structures. This method 

has already been applied for the fragmentation and characterization of extremely complex petroleum 

samples. 55 The energy transfer in IRMPD occurs through the absorption of infrared radiation, exciting 

molecules into more energetic vibrational states, similar to a heating process causing thermal degradation. 

56  

The precursor region comprising the intact molecular ions is mainly comprised of CHO, CHNO as well as 

some CHN and CH compounds, representatively mimicking the overall class composition described above 

(Figure S4). However, the resulting fragment spectrum shows an entirely different compound class 

distribution, with high abundances of CH and CHN species in the lower mass range (m/z 150–250). The 

corresponding DBE versus carbon number plots (Figure 2b) of the fragment ions separated by compound 

class reveals a narrow main region that is elliptically shaped and extends from DBE=4 (one ring) along the 

planar aromatic limit to DBE=30 (five rings or larger). 57 Compounds in this region can be described as 

condensed aromatic structures with a low degree of alkylation. These fragment species originate from 

archipelago-type precursor structures and are formed by the cleavage of bonds connecting the individual 
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condensed aromatic rings (2–6 membered rings), resulting in a diagonal shift from the precursor region to 

the bottom left of the DBE plots. The observation of condensed aromatic CHO, CHN, and CHNO compounds 

in the fragment spectrum indicates that the location of the heteroelements in these compounds is either 

inside the ring system or directly attached to the ring system, but not at the sidechains. In addition to the 

described main distribution, compounds with lower intensity are detected at high carbon numbers (#C>35) 

in the CHO, CHN, and CHNO classes, shifted horizontally from the precursor region. These compounds are 

fragments from the dealkylation of single-core (island) precursor ions, as they only decrease in carbon 

number but not DBE, leaving the ring structure intact. Only a few of these species are observed, indicating 

a minor contribution of single-core motif compounds. Fragmentation by IRMPD, therefore, mainly cleaves 

condensed aromatic fragments from the precursor molecules, allowing the characterization of the core 

structures that form the precursor molecules. 

In the APPI broadband spectrum, the single-core motif region shows the highest intensity, and it was also 

dominating in most of the spectra analyzed by ESI 21 T FT-ICR MS in a previous study,21 but only a minor 

contribution of the expected dealkylation products is observed by IRMPD at m/z 558–561. This observation 

could be explained by the selected mass region, which is at the upper end of the detected mass range and 

may, therefore, not address single-core species that are more frequently observed in the lower mass 

range. We hypothesize on different structural motifs along the molecular weight distribution of the peat 

OA, because of the incomplete thermal degradation of peat constituents. It is possible that the observed 

aromatic core structures are formed more efficiently through fragmentation by IRMPD. 30,55  
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Figure 2: a) Mass spectra of assigned fragments (left) and zoom in on a section of precursor ions (right) in 

PM-extracts from the exemplarily combustion of peat FIB by infrared multiphoton dissociation (IRMPD) of 

an isolated precursor mass range (m/z 559–561) by APPI 21T FT-ICR MS. The compound class of each peak 

is indicated by its color. The red arrow indicates the typical pattern of multicore precursor fragmentation. 

b) Contour double bond equivalent (DBE) versus carbon number plots of the compound classes detected 

by IRMPD fragmentation of FIB. Reference lines for fullerene-like hydrocarbons (black, DBE= 0.9 x C), cata-

condensed PAHs (pink, DBE= 0.75 x C -0.5) and linear polyenes (orange, CxHx+2) are indicated by dotted 

lines.  
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3.2. Thermal analysis APPI-FT-ICR MS of Boreal and Arctic peat 

The origin and formation of organic aerosol compounds emitted from peat combustion can be further 

investigated by miniature-scale laboratory-based evolved gas analysis FT-ICR MS. Smoldering combustion 

conditions were aimed to be mimicked by TGA using inert nitrogen and oxidative atmosphere. The typical 

temperature of smoldering fires in peat ranges between 250–350 °C with peak temperatures of 600 °C, 

whereas flaming combustion occurs at peak temperatures of 1500 °C. 58 With the applied TGA setup, 

especially smoldering conditions can be simulated as the burning temperatures and propagation rates are 

comparatively low. Flaming combustion occurs at temperatures beyond the possibilities of our 

instrumentation. Therefore, the herein applied oxidative conditions more reflect smoldering fires in the 

upper peat layer in which oxygen concentration is still high, whereas inert nitrogen conditions can give 

insights into thermally induced reactions under poor oxygen conditions in deeper soil layers. 

