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Abstract

The combustion of petroleum-based fossil fuels is associated with a high environmental burden. Several alternative fuels,
including synthetic fuels (e.g., gas-to-liquid, GTL) and biofuels (e.g., rapeseed methyl ester, RME) have been studied in
the last few years. While the advantages for the environment (sustainability of biofuels) are well known, research on the
resulting health effects from combustion aerosols of these alternative fuels is still scarce. Consequently, we investigated the
chemical combustion profile from three distinct fuel types, including a petroleum-based fossil fuel (BO) and two alternative
fuels (GTL, RME) under real exposure conditions. We sampled particulate matter (PM, 5, PM,, ,5) and the gas phase from
heavy-duty machinery and evaluated the general pattern of volatile and semi-volatile organic compounds, elemental and
organic carbon as well as a range of transition metals in the size segregated PM and/or gas phase. The use of comprehensive
two-dimensional gas chromatography time-of-flight mass spectrometry enabled us to classify distinct methylated PAHs in
the PM samples and its high abundance, especially in the fine fraction of PM. We found that (methylated) PAHs were highly
abundant in the PM of BO compared to GTL and RME. Highest concentrations of targeted aromatic species in the gas phase
were released from BO. In summary, we demonstrated that GTL and RME combustion released lower amounts of chemical
compounds related to adverse health effects, thus, the substitution of petroleum-based fuels could improve air quality for
human and the environment.
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biofuels are a prominently discussed alternative to petro-
leum-based fuels (Traviss et al. 2010; Sakthivel et al. 2018;
Unosson et al. 2021). Biofuels can be generated from oil-
producing crops, and vegetable oils can be utilized in a pure
or transesterified form into biodiesel. Other feedstocks are
sugar or starch crops for the production of alcohols such
as methanol or ethanol (Yasin et al. 2019). Biofuels from
oil-producing crops can be separated in three different gen-
erations including vegetable oil (first generation), noned-
ible vegetable oil (second generation), and waste cooking
oil (third generation) (Sakthivel et al. 2018). The chemical
and physical properties of a biofuel are mostly dependent
on the feedstock. For example, waste cooking oil is a widely
used biofuel due to its low cost, but it has inferior cold-flow
properties, which limits its use in winter months (Moon et al.
2010). Up to now, biofuels are mostly utilized as diesel-bio-
diesel blends to overcome difficulties in terms of cold-flow
properties as well as long-term negative consequences of
the use of pure biofuel such as injector coking, deposits,
and ring sticking (Moon et al. 2010). Several studies have
been conducted to increase the efficiency of biodiesel use
compared to petroleum-derived diesel, but still, contradic-
tory data is available on the emissions of biodiesel combus-
tion and resulting health effects (Bluhm et al. 2012; Mgller
et al. 2020). A typical feedstock of vegetable oil widely
used is rapeseed methyl ester (RME). This fuel is gained
by the transesterification of rapeseed oil. RME is primarily
composed of fatty acid methyl esters (FAMESs) with differ-
ent lengths of alkyl chains. As this fuel has no aromatic
content, polycyclic aromatic hydrocarbons (PAHs) cannot
be emitted by unburned fuel. Another alternative widely
discussed in the substitution of petroleum-based fuel is the
synthetic gas-to-liquid (GTL) fuel. It is gained by, e.g., the
Fischer—Tropsch process from natural gas, leading to a fuel
with negligible amounts of aromatic compounds and sulfur
(Li et al. 2007; Moon et al. 2010). GTL can usually be used
in conventional diesel engines without any engine hardware
modifications (Moon et al. 2010). This fuel is primarily
composed of long-chain alkanes and, thus, expected to emit
lower amounts of PM, in particular, PAHs compared to fos-
sil fuel combustion. Recently, an alternative to the synthetic
GTL has gained more attention, the so-called biomass-to-
liquid (BTL) fuel, which is produced in a similar way as the
GTL after gasification from biomass (van Steen and Claeys
2008).

Generally, fuel combustion releases high quantities of
particles. This particulate matter (PM) is physically charac-
terized by its aerodynamic diameter (size distribution) and
mass. Only particles with an aerodynamic diameter equal
to or smaller than 2.5 pm are expected to deeply penetrate
into the respiratory tract (Hussain et al. 2011). The parti-
cles themselves and the semi-volatile organic compounds
(SVOCs) bound to the particles can be released into the
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lung leading to acute and inflammatory effects (Salo et al.
2021). Recently, the WHO updated their guidelines in which
they suggest even lower maximum exposure levels for PM, 5
and other air pollutants due to their known adverse health
effects, e.g., the increased risk of respiratory and cardiovas-
cular diseases (Lin et al. 2015; World Health Organization
2021). Moreover, the importance of further characterizing
specific PM such as ultrafine particles (UFP) was empha-
sized (World Health Organization 2021). UFP are particles
with an aerodynamic diameter smaller than 0.1 pm. Due
to their low size, UFP are physically not restricted to the
respiratory tract but can also be translocated to other organs
via the bloodstream (Hussain et al. 2011). Moreover, UFP
have a high-specific surface area and, thus, vast amounts of
organic compounds can be adsorbed onto these particles.
The translocation and the intense loading are expected to
have adverse health effects and highlight the need for further
characterization of UFP (Kwon et al. 2020).

