
Subscriber access provided by Helmholtz Zentrum Muenchen - Zentralbibliothek

Environmental Science & Technology is published by the American Chemical Society.
1155 Sixteenth Street N.W., Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Article

Untargeted identification of wood type-specific
markers in particulate matter from wood combustion

Benedikt Alexander Weggler, Saray Ly-Verdú, Maximilian Karl Jennerwein, Olli Sippula, Ahmed
Abd Alhadi Reda, Jürgen Orasche, Thomas M. Gröger, Jorma Jokiniemi, and Ralf Zimmermann

Environ. Sci. Technol., Just Accepted Manuscript • DOI: 10.1021/acs.est.6b01571 • Publication Date (Web): 23 Aug 2016

Downloaded from http://pubs.acs.org on September 6, 2016

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.



 1

Untargeted identification of wood type-specific 1 

markers in particulate matter from wood combustion 2 

Authors: 3 

Benedikt A. Weggler
1,2
 Saray Ly-Verdu

1,2
, Maximilian Jennerwein

1,2,3
, Olli Sippula

4
, Ahmed A. 4 

Reda
1,2
, Jürgen Orasche

1,2
, Thomas Gröger

1,2,*
, Jorma Jokiniemi

4
, Ralf Zimmermann

1,2
 5 

1 
Cooperation Group Comprehensive Molecular Analytics, Helmholtz Zentrum München, 6 

German Research Center for Environmental Health, 85764 Oberschleißheim, Germany  7 

2 
Analytical Chemistry, Institute of Chemistry, University of Rostock, Rostock 12, Germany 8 

3 
ASG Analytik Service Gesellschaft mbH, Neusäß, Germany 9 

4 
University of Eastern Finland, Department of Environmental and Biological Sciences, Fine 10 

Particle and Aerosol Technology Laboratory, P.O. Box 1627, FIN-70211 Kuopio, Finland 11 

* Corresponding author, Helmholtz Zentrum München, Deutsches Forschungszentrum für Gesundheit 12 
und Umwelt (GmbH), Cooperation Group „Comprehensive Molecular Analytics (CMA)“, Gmunder 13 
Strasse 37,81379 Munich, Germany 14 
Mail: thomas.groeger@helmholtz-muenchen.de 15 
Phone: +49 (0)89 3187 – 4554 16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 

Page 1 of 36

ACS Paragon Plus Environment

Environmental Science & Technology



 2

KEYWORDS 24 

Comprehensive two-dimensional gas chromatography, wood combustion, aerosol data mining, 25 

direct thermal desorption, in situ derivatization 26 

  27 

Page 2 of 36

ACS Paragon Plus Environment

Environmental Science & Technology



 3

ABSTRACT 28 

Residential wood combustion emissions are one of the major global sources of particulate and 29 

gaseous organic pollutants. However, the detailed chemical compositions of these emissions are 30 

poorly characterized due to their highly complex molecular compositions, non-ideal combustion 31 

conditions and sample preparation steps. In this study, the particulate organic emissions from a 32 

masonry heater using three types of wood logs, namely, beech, birch and spruce, were 33 

chemically characterized using thermal desorption in situ derivatization coupled to a GCxGC-34 

ToF/MS system. Untargeted data analyses were performed using the comprehensive 35 

measurements. Univariate and multivariate chemometric tools, such as analysis of variance 36 

(ANOVA), principal component analysis (PCA) and ANOVA simultaneous component analysis 37 

(ASCA), were used to reduce the data to highly significant and wood type-specific features. This 38 

study reveals substances not previously considered in the literature as meaningful markers for 39 

differentiation among wood types. 40 

  41 
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INTRODUCTION 42 

According to the German Federal Environment Agency, 80-90% of the total particulate 43 

emissions of small combustion plants originate from wood combustion 
1, 2

. The total emission 44 

totals approximately 20,000 tons of particulate matter (PM) per year and thus represents an 45 

important factor of the total aerosol burden. From a global perspective, biomass burning 46 

contributes the highest anthropogenic PM burden worldwide
3
. 47 

Small-scale wood combustions are generally, highly fluctuating processes. The resulting 48 

emission aerosols are affected by variables such as wood type, combustion technology (wood 49 

stove type) and stove operating practices. The batch-wise combustion means repeated, complex 50 

processes of drying, gasification, ignition and burning, accompanied by pyrolysis
4-6