Figure 3a) shows the mass loss for all four peat samples under nitrogen and oxidative conditions with 

additional information on the exact mass loss values and residue content given in Table 1. Generally, 

oxidative conditions reveal higher mass losses than smoldering conditions that can be explained by more 

efficient combustion of the peat, whereas during oxygen-depleted smoldering, thermally induced 

condensation and aromatization reactions lead to the formation of coke residue. 32,59 NOR has in general 

higher TGA residues because of its higher mineral content. The sampling location of NOR is in the high 

arctic areas covered by ice or tundra with short vegetation. 60 Short and inefficient growing seasons lead 

to comparatively low peat formation that is why deposition of mineral soil has higher impact on the peat 

composition of NOR than for the other samples.  

Regardless of the applied measurement atmosphere, all peat samples reveal a similar mass loss step 

between 30 to 100 °C that can be attributed to the evaporation of residual water. 25 At an onset 

temperature of approximately 200–250 °C, thermal decomposition and combustion of the organic 

material starts. Under oxidative conditions, combustion leads to an abrupt mass loss with a sharp DTG 
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signal (Figure S5). The main mass loss occurs below 300 °C, where most organic peat components undergo 

combustion. 24 However, there is a second mass loss step at 400 °C especially pronounced for FIA, but also 

present for the other peat samples. This second mass loss step might be attributed to peat compounds 

with a more stable carbon skeleton requiring higher temperatures for combustion. Those species might 

be humic substances, a broad group of larger soil organic compounds formed by microbial degradation of 

lignocellulosic biomass, which is characterized by functionalized, bridged and also higher aromatic 

molecular structures. 13,61 33,62 Therefore, we assume that the second mass loss step observed under 

oxidative combustion conditions could result from the combustion of larger aromatic structures of humic 

substances with higher humification degree. The idea of increased microbial matured compounds is 

further supported by the TGA data of the same peat sampled in greater depth as shown in Figure S6 (Table 

S5). Especially FIB sampled at 30–60 cm shows a pronounced second pyrolysis step at 400 °C compared to 

the less matured FIB sampled at 0–30 cm peat depth. Literature results also contribute to this hypothesis: 

humic substances extracted from forest-tundra peat reveal an increased aromatic content and, therefore, 

humification degree, with increasing depth of the peat layer. 34  

Under inert nitrogen conditions, the mass loss occurs over a broad temperature range of 200–500 °C and 

different pyrolysis features are highlighted in the DTG signal (Figure S5). Despite the water loss, there are 

three additional mass loss steps with maximum mass changes at 270 °C and 320 °C as well as a broader 

mass loss step between 380 °C to 500 °C. Peat is composed of partially degraded lignocellulosic biomass 

as well as its degradation products. 63 As we investigated the upper peat layer (0–30 cm) and consider the 

unfavorable degradation conditions especially in permafrost soil, these mass loss steps might be mainly 

attributed to hemicellulose, cellulose, and lignin. In literature, pyrolysis was observed for hemicellulose at 

220–315 °C, for cellulose at 315–400 °C, and for lignin at a wider temperature range between 160 to 900 

°C with most of the mass loss occurring at higher temperatures (400–550 °C). 25,64 Our TGA results on peat 

decomposition with inert and oxidative atmosphere especially fit these of Chen et al. studying Chinese 

forest peat. 24  
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Figure 3: a) Mass loss curves of the four peat samples (FIA: magenta, FIB: green, ROG: yellow and NOR: 

blue) acquired by thermal analysis with oxidative (dashed line) or nitrogen (filled line) atmosphere. b) 

Temperature-resolved mass spectra of thermal analysis coupled to APPI FT-ICR MS of peat sample FIA 

measured under nitrogen (top) or oxidative (bottom) atmosphere. 

 

Online-evolved gas analysis by high-resolution mass spectrometry provides additional information on the 

temperature-resolved chemical fingerprint of the different peat samples. In Figure 3b) and Figure S7, 

temperature-resolved mass spectra are shown for oxygen-depleted and oxygen-rich smoldering 

conditions. Summed mass spectra over the whole temperature range are given in Figure S8. In agreement 

with the before discussed TGA results, volatilized compounds are detected over a broad temperature 

range from 200–500 °C for inert nitrogen atmosphere, whereas for oxidative conditions, the temperature 

range is narrower (200–350 °C). In accordance with literature on biomass pyrolysis, 38,64,65 inert nitrogen 

conditions reveal a pronounced bimodal m/z distribution: The first m/z distribution is found for m/z 380–

500 with an intensity maximum between 200 to 350 °C, that might correspond to the pyrolysis of 
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hemicellulose and cellulose. The second m/z distribution is located at m/z 200–350, with an intensity 

maximum between 400 to 550 °C, but starting, however, already at 200 °C. This second distribution is 

potentially produced by the pyrolysis of the lignin macrostructure cracked into smaller, oxygenated 

aromatics. 