Aerosol from fossil fuel combustion is loaded with a
plethora of different chemical components, of which poly-
cyclic aromatic hydrocarbons (PAHs) are of specific health
concern. Many PAHs are known to be carcinogenic and
mutagenic (Abdel-Shafy and Mansour 2016). Due to their
gas-to-particle equilibrium, they can occur particle-bound
or in the gas phase. For single compounds, their presence
in either of these phases mostly depends on their molecu-
lar weight and vapor pressure. For complex samples such
as aerosol produced by combustion processes, the gas-to-
particle partitioning is mostly influenced by the ambient
air temperature and the total organic aerosol concentration
(Cpa) (Shrivastava et al. 2006). At high C, and, thus, low
dilution ratios the SVOCs are prone to be absorbed into the
particle phase (Lipsky and Robinson 2006; Shrivastava et al.
2006). Working environments like construction sites and
mines are using vehicles, which emit high amounts of com-
bustion aerosol. During their working shifts, workers may
be exposed to high amounts of potentially hazardous air pol-
lutants when operating this kind of heavy-duty machinery.
It is, thus, important to gain further insights on the combus-
tion aerosol of distinct fuel types and their possible resulting
health effects on employees.

In this study, we focused on the comparison of the chemi-
cal profile of the combustion aerosols from three distinct fuel
types and their possible health-related effects on workers in
a confined working environment. For this purpose, we sam-
pled particles and gas phase of a heavy-duty (Load-Haul-
Dump, LHD) vehicle fueled with petroleum-derived fossil
fuel (BO), GTL, and RME in a South African platinum mine
(1000 m underground). As ventilation may be insufficient
and space limited, occupational exposure to combustion
aerosols in mining environments is of specific concern (Salo
et al. 2021). We aimed at comparing the exposure profile of
the currently used diesel fuel to the alternative fuels (GTL,
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RME) to enable a comprehensive characterization of the
chemical compounds emitted and to estimate their possible
health-related effects. Combustion aerosol of the three fuel
types was sampled in terms of PM, s, size-segregated PM
with an emphasis on PM,, ,5, and the gas phase.

The analysis of PM samples focused on the chemical
characterization of substituted and unsubstituted PAHs
in the combustion aerosol of the different fuel types, and
a comparative analysis of the different size fractions. We
also investigated alkylated PAHs were classified based on
their aromatic core and methylation pattern. Moreover,
concentrations of seven distinct unsubstituted PAHs (phen-
anthrene, anthracene, fluoranthene, pyrene, benz(a)anthra-
cene, benz(e)pyrene, benz(a)pyrene) were calculated, and
toxic equivalents (TEQs) were determined. Additionally,
the elemental composition of the PM samples regarding
transition metals, alkaline metals, and other elements was
performed and compared between the different combus-
tion aerosols. The worker exposure to the gas phase was
compared between BO, GTL, and RME highlighting their
differences in aromatic carbon content. In particular, con-
centrations of benzene, toluene, o-xylene, naphthalene, and
biphenyl were calculated and compared for the gas phase
of the different combustion aerosols. Finally, the gaseous
organic compounds, mainly volatile organic compounds
(VOCs), were collected in two distinct sampling positions
(engine operator and tailpipe), enabling a more comprehen-
sive comparison of concentrations workers could be exposed
to during working procedures.

Experimental section
Sampling site

Aerosol sampling was conducted in a platinum mine in
South Africa 1000 m underground. The heavy-duty vehi-
cle used in this sampling campaign was a load-haul-dump
(LHD) vehicle typically used in this underground mine. The
sampling station was 1.5 m from the tailpipe (TP) as well as
1 m above ground (Fig. 1a).

The following samples have been taken: PM, s, size-
segregated PM (Sioutas, n=3), gas phase during test cycle
(TeC), and gas phase in high idling (HI) mode of the LHD
(Fig. 1b). Gas phase samples were additionally taken at the
LHD operator position (OP) at human chest height during
TeC and in HI mode (Fig. 1a). The complete sample set and
the conducted chemical analysis are summarized in Table 1.