. All these 51 

processes contribute to the formation of gaseous compounds and fine PM, containing soot, salts 52 

and a complex mixture of, more or less, hazardous organic compounds. 53 

Several studies suggest a direct link between the presence of fine PM in aerosol and severe 54 

health effects, such as allergies, the prevalence of cardiovascular and respiratory diseases and 55 

increased mortality. These studies also support the hypothesis that the toxic and genotoxic 56 

carcinogenic mechanisms of these particulates are affected by both the physical properties of the 57 

particle (size, shape and surface) and their chemical loading (dissolved and adsorbed chemicals, 58 

surface or catalytic reactions)
7-10

. 59 

The Helmholtz Virtual Institute for Complex Molecular Systems in Environmental Health 60 

(HICE) has taken up the task of linking biological responses to physical and chemical 61 

properties
11

. The general procedure of HICE is exposing lung cell tissue to aerosol. In order to 62 

disclose the source of the biological response, comprehensive chemical insight into the aerosol 63 
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composition is needed. A broad field of analytical techniques has to be considered for the highly 64 

diverse mixture of molecular components. 65 

Comprehensive techniques, such as GC×GC-ToF/MS, allow for a more holistic approach with 66 

detailed, untargeted insight into the particulate phase of anthropogenic organic aerosols. By 67 

coupling to an in situ derivatization, direct thermal desorption system (IDTD), the sample 68 

preparation steps are shortened and a decrease in measurability constraints can be achieved. 69 

IDTD uses only small amounts of derivatization agent and allows for fast sample treatment under 70 

relatively mild conditions. In addition, IDTD provides transfer of a broad range of polar and non-71 

polar organic compounds, which are not accessible with commonly used sample preparation 72 

techniques, to the gas chromatographic separation
12, 13

. Because of this complex molecular 73 

mixture GCxGC-ToF/MS is needed to obtain a better separation, especially for untargeted 74 

assignment of significant marker substances. 75 

Several attempts to utilize GC×GC-ToF/MS techniques for PM analysis have been published 76 

in recent years
14-16

, but these methods are not widely applied to aerosol science due to the vast 77 

amount of data produced by GC×GC-ToF/MS, although various chemometric data mining and 78 

reduction techniques have been reported
17-19

 Special attention should be given to methods that 79 

reduce data, based on statistic values, regarding anomalies or significant differences between 80 

each measurement. Such methods are commonly used for the evaluation of metabolomic 81 

datasets
20, 21

. 82 

The scope of this study is the untargeted assignment of significant marker substances to 83 

individual woodtypes. Therefore, variant and unsteady PM samples from wood combustion were 84 

investigated by GC×GC-ToF/MS. The measurements were enhanced by sophisticated sample 85 

treatment techniques. Univariate and multivariate chemometric techniques were applied to 86 
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identify significant features of the semi-volatile organic fraction of the PM from beech, birch and 87 

spruce wood combustion in a modern soapstone masonry heater. These features are not 88 

considered in literature so far and provide valuable information when tracing back potential 89 

biological risks to individual substances. 90 

 91 

 92 

93 
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MATERIAL & METHODS 94 

AEROSOL SAMPLING 95 

The combustion experiments and sampling were performed during an HICE-field campaign in 96 

the winter of 2013 at the University of Eastern Finland. A modern soapstone masonry heater 97 

(Hiisi 4, Tulikivi Ltd., Finland), which was described in detail by Reda et al., 
22

 was used for 98 

aerosol generation. Beech, birch and spruce log wood were used as feedstock. 99 

A total of 6 batches of log wood were burnt over 4 h. One batch weighed approximately 2.5 100 

kg, with a maximum log size of 30 cm. After the sixth batch, stoking was performed without 101 

adding more fuel. The total weight of the consumed wood was approximately 15.0 kg per 102 

experiment. Properties, e.g. water content, of the used wood can be found in Table S1 in the 103 

supporting information. A graphical overview of the combustion procedure and the wood 104 

stacking can be found in supporting material, figure S1. 105 

Prior to the filter sampling a PM2.5 impactor was placed on the sampling system. Filter 106 

samples were obtained for off-line analyses with a modified speciation sampler (Rupprecht & 107 

Patashnik 2300, Thermo Scientific, Waltham, USA), which was able to sample four filters in 108 

parallel. Samples were collected after an initial dilution step via a porous tube diluter directly 109 

followed by the first ejector diluter. This process results in an average dilution ratio of ~40. PM 110 

samples were collected on quartz fiber filters (QFF, T293, Munktell, Sweden). A more detailed 111 

overview of the experimental setup can also be found in the supporting information, Figure S2. 112 