In Figure 4 and Figure S8, relative compound class distributions are given for the peat samples investigated 

under smoldering and oxidative conditions (intensity values normalized to the sample weight in Table S4). 

The samples FIA and ROG serve as examples for boreal and arctic peat, respectively. Absolute compound 

class distribution is shown in Figure S9. In general, the herein investigated peat from boreal regions reveals 

higher contents in oxygen-containing compounds, whereas the arctic peat is enriched in CH-class and 

nitrogen-containing compounds (N-, NO-class). These findings are in congruence with observations made 

for the laboratory-based peat combustion aerosol discussed above and ESI-FT-ICR MS results from a 

previous study. 21 Comparing both combustion conditions, oxygen-depleted smoldering releases an 

increased number of nitrogen-containing compounds. This effect is literature-known, and the presence of 

amides, nitriles, and N-heterocycles is related to reactions with increased concentration of ammonia 

during smoldering as well as the pyrolysis of biopolymers. 66,67 For peat smoldering, especially the release 

of pyridines was observed. 52  

It must be noted that EGA-FT-ICR MS did not detect any sulfur-containing compounds, although these 

compound classes sum up to one quarter of the relative intensity of the aerosol extracts discussed above. 

An explanation of this discrepancy might be the extraction process itself and, therefore, the enrichment 

of non- to semipolar compounds or the application of a dopant for the direct infusion analysis as well as 

the higher sensitivity, mass resolution and charge capacity of the 21 T FT-ICR MS system. 

DBE/#C diagrams (Figure 4, Figure S10 & S11) add deeper insights on the molecular fingerprint of peat 

combustion products. Both combustion conditions reveal a bimodal DBE/#C distribution that is more 

pronounced for inert nitrogen conditions. The CH-class shows, regardless of the peat origin and for both 
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combustion conditions, an intensity maximum at 27–31 carbons and DBE values between 6–10. In 

literature, a variety of different organic compounds were identified in peat that includes n-alkanes, fatty 

acids, alcohols, squalene, but also cyclic compounds such as di- and triterpenoids or steroids. 68,69 However, 

the here observed DBE/#C range fit especially squalene (C30H50, DBE 6) and its derivatives or sterane-based 

biomarkers, which can also be ionized by APPI. 54 

The oxygen-containing classes reveal the most remarkable bimodal distribution in the DBE/#C diagram 

with a first distribution at 10–20 carbons and a second distribution at 25–30 carbons. In contrast to 

oxidative conditions, the occurrence of both distributions is related to temperature for inert nitrogen 

conditions. In Figure S12, evolution profiles of the oxygen-containing classes are shown for both 

combustion conditions. The O1–O4-classes reveal a first intensity maximum at temperatures between 

200–350 °C and a second at 350–500 °C. At the first maximum, compounds with 27–31 carbons and DBE 

values between 4-10 were detected, that is in the same range as found for CH-class compounds. Although 

the temperature range of the first maximum is those of the decomposition of hemicellulose and cellulose, 

the detected sum formulae do not fit their expected pyrolysis products. Therefore, we assume that these 

detected compounds correspond to terpenoids, steroids or other cyclic organic species released during 

cellulose/hemicellulose pyrolysis. Similar can be assumed for higher oxygen classes occurring in that 

temperature range. At the second intensity maximum of the bimodal distribution, mainly O1–O4-class 

compounds with 10–25 carbons and DBE values between 4-15 were detected. These compounds are most 

likely oxygenated aromatics with low alkylation partially produced during the thermal decomposition of 

the lignin macrostructure. However, there is indication that also other macromolecular structures, like 

humic substances, contribute to this decomposition phase. The oxygen-containing pyrolysis products 

reveal a continuous compositional space without distinct evidence for the formation of dimers or trimers 

as it would be expected from the lignin macrostructure. It is therefore believed that also pyrolysis products 

of humic substances contribute to this phase.  
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As mentioned before, under inert nitrogen atmosphere, an increased number of nitrogen-containing 

species is detected compared to oxidative conditions. Both arctic and boreal peat reveal NO-compounds 

with 5–15 DBEs and relatively low carbon numbers of 10 to 20. The detected nitrogen-containing 

compounds seem to be mostly aromatic with relatively low alkylation. This finding indicates that nitrogen 

is mainly incorporated in aromatic rings rather than attached to alkyl side chains. Interestingly, also the 

nitrogen-containing compounds reveal a temperature dependance under inert nitrogen conditions (Figure 