Engine operations

The LHD was equipped with a Deutz BF 6L 914C engine.
Engine specifications are summarized in following Table 2.

The LHD was filled with the specific fuel type at the
beginning of each sampling day. For that purpose, the
remaining fuel was drained from the LHD, fuel filters and
air filters were exchanged and the tank was flushed with 20
L of the test fuel before filling the tank. Lubrication oil was
exchanged prior sampling. Afterwards, the LHD returned
to work in production for 30 min before returning to the test
site. For aerosol sampling, the LHD vehicle was parked at
the common parking area of those vehicles at which the sam-
pling was conducted without movement. A pre-condition-
ing cycle was performed for 10 min to ensure temperature

Table 1 Summary of samples taken and analysis carried out. EC ele-
mental carbon, OC organic carbon

BO GTL RME
PM analysis
EC/OC PM, 5, PM 55 PM, 5, PMyas PMy s, PMy o5
Elements by PM, 5, PM) 5 PM, s, PM;,5 PM, 5, PM ;5
ICP-AES
SVOC by PM, 5, PM 55, PM, 5, PMyas PMy 5, PMy o5
GCxGC-MS size-segregated
PM
Gas phase analysis
VOCby GC- TP (TeC, HI) TP (TeC, HI) TP (TeC, HI)
MS
VOCby GC-  OP (TeC, HI) OP (TeC, HI) OP (TeC, HI)
MS

Fig.1 Underground sampling
site of combustion aerosols.
Sampling station and additional
gas phase sampling at the
operator are depicted (a). Main
sampling station. Samples taken
from left to right (b): PM, s,
size-segregated PM, and gas
phase

Gas phase (Operator)
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Table 2 Engine specifications
of a Deutz BF 6L 914C engine

Emission certification Tier 2

No. of cylinders 6
Bore/stroke 102/132 mm
Displacement 6.5L
Compression ratio 18

Stroke 132 mm

Rated power
Max. torque
Induction
Fuel injection

Specific fuel consumption

141 kW (herein de-rated to 118 kW)
700 Nm at 1600 rpm
Charged air cooled

Five-hole nozzle injection; high pressure in-line
injector pump with mechanical centrifugal
governor

210 g (kWh)™!

stabilization prior aerosol sampling. Aerosol sampling was
conducted in 10-min intervals in the two modes. High idling
(HI) was conducted with full acceleration and 0% throttle.
The test cycle (TC) was done including a bucket lift with a
fixed mass (one tire) which should mimic a load test. More
information on engine operations by LHD vehicles can be
found in Wattrus et al. (2016).

Fuel types

Three different fuels were used for sampling of the corre-
sponding combustion aerosol: (1) a petroleum-derived diesel
fuel with no biofuel content (B0), representing the reference
diesel used in the working place, (2) a paraffinic fuel (GTL,
ORYX, Qatar) compatible with EN15940, and (3) a biofuel
(RME, SBE BioEnergie, Germany) according to EN14214
additivized with oxidation stabilizer. The organic composi-
tion of BO and lubrication oil used in this study was charac-
terized by GC X GC-ToFMS and the elemental composition
of lubrication oil was also determined by ASG Analytik-
Service AG. Fuel properties and composition of GTL and
RME were analyzed by Sasol Limited. Further information
on the composition and properties of fuel and lubrication oil
used can be found in Tables S1-S6.

Sampling and analysis of PM

PM was sampled on quartz fiber filters (QFF) (Quartz-
Microfibre Discs, Ahlstrom-Munksjo, Finland) with a
deployable particulate sampler (DPS) (SKC Inc., USA) and
a cut-off of 2.5 pm. These PM, s samples were continuously
sampled for all three fuel types during TeC and HI mode at
a flow of 10 L min~! for 21 min in total. In a similar man-
ner, size-segregated PM was sampled with a Sioutas five-
stage cascade impactor (SKC Inc., USA) at a flow of 9 L
min~! for 21 min. The five size ranges include > 2.5, 2.5-1.0,
1.0-0.5. 0.5-0.25 and < 0.25 pm. Samples were collected on
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a 25-mm QFF on the different stages and on a 37-mm QFF
(Quartz-Microfibre Discs, Ahlstrom-Munksjo, Finland) on
an after-filter (< 0.25 pm). PM samples were taken at the
main sampling station solely (Fig. 1). Three experimental
replicates were taken for the size-segregated samples for
every fuel type (Fig. 1b). Filter samples were kept in the
corresponding samplers for transport until filter exchange
could be carried out under clean surrounding conditions at
the same day. Samples were stored at — 20 °C until analysis.