The QFF were preconditioned by baking at 500°C for at least 12 h and were then stored in sealed 113 

glass containers prior to sampling. After collection of the PM, the filter samples were 114 

immediately frozen at -25°C and stored at this temperature until analysis. Per filter, an average 115 
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total volume of 1.8 m³/mm² diluted combustion aerosol was sampled. Four repetitions per 116 

combustion were performed. 117 

118 
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SAMPLE PREPARATION 119 

The IDTD described by Orasche et al.
13

 and Schnelle-Kreis et al. 
12, 23

 was applied prior to the 120 

GC×GC-ToF/MS measurements. The following describes the enhancements made to this 121 

method. A graphical representation of the general automated procedure is shown in Figure S3. 122 

Custom-made goose-neck glass liners were used as inserts for the GC injector system. To 123 

eliminate impurities, an extensive purification process was applied. The liners were placed in a 124 

saturated KOH:isopropanol solution followed by cleaning in aqua regia for five hours for each 125 

cleaning step. After repeated rinsing with water, the liners were deactivated overnight using 126 

trimethylchlorosilane (Supelco). A conditioning step under a protective gas atmosphere at 360°C 127 

was performed before use. 128 

Round filter punches of the collected PM samples with a diameter of 5 mm were prepared for 129 

an average volume of sampled combustion aerosol of 0.035 m³. The filter aliquots were placed in 130 

the liner. Each filter was infused with isotopically labeled standards. The composition and of the 131 

internal standard is described by Orasche et. al
13

and added to the supporting information Table 132 

S2. 133 

Samples were set aside for 30 min at room temperature to evaporate the solvent of the internal 134 

standard mixture. After the evaporation step, the pieces of filter inside the liner were soaked in 9 135 

µL N-methyl-N-(trimethylsilyl)-trifluoracetamide (MSTFA, Macherey Nagel Düren, Germany) 136 

and placed in the GC-injection system. 137 

The IDTD method used the following parameters. The GC injector was kept at 70°C during 138 

the liner insertion step. After insertion and closing of the liner head, the injector was flushed with 139 

Helium, the carrier gas of the GC, with a flow of 1 mL/min and a split flow of 100 mL/min for 140 

60 sec. The gas flow was increased to 2.8 mL/min after flushing the injector. A bypass system 141 
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allowed for the saturation of the carrier gas with MSTFA for a total reaction time of 15 minutes 142 

while the injector was heated to 330°C at a heating rate of 16°C/sec. The desorbed components 143 

were then collected in the GC oven which was held at 70°C during this desorption step. After 144 

this reaction time, the bypass was closed and the flow was set to 1 mL/min with a split flow of 145 

50 mL/min. 146 

147 
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GC×GC-ToF-MEASUREMENTS 148 

GC×GC measurements were conducted using an Agilent 6890 gas chromatograph equipped 149 

with a LECO Pegasus 4D ToF MS (LECO, USA) using helium as the carrier gas. The ToF/MS 150 

was operated at 200 Hz with an acquisition range from m/z 35 to 600. Electron ionization 151 

occurred at 70 eV at a source temperature of 250°C. 152 

 An Optic 3 injection system and flow control (ATAS GL, Netherlands) was also used. Data 153 

collection was performed using LECO ChromaTOF® software v.4.50.8.0. The method is 154 

described elsewhere
17

.Chromatographic separation was performed on a 58 m × 0.25 mm i.d. × 155 

0.25 µm df BPX5 (SGE, Australia) column coupled to a 2.75 m × 0.1 mm i.d. × 0.10 µm df 156 

BPX50 (SGE, Australia) column. The modulation period was adjusted to 5 s with a modulator 157 

temperature offset of 30°C. During the thermal desorption step, the oven was kept at 70°C for 15 158 

minutes before increasing to 140°C at 80 K/min followed by a slow temperature ramp of 3 159 

K/min to 360°C, which was held for 20 min. This oven configuration, combined with IDTD 160 

allows a reliable chromatographic separation of compounds ranging from C14 to C40. 161 