S13). N1Ox-compounds show a bimodal behavior with a first intensity maximum between 200–300 °C that 

could result from the thermal decomposition of more labile compounds. The second intensity maximum 

appears between 400 and 500 °C and could be attributed to the pyrolysis of N-containing macromolecules. 

Remarkably, nitrogen-containing compounds with two to three nitrogen atoms mostly occur at 

temperatures between 300–400 °C, that also suggests the decomposition of macromolecular structures. 

The comparison of the evolved gas emissions from both boreal and arctic peat indicates that the molecular 

composition of peat originating from different climatic regions has influence on the emitted compounds 

and, thus, also on the composition of real-world wildfire aerosols. The main differences are observed for 

oxygen- and nitrogen-containing compounds. Nitrogen-containing compounds are in general enriched in 

arctic peats (ROG, NOR); however, the structural motifs of emitted pyrolysis products are similar between 

both peat types. This is different for oxygen-containing compounds: the two investigated boreal peats (FIA, 

FIB) are clearly enriched in little alkylated, aromatic pyrolysis products that may originate from an 

increased content of lignin and/or humic substances in the peat organic matter. An increased content of 

lignin could be explained by the vegetation found at the boreal sampling sites compared to the arctic 

samples. The boreal peat sampling sites FIA/FIB were dominated by sphagnum mosses, sedges, some 

dwarf shrubs and birch trees, whereas the arctic sampling site ROG is characterized by dominating sedges 

and, to a lesser extent, sphagnum mosses and dwarf shrubs. 21 As the boreal peatlands are enriched in 

dwarf shrubs and birch trees, those plants seem to increase the lignin content in peat. Furthermore, an 

increased content of humic substances in boreal peat could be explained by a higher level of humification 
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caused by a higher microbial activity compared to permafrost artic peat. Therefore, it is likely that a 

combination of both factors leads to the increased detection of small single-core pyrolysis products. 

However, as peat is a highly variable matrix, further investigations are needed to verify these assumptions. 

With respect to real world peat fire emissions, small-scale laboratory-based peat combustion with TGA-

FT-ICR MS can add insights into thermally induced reactions. Our results nicely fit the observations of 

Solihat et al., 70 who investigated the influence of peat burning on soil organic matter. The authors found 

an increase in compounds of smaller O-classes, the CH-class, and N-classes which is also indicated by our 

data. Furthermore, the authors investigated the onset temperature for the formation of smaller oxygen-

containing compounds, that was determined to be between 300–400 °C. Also, this finding agrees with the 

results found for peat burning by TGA-FT-ICR MS, as we found the presence of lignin- or humic-like 

pyrolysis products in this temperature range typical for smoldering fires.  
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Figure 4: Contour plots of double bond equivalents (DBE) versus carbon number (#C) measured by TGA-

FT-ICR MS for an example of boreal peat (FIA) and arctic peat (ROG). The contour plots are summed up 

over the whole temperature range (50-600 °C) and grouped into the three major compound classes (CH, 

CHOX, CHNyOx). All peat samples were investigated und a) inert nitrogen atmosphere and b) oxidative 

atmosphere. The relative compound class distribution for each sample is given as pie chart. Reference lines 

for fullerene-like hydrocarbons (black, DBE= 0.9 x C), cata-condensed PAHs (pink, DBE= 0.75 x C -0.5) and 

linear polyenes (orange, CxHx+2) are indicated by dotted lines.  
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3.3. Comparison of laboratory-scale peat burning and TGA experiments regarding chemical 

composition and structural motifs. 

Laboratory-scale peat burning aerosol PM extracts reveal a significantly higher total number of detected 

compounds compared to the TGA experiments of the corresponding peat samples (Figure 5). This effect is 

to some extent caused by the higher dynamic range, ion capacity and scan accumulation of the direct 

infusion 21 T FT-ICR MS measurements used for the PM extract investigation and that leads to an increased 

detection of low intensity compounds. However, considering not only the number of common elemental 

compositions but also their intensity, 20–39% respectively 13–29% of the PM extract signal intensity can 

be assigned to compounds that are likewise detected in the TGA experiments under nitrogen or oxidative 

atmosphere of the same peat sample (Figure 5a). 