PM samples were prepared on the day of analysis. QFF
were cut by defined punches (d=2 mm) and placed into
glass inserts for the direct thermal desorption unit for analy-
sis. These glass inserts were deactivated with trimethylchlo-
rosilane (TMCS, Fisher Scientific, Germany) prior use. The
analyzed filter corresponded to 1.64 x 1072 m? for the stages,
7.47x107* m? for PM, ,5 and 8.10x 10~* m® for PM, 5 sam-
ples of collected aerosol. 1 pL of an internal standard (ISTD)
was applied to the QFFs by an autosampler (PAL 3 DHR,
CTC Dual Head) prior to analysis (see Table S7 for ISTD).

Determination of SVOC on PM was conducted on a direct
thermal desorption (DTD) comprehensive two-dimensional gas
chromatography (GCx GC) time-of-flight mass spectrometer
(ToF-MS, Pegasus BT 4D, LECO, USA). An OPTIC-4 inlet sys-
tem (GL Sciences, Netherlands) was used. The GC column setup
was as follows: A BPXS capillary column (60 m, 0.25 mm i.d.,
0.25 pm d;, SGE, Australia) was installed as the first dimension
and a BPX50 capillary column (1.4 m, 0.1 mm i.d., 0.1 pm d,,
SGE, Australia) was installed as the second dimension. A BPX5
capillary column (2 m, 0.25 mm i.d., 0.25 pm d;, SGE, Australia)
was additionally installed as a pre-column. A temperature gradient
of 2 °C min™"! in the temperature range of 40 to 330 °C was applied
for GC analysis. More detailed information on the applied method-
ology for thermal desorption and gas chromatographic separation
can be found in Tables S7-S9. The MS transfer line and ion source
temperature were set to 300 °C and 250 °C, respectively. The mass
acquisition was from 35 to 700 Da at an acquisition rate of 100
spectra/s. The electron energy applied was 70 eV.
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Data acquisition and processing were carried out using
the ChromaTOF software (Version 5.5, LECO, USA). Peak
finding was conducted for the complete run with a signal-to-
noise (S/N) set to 300. Total ion chromatogram (TIC) was
used as a quantitation signal. The spectral match required
for peak combination was 800. The spectral similarity was
compared with the National Institute of Standards and Tech-
nology (NIST) library (version 2.3, 2017). The mass range
compared for library search was 35 to 600 m/z. The relative
abundance threshold was set to 10. The minimum similar-
ity for matches was set to 700 before the hit was assigned.
For the classification of alkylated PAHs, distinct reten-
tion time regions were marked and spectral filters specific
to those PAHs were assigned. Unsubstituted PAHs were
targeted using their molecular mass ion and their elution
on the selected column with respect to their deuterated
standard. Internal standards were applied for quantification
(Table S10).

We applied ChromaToF Tile (version 0.27.2.0, Leco,
USA) to perform a comparative analysis of the SVOC pat-
tern of PM,),5 samples. Supervised principal component
analysis (ANOVA-PCA) was conducted. A p-value of 0.05
was used for data comparison. F-ratios were calculated for
the significant compounds. Only compounds with an average
F-ratio larger than 100 were included in the PCA analysis.
Additionally, we excluded the region (RT1: 8000-9000 s
and RT2: 1.40-1.87 s) resulting from the column bleed of
the instrument. More information on the comparison of the
PM,, ,5 by ChromaTOF Tile can be found in the supplemen-
tary material (Table S11).

EC and OC contents were determined from the QFFs
using a thermal-optical carbon analyzer (Desert Research
Institute Model 2001 A, Atmoslytic Inc., USA). The analysis
was conducted following the IMPROVE_A protocol (Chow
et al. 2007).

Elements were determined from the QFFs by inductively
coupled plasma atomic emission spectroscopy (ICP-AES;
Optima 7300 DV, Perkin Elmer, Germany). Samples were
transferred into closed quartz vessels and digested with
HNO; in a microwave system (Multiwave 300, Anton Paar,
Austria). Afterwards, the solution was diluted to 30 mL with
ultrapure H,0O. The following elements were determined
from the emission samples: Al, As, B, Ba, Be, Bi, Ca, Cd,
Co, Cr, Cu, Fe, Hg, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, S,
Sb, Se, Sn, Sr, Ti, V, W, and Zn. Samples were introduced to
the system with a peristaltic pump, connected to a micromist
nebulizer and a cyclone spray chamber. The power of the
radio frequency generator was set to 1400 W. Flow rate of
the argon plasma gas and the argon nebulizer gas was 15 L
min~! and 0.6 L min~!, respectively. Three blank measure-
ments and one control measurement of a certified standard
(CPI, USA) were performed for all elements mentioned
previously. Results were calculated with a computerized

lab-data management system using calibration curves, blank
determinations, and control standards.