 The measurement of a sample series was a reference sample followed by five combustion 162 

aerosol samples. Every six samples the reference measurement was repeated. After a total of 14 163 

samples an empty liner was measured as blank. No considerable memory effects were observed 164 

in the reference samples or the blank runs. 165 

166 
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DATA PROCESSING 167 

The data processing consisted of three; namely, basic processing (peak detection and peak 168 

alignment), statistical and multivariate data analysis, e.g., analysis of variance (ANOVA), 169 

principle component analysis (PCA), ANOVA simultaneous component analysis (ASCA) and 170 

mass spectral interpretation of the spectra. Basic processing and library searches of the MS 171 

spectra were performed using the LECO ChromaToF software ver. 4.50.8.0 and NIST v.2.0, and 172 

the data analysis was performed with MATLAB R2011a, including the PLS toolbox v8.1 173 

(Eigenvector Research, Manson, WA). Figure 1 shows a graphical representation of the data 174 

workflow. The baseline was adjusted directly above the noise as an initial processing step. For 175 

peak assignment, peak broadening was considered with 25 seconds in the first dimension and 1 176 

second in the second dimension. Only signals exceeding a signal-to-noise (S/N) ratio of 100 177 

were considered. Subpeaks for the second dimension required an S/N greater than 50 and were 178 

combined when the spectral matching factor was higher than 75%. 179 

ALIGNMENT 180 

For a direct statistical comparison and further multivariate data analysis, the peak lists of 181 

individual GC×GC analyses were aligned using the peak alignment function of ChromaToF’s 182 

statistical compare (SC). Whether a peak was retained after the pairwise sample comparison 183 

depended on how often it appeared and in which samples it was detected. A peak had to be 184 

present in at least 12 (out of 36) samples (regardless of the wood type) or in more than 50% (6 185 

samples) of the wood type-specific samples. The mass spectra of a peak in question had to have a 186 

spectral similarity of 75%. The limiting retention windows were set to a deviation of one 187 

modulation period in the first dimension and to 1 sec in the second dimension. With these 188 

settings, 2779 peaks were found and used as further processing variables. 189 
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 190 

DATA SCREENING 191 

Spectra similarity searches were performed based on NIST v.2.0., GOLM and different in-192 

house libraries. Names were assigned to substances when the spectral similarity match exceeded 193 

70%. To obtain information about structure-related chromatographic allocation areas, the peak 194 

list from SC was investigated using an in-house searching method. This initial screening was 195 

based on the systematic naming of organic substances, and it screened the peak list for name 196 

fragments, for instance, “furanoses”. The presence of compounds known from the literature
4
 was 197 

examined. Typical wood combustion markers for broad leaf wood or coniferous wood 198 

combustion, e.g., abietic acid, β-sitosterol or α-amyrin, were present, as well as decomposition 199 

products from celluloses and hemicelluloses, e.g., levoglucosan, mannosan and galactosan.  200 

 201 

OUTLIER CORRECTION 202 

The values of the peak areas obtained from the SC were normalized to an internal standard that 203 

was spiked on the filter during the sample preparation step. For each wood type, all peaks 204 

detected by the SC procedure were used in the principal component analysis (PCA) based on the 205 

peak areas. Experiments falling outside of the 95% confidence interval were investigated more 206 

closely using the Nalimow and Shapiro-Wilk outlier testing on each individual peak. When at 207 

least two-thirds of the peaks showed outlier indications, the corresponding measurement was 208 

considered an outlier and was excluded from consideration. 209 

 210 

ANOVA 211 
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To elucidate the molecular differences among the various types of wood, the SC feature list 212 

was subjected to analysis of variance (ANOVA) with the peak areas normalized to the internal 213 

standard. 214 

Several significance thresholds (p-values) were set to obtain only the highly significant 215 

features among the different wood types. The smaller the p-value, the higher the assurance that 216 

the selected feature was significantly different.  217 

 218 

PCA 219 

The features provided by the ANOVA were log-transformed and mean-centered before they 220 

were analyzed by PCA. The obtained features were assigned to each individual wood type based 221 

on their loadings for the  different principal components (PC). 222 

 223 

ANOVA-SIMULTANEOUS COMPONENT ANALYSIS (ASCA) 224 

The number of simultaneously measured inputs in untargeted studies is of the order of 225 

thousands
24

 because each variable corresponds to a specific substance. ANOVA aims to identify 226 

whether a significant difference exists among groups, making it possible to estimate the effect of 227 

the experimental factors on the data. However, for multivariate data, ANOVA does not explain 228 

the inter-relation between variables, and it is inadequate when the number of variables exceeds 229 

the number of measurements
25

. 230 

ANOVA-simultaneous component analysis (ASCA) overcomes these handicaps by combining 231 