Concerning only the number of detected elemental compositions, PM extracts and TGA under nitrogen 

atmosphere share the highest overlap, whereas the overlap with TGA under oxidative atmosphere is the 

lowest for all samples. With regard to the chemical composition, compounds common for all datasets are 

comprised of the CH and CHO class. Compounds uniquely shared by TGA with oxidative atmosphere and 

PM extracts are solely of the CHO class (Figure S14). In contrast, compounds shared by TGA under nitrogen 

atmosphere and PM extracts are comprised of CH, CHO, CHNO and CHN species, which fits, concerning 

also the higher number and intensity of the shared compounds, to the predominant smoldering 

combustion conditions. 52,66 Sulfur-containing classes were solely detected for PM extracts and were not 

found in the TGA experiments.  

Although the number of compounds assigned to a specific emission scenario is low compared to the overall 

number of detected compounds in the PM extract, they represent a substantial fraction of the signal 

intensity and are therefore also likely emitted in relevant concentrations during real peat fire events. 

However, a large portion of signals found in the PM extracts is missed by the TGA mimicking, which shows 
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that TGA may explain only a limited fraction but does not fully reassemble the real-world combustion 

conditions, as these processes are much more complex.  

 

Figure 5: a) Relative intensity of compounds that are detected both during thermal analysis (TGA) with a 

nitrogen (blue) or oxidative (orange) atmosphere and the corresponding PM extract dataset. b) Venn 

diagrams of the intersect of elemental compositions detected by TGA with oxidative atmosphere, nitrogen 

atmosphere or by direct infusion (DI, yellow) of the combustion PM extracts. 

 

Besides comparing the chemical composition of the peat burning aerosol PM extracts and the evolved gas 

analysis during the TGA of peat under oxygen/nitrogen atmosphere, also the molecular structural motifs 

of the emitted compounds were investigated in this study. The two main structural motifs (single-core and 

multicore) are observed for compounds from all three experiments, however, with different intensity. In 

Figure 6a, DBE/#C contour plots overlaid for all compound classes are shown with the single-core region 

marked in red and the multicore region marked in black. Especially TGA experiments under pyrolysis 

(nitrogen) conditions reveal two distinct regions in the DBE/#C diagram that match the expected regions 
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of both molecular structure types. This trend is less apparent in the data from TGA under oxidative 

atmosphere indicating a more extensive breakdown of the biomass during oxygen-rich combustion. The 

direct infusion data of the PM extracts reveal a highly pronounced single-core region, which might be 

explained by ionization effects of APPI. In literature, it was shown for asphaltenes, that APPI via direct-

infusion may favor the ionization of single-core-type compounds in comparison to APPI via a gaseous 

sample inlet. 28,55  

Despite intensity differences in the structural motif regions, a similar trend for the oxygen classes O0 to O8 

is observed in the single-core region for all datasets (Figure 6b). With the increasing number of oxygen 

atoms in a molecule, the relative portion of compounds observed in the single-core region increases from 

below 10% up to 100% (for TGA data). The same trend is also observed for the direct-infusion data of the 

PM extracts, but to a lower extent due to a higher number of compounds outside the single-core or 

multicore region. The boundaries for the population of the structural motifs are given in Table S6 and are 

based on the observed distribution in the TGA-FT-ICR MS data. It should be mentioned that this is a 

theoretical and simplified approach, as the natural distribution is a fluent transition of the two motifs. 

Furthermore, the concept was primarily considered for asphaltene research, 30 but is far from understood 

for other fields. Peat combustion emissions show a less distinct difference of the so-called island (single-

core) and archipelago (multicore) motifs, that are observed in the petroleum derived asphaltenes, 

especially in data derived from the TGA-FT-ICR MS measurements.  

Nonetheless, the structural dependence on the number of oxygen atoms allows for an indication of the 

formation processes of the respective compounds. Non to low oxygenated compounds (O<4) seem to be 

continuously formed up to high temperatures of 600 °C as suggested by TGA under pyrolysis conditions 

(Figure S12), whereas higher oxygen classes are formed at lower temperatures. This effect was also 

previously reported for other types of biomasses. 37,38 The unique composition of peat, containing partially 

degraded cellulose, hemicellulose, and lignin, may contribute to this stepwise formation behavior. At 
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lower temperatures, mainly cellulose and hemicellulose structures are thermally degraded, emitting 

compounds with more oxygen atoms and low alkylation. In contrast, lignin and humic-like structures are 

mainly degraded at higher temperatures (>420 °C), resulting in the emission of less oxygenated species.  