Sampling and analysis of gas phase

The gas phase was sampled for all three fuel types. Samples
were taken at the tailpipe (main sampling station, Fig. 1)
and at the operator during the test cycle (TeC) and in the
idle mode of the heavy-duty vehicle. Samples were taken at
a flow of 0.5 L min™' for approximately 5 min each. Addi-
tionally, the gas phase was taken at the operator during the
test cycle as well as idle mode. Flow and sampling time
corresponded to the gas phase samples taken at the main
sampling station. Adsorber tubes were sampled with Gilian
GilAir Plus Personal Sampling Pumps (Gilian, USA). A fil-
ter holder assembly made of stainless steel and equipped
with a QFF was used for removing the particulate fraction
and for protecting the adsorbers. Adsorber tubes consisted
of three sublayers of graphitized carbon black (GCB) sor-
bents used to trap compounds of several volatility ranges
(Table S12). At least one adsorber tube was kept closed and
taken as field blank for every sampling day. Samples were
stored at — 20 °C until analysis.

The analysis of the adsorber tubes was done by thermal
desorption (TD) with a Shimadzu TD-20 thermal desorption
unit (Shimadzu, Japan), coupled to a GC-MS System (Shi-
madzu GCMS-QP2010 Ultra, Shimadzu, Japan). The analy-
sis was done according to Mason et al. (2020), but modified
to the applied GCB adsorbent material. An isotope-labelled
standard mixture was applied to the sample prior to analy-
sis (Table S13). The thermal desorption was performed at
345 °C and lasted 45 min. Extracted compounds were at
first concentrated on a Tenax TD trap, cooled at 5 °C, and
then redesorbed at 330 °C and transferred with a split ratio
of 10 to the gas chromatograph. Separation was done on a
30-m-long VF-xMS, high arylene-modified phase column
(0.25 mm ID X 0.25 pm d;, Agilent Varian, USA). Further
information on the temperature program of GC analysis and
mass spectral parameters can be found in Table S14.

Raw data files were imported to OpenChrom (Lablicate,
Edition 1.4.0.202110221400) as *cdf-files. Peak detection,
integration, and identification were applied (Table S15).
The 30 most abundant and reliable identified compounds
found in the gas phase of the different fuel combustion aero-
sols were compared. An S/N ratio of 50 was applied as the
threshold. Visual sample comparison as well as peak table
comparison have been applied. The comparison was based
on retention time and mass spectra. Identification was based
on mass spectral comparison with the NIST library (version
2.3,2017). Distinct aromatic compounds have been targeted
and semi-quantified by the equivalent isotope-labelled stand-
ard compound (Table S13).
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Results and discussion
Fuels

In this study, three different fuel types were investigated
namely BO, GTL, and RME. BO represented the petro-
leum-based reference fuel, that is usually used for the
heavy-duty machinery in this platinum mine. GC X GC
analysis of this reference fuel revealed dinaphthenes/ole-
fins (22.1%), naphthenes/olefins (21.8%), and iso-paraffins
(21.4%) as the most abundant compound classes found
in the BO, followed by n-paraffins (16.0%), alkylbenzenes
(7.8%), and naphthenobenzenes (6.1%, Table S10). These
compound classes make up over 95% of the fuel com-
position. The remaining 5% can be attributed to indenes
(1.6%), naphthalenes (1.6%), and several other aromatic
compounds (~ 1.7%, Table S1). GTL and RME were cho-
sen as alternative fuels. The production process for GTL
results in a paraffinic fuel mostly consisting of n-alkanes
(51.9%) and iso-alkanes (47.7%), making up over 99% of
the fuel composition. (The GTL used in this study was
produced from natural gas.) Relative amounts of com-
pound classes were determined by GC x GC (Table S1).
Only 0.2% of monocyclic as well as 0.2% of bi-and poly-
cyclic paraffins were measured in this fuel and no aromatic
compounds were detected. The composition of the RME
was determined by standardized analysis methods. Its ester
content was determined by EN 14103 and confirmed that
the RME used is composed of at least 96.5% of FAMEs
(Table S1). Moreover, the RME was defined by maximum
values for methanol and mono-, di- and triglyceride con-
tent (0.2%, 0.7%, 0.2%, 0.2%, respectively). The content
of alkaline metals (Na, K) as well as earth alkali met-
als (Ca, Mg) was required to be below 5.0 mg kg~! for
each of these groups (Table S2). For all three fuel types,
distinct properties were determined using standardized
analysis methods (ASTM, DIN, EN, ISO). These prop-
erties included among others the sulfur content, density,
viscosity at 40 °C, flash point, and cetane-number of the
respective fuel. The specific fuel properties measured can
be found in Tables S1-S4.