the best parts of ANOVA and PCA
26

. The goal of ASCA is to combine the capacity of ANOVA, 232 

to separately analyze different sources of experimental variation, and PCA, to explain the 233 

correlation amongst variables. An advantage of ASCA over PCA is that the model is less 234 
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affected by outliers because the matrices are divided according to the different contributions to 235 

the variation in the data. 236 

In the linear model used in ANOVA that serves as the basis of ASCA, each measurement is 237 

decomposed into contributions to the variation caused by one treatment and variation caused by 238 

other sources, as described by Smilde et al.
25

. Once the different factors have been isolated, the 239 

behavior of the dependent variables under the different treatment levels is examined by PCA, 240 

from which the scores and loadings can be used to explain the decomposed data matrix, allowing 241 

the factors to be estimated separately. 242 

To enable ASCA modeling, mean-centering was applied to the data
27

, fulfilling the necessary 243 

and sufficient conditions for subsequent ASCA decomposition of the data matrix, which requires 244 

normalized but not log-transformed data
28

. 245 

 246 

FEATURE INTERPRETATION 247 

Following the assignment of the individual features to a specific wood type, a library search 248 

was performed. The names were assigned only to those spectra that exceeded a similarity match 249 

of 70% compared to the reference spectra in NIST v.2.0, the Golm Database (GMD) or an in-250 

house developed database. 251 

252 
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RESULTS AND DISCUSSION 253 

INITIAL DATA SCREENING  254 

Compound classes typically appear as curved bands in the GCxGC-separation space
29

. 255 

Consequently, pattern recognition approaches
30 

combined with automatic compound 256 

classifications
18, 19, 31

can be applied for rapid data screening. However, in IDTD, the elution 257 

pattern and mass spectra are mainly determined by derivatization. In brief, the mentioned 258 

approaches are complicated. In addition, distinguishable retention patterns were revealed by the 259 

initial screening approach. 260 

It was possible to determine the chromatographic regions for pyranoses, furanoses, tetracyclic 261 

and pentacyclic triterpenoids, and PAH. In addition, with a total runtime of less than one minute, 262 

the initial screening is efficient. This procedure provides quantitative and untargeted insight into 263 

the molecular composition of the combustion aerosols in less than one minute. In Figure S4, a 264 

GC×GC chromatogram of birch combustion aerosol is overlaid with some of the screened 265 

results. 266 

 267 

268 
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IDENTIFICATION OF WOOD TYPE-SPECIFIC FEATURES 269 

The combustion markers discussed in the literature are generally wood type-independent 270 

substances. Sometimes, markers are assigned to wood families (coniferous wood and broad leaf 271 

wood). However, PM samples differ in molecular composition due to the presence of wood type-272 

specific substances. For the identification of these molecular differences, ANOVA was applied 273 

to the peak list obtained from SC.  274 

ANOVA provides a list of features that exhibit significant differences among the samples. The 275 

number of features decreases with a decreasing significance threshold. Table S2 shows the 276 

number of peaks at the corresponding p-values. A threshold of p = 5% is commonly applied. In 277 

this study, a 5% threshold yields 817 features. For this significance threshold, substances such as 278 

levoglucosan or 1,4,3.6 dianhydro-beta-D-glucopyranose are not present in the feature list. The 279 

cellulose contents for broad leaf wood and coniferous wood range from 42-51% and 42-49%
32

, 280 

respectively. Therefore, significant differences were not expected. 281 

Mannosan and galactosan, compounds that are related to the combustion of hemicellulose, 282 

disappear from the feature list at a significance threshold of 0.1%. Because the hemicellulose 283 

content ranges between 24 and 30% in broad leaf wood and between 27 and 40% in coniferous 284 

wood,
32

 it is reasonable to expect these substances to show higher significance.  285 

Following this approach, significant differences are expected between broad leaf and 286 

coniferous wood for substances derived from lignin. The lignin content ranges from 25-30% in 287 

coniferous wood and from 18-24% in broad leaf wood
32

. Nevertheless, the lignin components 288 

e.g., coniferyl and sinapyl alcohol, are present in only the feature list up to a threshold of p = 1%.  289 

 290 
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Consequently, discrimination by wood type is possible only to a certain degree when using the 291 

substances listed in literature. Strictly speaking, discrimination between only broad leaf wood 292 

and coniferous wood can be achieved. Table S3 shows the occurrence of typical marker 293 

substances at corresponding p-values. In the following section, features with values of p <= 294 