 

Figure 6: a) Double bond equivalent (DBE) versus carbon number (#C) contour plots of all elemental 

compositions detected by APPI FT-ICR MS for the peat sample FIA from direct-infusion of the PM extract 

(yellow) and thermal analysis (average over the whole temperature range) with nitrogen (blue) or air 

(orange) atmosphere. The DBE/#C region for the single-core structural motif is highlighted in red, whereas 

the multicore region is marked in black. b) Relative intensity of compounds detected inside the single-core 

region in dependence of the number of oxygen atoms.  
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4. Conclusion 

Non- and low-polar organic aerosol species emitted from boreal and Arctic peat burning were analyzed by 

combining laboratory-scale combustion experiments with miniature-scale simulation of the combustion 

process. Organic aerosol extracts and evolved gas emissions were characterized on the molecular level 

using state-of-the-art 21 T FT-ICR MS and TGA coupled to 7 T FT-ICR MS, respectively. 

The organic aerosol extracts are vastly similar for all studied peat samples and are comprised of a complex 

mixture of partially oxygenated, highly aromatic compounds. The additional detection of nitrogen- and 

sulfur-containing compounds is a result of the predominant smoldering combustion of peat in combination 

with the unique formation process and composition of peat. Based on the assigned elemental compositions 

and calculated molecular properties, two main structural motifs, the single-core and the multicore 

structural motif, were observed for all compound classes. Fragmentation by IRMPD of an isolated mass 

range was applied for the identification of these molecular building blocks in the organic aerosol extract, 

revealing the formation of heterocyclic aromatic core structures from the fragmentation of precursor 

molecules that can be assigned to the multicore structural motif.  

Thermal analysis of the peat samples under nitrogen-atmosphere simulating thermal decomposition 

reactions in smoldering wildfires revealed three mass loss steps in the range of 200–500 °C that are 

assigned to the degradation of hemicellulose, cellulose, and lignin/humic substances. Simultaneous 

evolved gas analysis revealed a bimodal distribution in the mass spectrometric data, that are a result of 

the thermal degradation of hemicellulose and cellulose at lower temperatures, and lignin/humic 

substances at higher temperatures. Especially the pyrolysis products of the latter revealed interesting 

insights: In comparison to Arctic peats, the investigated boreal peats are enriched in small single-core 

pyrolysis products possibly produced by the decomposition of macromolecules like lignin or humic 

substances. However, as peat is highly variable in its composition, further studies are needed to verify 

those observations. 
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The comparison of organic aerosol extracts to the two thermal analysis conditions revealed a higher 

overlap of shared compounds with TGA under smoldering conditions and a lower overlap for oxidative 

conditions, which is in good agreement with the observed burning conditions. Furthermore, a similar 

structural dependency of single-core oxygenated species was observed for all three experimental datasets. 

Those observations might help to elucidate the formation processes of organic aerosol constituents 

emitted by the smoldering burning of peat.  

The in-depth characterization of the chemical composition of peat burning organic aerosol and its 

structural motifs as well as their formation in different laboratory-based experiments is an important 

contribution to increase the understanding of the properties and effects induced by the emissions of real 

peatland fire emissions. More frequently occurring boreal and Arctic peatland fires can emit PM to the 

vulnerable Arctic ecosystem, further increasing the climate change in this region due to the potentially 

strong impact on the snow albedo by the detected structural motifs. Nonetheless, the small-scale 

laboratory-based approach is limited in simulating the complex organic aerosol formation mechanisms, 

which points out the need for further research on real combustion facilities and field studies. 

 

Supporting information.  

Tables: combustion conditions, intensity weighted sum parameters, compound class number and intensity 

distribution, thermal analysis mass loss, coordinates of DBE vs. #C regions. 

Figures: Upset plot comparison PM extracts, mass spectra with compound class distribution of PM 

extracts, contour DBE vs. #C plots of PM extracts and IRMPD precursor region, DTG curves, mass loss curve 

comparison of peat layers, time-resolved survey plots of TGA-FT-ICR MS, mass spectra with compound 

class distribution of TGA-EGA, compound class distribution of peat TGA-FT-ICR MS, contour DBE vs. #C 
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plots of TGA-FT-ICR MS, temperature resolved compound class trends, upset plot comparison of TGA and 

PM extract data. 
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