Additionally, the lubrication oil utilized in this study
was analyzed by GC x GC. We found alkanes (61.5%), fol-
lowed by dinaphthenes/olefins (20.0%) and naphthenes/
olefins (12.5%) add up to 94% of its composition. Fur-
thermore, 2.8% of polynaphthenes/olefins, 1.9% of 2,6-di-
tert-butylphenole, and 0.5% of benzenes were detected
(Table S5). The elemental composition was measured
by ICP-AES. We found that the main elements of the
lubrication oil were calcium (Ca, 1710 mg kg™, zinc
(Zn, 1300 mg kg~!), and phosphorus (P, 1230 mg kg™!,
Table S6). These are typical additives used in lubrication
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oil (Selby et al. 2005; Lin et al. 2015). Ca is commonly
used as a detergent additive, while Zn and P are used as
extreme pressure-additives as well as wear protection
additives (Selby et al. 2005; Lin et al. 2015). Other abun-
dant elements found in the lubrication oil were boron (B,
310 mg kg™!), followed by sodium (Na, 47.6 mg kg™!),
silver (Ag, 11.6 mg kg™!), magnesium (Mg, 8.9 mg kg™!),
potassium (K, 8.1 mg kg™!), copper (Cu, 6.8 mg kg™!),
and silicon (Si, 5.0 mg kg~!) (Table S15). Na can origi-
nate from the anti-corrosion agent NaNO,, Mg is a known
detergent additive and Cu is an additive used in high-tem-
perature lubricant (Lin et al. 2015).

Particulate matter

The particulate matter (PM) in the exposure profile derived
from the combustion aerosols of LHDs has been chemically
characterized. To enable a comprehensive comparison, dif-
ferent techniques to determine the EC/OC ratio, elemental
composition, and semi-volatile organic compounds have
been applied. Table S16 shows the differences in total, ele-
mental, and organic carbon (TC, EC, OC) content for the PM
of the combustion aerosols. PM, s and PM,, ,5 samples have
been analyzed. We found the EC/OC ratio of BO compared to
GTL was similar for PM, 5 (0.45 and 0.44, respectively) and
PM, ,5 (0.52 and 0.58, respectively). RME showed a four to
five times lower EC/OC ratio (0.11) for PM, 5 and PM,, ,5
compared to BO and GTL. Data recently published by Unos-
son et al. confirm lower EC/OC ratios for RME compared to
BO (Unosson et al. 2021). Although EC/OC is less for RME
PM compared to BO PM, we found similar TC values. This
can be explained by higher OC content for RME compared
to BO PM (Table S16, Fig. 2). These results are consistent
with other studies, where lower amounts of EC and higher
amounts of OC were found for biodiesel PM compared
to PM from fossil fuel combustion due to the higher oxy-
gen content in biodiesel (Lu et al. 2012). Lowest TC and
OC were measured for GTL (1.9 mg m™ and 1.2 mg m~,
respectively, Table S16, Fig. 2). This can also be explained
by the composition of the fuel as aromatic species and sulfur
content are substantially lower compared to BO fuel. These
differences in the carbon content of the PM can be derived
from the composition of the distinct fuel types. The different
fractions of OC and EC content for PM, 5 and PM,, ,5 for all
three fuels can be observed in Fig. 2.

The comparison of the distinct OC fractions indicated
that the first OC fraction (OC1) differs the most from one
fuel to another independent from the size fraction of the PM.
OCl1 reflects thermally desorbed carbon up to a temperature
of 140 °C, thus, mainly VOCs are desorbed in this organic
fraction (Chow et al. 2007). However, this fraction is also
particularly susceptible to incorrect storage and handling
of the sample material. The OC2 and OC3 fractions (up
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Fig.2 Determination of the EC/OC-content of the combustion aero-
sols of the three distinct fuel types (BO, GTL, RME) by a thermal-
optical carbon analyzer. OC and EC contents are divided in their dis-
tinct fractions. The numbers 1, 2, 3, and 4 represent the respective

to 280 °C and 480 °C, respectively) are characteristic of
the desorption of SVOCs (Chow et al. 2007). Additionally,
pyrolysis products from compounds with higher molecular
weight can be found in OC3 (Diab et al. 2015). Diab et al.
demonstrated that the OC2 fraction was mainly composed
of PAHs and alkylated PAHs (Diab et al. 2015). As PAHs
are intensively discussed in the literature to induce adverse
health effects, with some of them being known as poten-
tial carcinogens and mutagens and fossil fuel combustion is
known to emit high amounts of these hazardous compounds
(Bostrom et al. 2002; Kumar et al. 2014; Sun et al. 2014),
we further focused on the analysis of PAHs.