0.001% are examined. This significance threshold yields 84 features. Additionally, the feature 295 

list contains marker substances or corresponding homologues that differentiate broad leaf and 296 

coniferous wood
4, 6

. 297 

However, ANOVA does not provide an assignment of the significant features to different 298 

wood types. When using the provided features as the input for PCA, the first and secondPC 299 

capture the greatest variance between samples, accounting for 68.64% of the variance.  300 

The results of the PCA can be displayed using a biplot of the scores and loadings, as shown in 301 

Figure 2. Clear clustering according to the measured wood types and separation between 302 

softwood and hardwood is observed on the first PC. Further discrimination of the samples from 303 

softwood combustion occurs on the second PC.  304 

Features were assigned to the wood type according to their location in the biplot. This 305 

assignment is shown in Figure 3. The size of the features represents the corresponding loading. 306 

Therefore, the loading is a measurement of how the PCA is influenced by the corresponding 307 

feature. 308 

Features assigned to particulate matter from spruce or birch combustion show higher loadings 309 

than those of beech combustion, which indicates that the features produced during beech 310 

combustion are less specific than those produced during birch and spruce combustion. 311 

Additionally, the features from beech PM are present in the birch and spruce PM. 312 
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The library matching and manual inspection of the mass spectra of these features are shown in 313 

Table 1. Name suggestions and retention times corresponding to the library and matching factors 314 

are shown. 315 

 316 

When comparing the features for the individual wood types, two substance classes stand out, 317 

namely, tetra/pentacyclic triterpenoids and diterpenoid carboxylic acids. The former are 318 

exhibited mainly in the PM from birch combustion, and the latter are present in the PM from 319 

spruce combustion. These substances have a strong resemblance to phytosteroids in the case of 320 

birch combustion, which exhibit high biological activity, such as alteration in cell membranes
33

, 321 

induction of apoptosis in cancer cells
34, 35

and anti-inflammatory effects
36, 37

. 322 

The substances found in the PM in spruce combustion, resinoic acids retene etc., are known to 323 

be part of colophony, which, when burned, increases asthma risk, chronic bronchitis, and 324 

chemical hypersensitivity 
38

. 325 

By gradually decreasing the p-value in the ANOVA from 5% to 0.001%, the PCA clustering 326 

becomes influenced by less significant features. An increase in distinct chromatographic regions 327 

is observed by plotting these features as a pseudo chromatogram, as shown in Figure 4. In the 328 

supporting information the density maps for all p-values are shown, Figures S5-7. 329 

A more thorough investigation of these regions supports the above findings. PM generated 330 

from beech wood exhibits significant differences, with high loadings in the chromatographic 331 

regions, which contain small polar components. Features assigned to the PM from birch 332 

combustion are located in two regions, which contain mainly the previously mentioned 333 

methylated naphthalenes and tetra/pentacyclic triterpenoids. For spruce PM, the region 334 

containing retene and resinoic acid derivatives, such as abietic acid, is clearly enhanced. The 335 
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substances responsible for the differences in spruce wood are typical products from the 336 

combustion process of coniferous wood
10

. 337 

  338 

 339 

 340 
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Class Name RT1 RT2 Similarity Reverse Library Class 

Beech 6H-Dibenzo[b,d]-pyran 2747.9 1.9 811 841 
NIST 

mainlib 
dibenzopyran 

#
9H-Xanthene 2714.8 1.9 794 886 NIST replib dibenzopyran 

#
Benzene, 1,2,3-trimethoxy-5-methyl- 2219.7 1.4 895 917 NIST replib methoxy benzene 

Phenol, 2,6-dimethoxy-, acetate 2346.2 1.9 821 865 NIST replib methoxybenzene 

#
Hydrocaffeic acid (3TMS) 3144.7 1.1 762 776 GOLM DB 

Cinnamic acid 

derivatives 

D-Erythro-pentofuranose (TMS) 2336.9 0.7 801 823 
NIST 

mainlib 
furanoses 

Lupa-2,22(29)-dien-28-ol 5513.6 3.3 936 940 
IH 

Reference 

tetracyclic 

triterpene 

#
Octadecen-1-ol, 9-(Z)- (1TMS) 3517.2 1.1 793 848 GOLM DB 

unsaturated 

alcohol 

  Benzene, (1-methylundecyl)- 2979.5 1.2 854 883 
NIST 

mainlib 

benzene 

derivatives 

 

Birch Cycloartenol (1TMS) 4650 1.8 753 746 GOLM DB 
tetracyclic 

triterpene 

Cycloeucalenol (1TMS) 5133.8 2.5 808 829 GOLM DB 
tetracyclic 

triterpene 

Stigmasta-3,5-dien-7-one 5067.2 2.7 928 929 
IH 

Reference 

tetracyclic 

triterpene 

Oleanolic acid (2TMS) 5538.1 3.3 918 943 GOLM DB 
pentacyclic 

triterpene 

Oleanolic acid, 3-acetoxy- (3-beta-)- (1TMS) 5504.7 3.8 761 776 GOLM DB 
pentacyclic 

triterpene 

Dibenzofuran 2523.8 1.8 922 926 
NIST 

mainlib 
hetero PAH 

Cembrene 4520.3 2 763 812 GOLM DB diterpene 

#
1-Undecene, 4-methyl- 2630 0.8 759 789 

NIST 

mainlib 

unsaturated, 

branched 

#
9,12-Octadecadiynoic acid, trimethylsilyl ester 2765.7 1 718 738 

NIST 

mainlib 
alkyne 

2,6-Di-tert-butylquinone 2349.4 1.1 885 895 NIST replib quinone 
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Benzene, [(tetramethylcyclopropylidene)methyl] 2984.3 1.4 713 773 
NIST 

mainlib 
benzene 

  (-)-Isolongifolol, trimethylsilyl ether 2981.7 1.1 704 714 
NIST 

mainlib 

tricyclic 

sesquiterpene 

 

Spruce Abietic acid (1TMS) 4051.2 1.8 889 900 GOLM DB 
diterpene 

carboxylic acid 

6-Dehydrodehydroabietic acid(TMS) 4337.1 2.4 760 829 
IH 

Reference 

diterpene 

carboxylic acid 

7-Oxodehydroabietic acid, methyl ester 4083.3 2.3 751 767 
IH 

Reference 

diterpene 

carboxylic acid 

Dehydroabietic acid(TMS) 3939.5 1.9 722 743 
IH 

Reference 

diterpene 

carboxylic acid 

Dehydroabietylamine 3862.9 1.7 700 710 
NIST 

mainlib 

diterpene 

carboxylic acid 

Methyl dehydroabietate 3959.4 2.3 807 908 NIST replib 
diterpene 

carboxylic acid 

Dehydroabietal 3874 2.3 779 797 
NIST 

mainlib 

diterpene 

carboxylic acid 

Estradiol, 17alpha- (2TMS) 4106.2 1.7 702 708 GOLM DB steroid 

#
Benzo[k]fluoranthene 4690.7 4 913 930 

IH 

Reference 
PAH 

Perylene 4814.3 4.3 933 940 
IH 

Reference 
PAH 

8-Isopropyl-1,3-dimethylphenanthrene 3949.1 2.4 863 880 
NIST 

mainlib 
retenoid 

Retene 3803.3 2.4 927 937 NIST replib retenoid 

Galactonic acid-1,4-lactone (4TMS) 2598 0.7 707 722 GOLM DB lactone 

Pentadecanoic acid (1TMS) 3085 1 715 748 GOLM DB carboxylic acid 
#
Heptadecanoic acid (1TMS) 3436 1.1 846 879 GOLM DB carboxylic acid 

Octadecenoic acid, 9-(E)- (1TMS) 3665.9 1.2 906 930 GOLM DB 
unsaturated 

carboxylic acid 

#
Tetracosan-1-ol (1TMS) 4434.3 1.2 758 728 

NIST 

mainlib 
alcohol 

 341 
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 342 

Table 1: The matched peaks for a p-value of 0.001%, retention times, matching factors and corresponding library. Gray highlighted 343 

features are related to the isolated factor “wood type” using the ASCA model. Substances marked with 
# 

are related to combustion 344 

processes where at least two burning events were observed, refer to the ASCA section for further information. 345 

 346 

 347 
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 348 

ISOLATING WOOD TYPE-SPECIFIC MARKERS 349 

The previously described ANOVA and PCA consider all factors that influence the genesis of 350 

the PM. Significant differences are therefore not attributed solely to the wood types. In contrast, 351 

despite the PCA patterns highlighting their similarities, PCA does not distinguish between the 352 

factors that induce differences among samples. Therefore, ASCA is applied to the data set. An 353 

improvement of ASCA over the PCA for the entire data set is the certainty that the variation 354 

captured by different submodels does not originate from any other source than the studied factor.  355 