Up to now, the potential toxicity of a sample is mostly
conducted by the analysis of the 16 EPA PAHs. These EPA
PAHs were selected back in 1976 when knowledge on PAH
occurrence and the availability of standard material for iden-
tification and quantification purposes was limited (Anders-
son and Achten 2015). Nowadays, increasing research has
been directed to the analysis of different PAH species includ-
ing alkylated PAHs. Alkylated PAHs are highly abundant in
crude oil products and dominate petrogenic sources (Czech
et al. 2017). Although pyrogenic sources are dominated by
their unsubstituted analogues, the abundance of alkylated
PAHs due to unburned fuel as well as combustion processes
cannot be neglected. Nevertheless, research on their poten-
tial toxicity in comparison to their unsubstituted analogues
is still limited. Lam et al. focused on the comparison of the
potency and aryl hydrogen receptor (AhR) activation of
methylated PAHs compared to their unsubstituted analogues
(Lam et al. 2018). They found that the relative potency fac-
tors (REPs) of monomethylated PAHs decreased faster
than the ones of their parent compounds or other deriva-
tives with increasing exposure time (Lam et al. 2018). This
is in agreement with the study of Kang et al. showing a
higher solubility of methylated PAHs and thus a higher bio-
transformation of the incorporated compounds (Kang et al.

b PMo.25
i B = H -
oc EC oc EC oc EC
BO GTL RME
m1 @2 83 @4

OC and EC fractions. Data was normalized by m>. a EC/OC content
of PM, 5 samples is displayed. b EC/OC content of PM),5 samples is
displayed

2016). This can lead to higher excretion and detoxification
of those compounds. Nevertheless, when comparing REPs
of chrysene, benz(a)anthracene, and benzo(a)pyrene with
their methylated analogues, significantly higher potencies
were determined for their methylated analogues. Moreover,
they presented higher potencies for PAHs with a methyl
group attached to the core compared to ethyl, hydroxyl, and
methoxy groups after 24-h exposure duration (Lam et al.
2018). The relative potency determined by the H4IIE-luc
assay was, independent of the position of the methyl group
attached to the PAH, higher compared to the unsubstituted
PAHSs (Lam et al. 2018). These studies emphasize the impor-
tance of monitoring methylated PAHs in a similar manner as
unsubstituted PAHs. We, thus, focused on the classification
of methylated three- and four-ring aromatics in the combus-
tion aerosols by comprehensive GC X GC-ToFMS analysis
in addition to the unsubstituted PAHs.

For BO, the overall PAH distribution in the samples was
similar independent of the particle size (Figs. S1, 3). Most
PAHs identified were three- and four-ring aromatics with dif-
ferent methylation patterns (Figs. S1, 3). Three-ring aromat-
ics were found with up to four methyl groups and multiple
alkyl groups attached to the ring structure. The abundance of
the three-ring aromatics increased with increasing methyla-
tion having a maximum at the group of three times methyl-
ated (C,) three-ring aromatics. For three-ring aromatics with
higher methylation patterns, the abundance decreased again
(Figs. S1, 3). The four-ring aromatics show a decrease in the
abundance with an increase of methylation. A maximum of
three times methylated four ring aromatics was identified.
The abundance of two to four-times methylated three-ring
aromatics is higher than the one found for the methylated
four-ring aromatics. When comparing these PAH patterns
to the literature, we found the distribution of methylated
three-ring aromatics (bell-shape) is typical for PAHs origi-
nating from unburned fuel (Andersson and Achten 2015). In
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Fig. 3 PAH distribution of BO 100
for the following particle sizes:
A (>2.5 um), B (2.5-1.0 pm),
C (1.0-0.5 pm), D (0.5-