To determine these factors, in addition to the easily identified factor “wood type”, a criterion 356 

for the quality of the combustion was introduced. For this criterion, carbon monoxide (CO) and 357 

the organic gaseous carbon (OGC) values were plotted against each other. These values were 358 

logged in a time-resolved fashion during each combustion experiment. Therefore, CO vs OGC 359 

plots were produced for each batch introduced into the oven. These plots were then compared to 360 

the corresponding plot of the other experiments within a wood type. Assuming ideal combustion 361 

conditions, small OGC vs CO values are expected. If the values were high, the corresponding 362 

batch was marked as conspicuous. The monitored events were considered in the ASCA model 363 

for batches 1-3 of each wood type. In the supporting information, the CO vs OGC plots are 364 

shown with additional information, Figure S8. 365 

In Figure 5, the ASCA score plot for the factor wood type is shown. Instead of clustering 366 

similar to the ANOVA procedure, all data from one individual wood type are coincident, which 367 

is expected because only the variance caused by the isolated factor “wood type” is considered. In 368 

addition, highly correlated features can be observed. By minimizing the distance to an original 369 

straight line that passes through the wood score point, the features show high mass spectrometric 370 
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response. In addition, these features were detected almost exclusively in the measurements of the 371 

respective wood type. Similar to the previously described PCA, the features were assigned to the 372 

individual wood types. In Table 1, the features that were influenced only by the wood type are 373 

shaded in light gray. 374 

Not all the previously identified features are wood type-related. Therefore, the factor of the CO 375 

and OGC events was investigated. Figure S9 show the score plot for the observed CO and OGC 376 

events during the first batch is shown. Clear separation between samples is observed between 377 

samples with none, one or two CO/OGC events for the first batch of feedstock. A correlation of 378 

features similar to the isolated factor wood type is not observed. Features were assigned to the 379 

events similarly to the PCA. Features were classified by the occurrence of no event, one event or 380 

both events. This assignment is indicated in Table 1 by superscript indices.  381 

Of the 38 features found by the ANOVA/PCA approach, only 5 were not assigned to a distinct 382 

wood type or to a combustion event. Although the aerosols generated from combustion present a 383 

challenge for metrology and data evaluation, the combination of highly sophisticated sample 384 

preparation, comprehensive separation power and chemometric analysis is versatile in 385 

elucidating the molecular composition of aerosols. 386 

In summary, sequential analyses of data by data screening, ANOVA, PCA and ASCA allows 387 

for statistical discrimination among PM samples from beech, birch and spruce wood combustion. 388 

In brief, small polar compounds were enhanced in the PM from beech combustion. Large 389 

differences in methylated naphthalenes and tetra/pentacyclic triterpenoids were found in the PM 390 

from birch combustion, whereas the differences for PM from spruce combustion were attributed 391 

to derivatives from retene and resinoic acid. 392 

  393 
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CAPTIONS: 538 

 539 

Figure 1: Graphical representation of the data workflow. 540 

 541 

Figure 2: Scores and loading biplot for the peaks with p <= 0.001% 542 

 543 

Figure 3: Assignment of the features to different wood types. The bubble size represents the 544 

loading of each peak. Features from birch and spruce have higher loading than features from 545 

beech combustion. 546 

 547 

Figure 4: Density map of the occurrence of significant features. Decrease of the confidence 548 

interval for the beech (A & B), birch (C & D) and spruce (E & F) samples from 0.001% to 5%. 549 

The increase of significant features is mainly observed in distinct chromatographic regions, 550 

which are highlighted in the density maps for p = 5%. The * region in Figure 4B contains mainly 551 

small polar compounds, e.g., methoxy benzenes and furanoses. In Figure 4D, the * region 552 

contains mainly methylated naphthalenes, whereas the # region contains phytoseroids. In 4F, the 553 

# region has abundances of retene and resinoic acid derivatives, the diamond region contains 554 

mainly PAH, such as benzofluoranthenes. For the * region in 4F, a clear occurrence of one 555 

specific chemical class is not observed; phenylpropanoid derivatives and sugar components are 556 

found, in addition to naphthalene derivatives. 557 

 558 

Figure 5: ASCA scores and loadings biplot for the wood types. All other variance factors were 559 

excluded; therefore, the different experiments are clustered at only one point. Highly correlated 560 

features indicate components having high mass spectrometric response. 561 

 562 
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