0.25 pm), and after-filter E
(<0.25 pm). Phenanthrene and
chrysene are exemplary shown
as reference compounds for the
three- and four-ring aromatics,
respectively. Degree of methyla-
tion is shown as the amount of
—CHj; groups substituted to the
core. The highest abundance

of PAHs can be found on the
quasi-ultrafine particle after-
filter E. Stages and after-filter 25
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contrast, the distribution found for the four-ring aromatics
and a lower abundance with an increasing amount of meth-
ylation (C,>C, >C,>C;>C,) is typical for PAHs arising
from the combustion process (Andersson and Achten 2015).
In this context, it is important to mention that PAHs can gen-
erally originate from three different sources. First, they can
originate from unburned fuel or the lubrication oil (Klee-
man et al. 2008; Czech et al. 2017). Second, they can be
formed by the hydrogen abstraction-C,H, addition (HACA)
mechanism (Kislov et al. 2013; Czech et al. 2017). Third,
they can be broken down to smaller PAHs by pyrolysis (Diab
et al. 2015; Abdel-Shafy and Mansour 2016). In combus-
tion engines, unsubstituted PAHs are noticeably formed
by the HACA mechanism. The number of rings formed in
this process depends on the combustion temperature. Czech
et al. stated that in a homologue series of PAHs, usually the
unsubstituted or (mono-) methylated PAH shows the high-
est abundance, but also higher alkylation degrees are visible
especially for larger diesel engines due to a higher release of
unburned fuel (Czech et al. 2017).

For the size-segregated PM, we used the Sioutas impac-
tors, which enabled sampling of PM in the following size
range: A (>2.5 pm), B (2.5-1.0 pm), C (1.0-0.5 pm), D
(0.5-0.25 pm), and after-filter E (<0.25 pm). Ultrafine par-
ticles are defined as particles with an aerodynamic diam-
eter equal or smaller than 100 nm. Due to the cut-off point
of the Sioutas impactors, we could only sample particles
with a diameter equal or smaller than 250 nm. Neverthe-
less, we assume that the collected combustion particles
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will still mainly be ultrafine particles at this cut-off and,
thus, this fraction will be referred to as “quasi”-ultrafine
particles (QUFP) throughout the manuscript. We found that
the “quasi”-ultrafine particles (QUFP, PM,, ,s, after-filter E)
show the highest abundance of PAH compared to all other
size ranges (Fig. 3). The PAHs classified on these qUFP
represent at least 80% of the PAHs classified on the total PM
(Stage A-E). As the majority of PM released from diesel
engine combustion is accounted to the ultrafine fraction (in
terms of particle number) (Salo et al. 2021), the identifica-
tion of more than 80% of the classified PAHs on the qUFP
is plausible. The analysis of the several size ranges showed
higher variances for samples from stages A to D compared
to the after-filter (E). Although less pronounced as for the
qUFP, we can still observe the typical PAH distribution
described previously (Fig. 3 insert).

As the classified PAHs are certainly most abundant on
the qUFP and UFP are of specific health concern, we fur-
ther focused on the composition of the PM) ,5 samples when
comparing the combustion aerosol of B0 to the combustion
aerosols of the alternative fuels GTL and RME.

The PAHs classified are noticeably most abundant in the
BO combustion aerosol, followed by GTL and RME (Fig. 4).
For most of the PAHs determined, we found that the abun-
dance is at least twice as high in BO compared to GTL. Mul-
tiply alkylated three-ring aromatics and three times methyl-
ated four-ring aromatics cannot be identified in GTL. The
PAH distribution found for BO can be confirmed for GTL.
We found an increase of PAH abundance up to C;-PAH for
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Fig.4 PAH distribution ana-
lyzed from the “quasi’-ultrafine
particles (PM,),5) for BO, GTL,
and RME. Phenanthrene and
chrysene are exemplary shown
as reference compounds for the
three- and four-ring aromatics,
respectively. Degree of methyla-
tion is shown as the amount of
—CHj; groups substituted to the 75
core. BO was simultaneously
sampled in triplicates, whereas
GTL and RME can only be
shown as two experimental
replicates. Sample abundance
is shown as the area normal-
ized by m? sampled. Standard
deviation is depicted as error
bars for samples measured in
triplicates. Insert: Detailed view 25
of PAH distribution of GTL and

RME solely
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the three-ring aromatics and a decline of abundance with
increasing methylation for the four-ring aromatics.

The amount of PAHs classified in the combustion aerosol
of RME is distinctly less compared to BO and GTL (Fig. 4).
The distribution of the PAHs, though, equals the distribution
found for GTL and BO combustion aerosol. The abundance
of the PAHs on the RME PM, ,5 is at least twofold less com-
pared to GTL. We determined an abundance four times lower
for the C;-PAHs group in RME compared to GTL and twelve
times lower compared to the BO PM,, ,5 samples. For the
four-ring aromatics, we confirm the decrease of abundance
with increasing methylation, which was already observed
for BO and GTL. The groups of multiply alkylated three-ring
aromatics and three times methylated four-ring aromatics
cannot be identified in the PM,, ,5 samples of RME.

This aspect is important when discussing health aspects
of distinct combustion aerosols. The exposure to (alkylated)
PAHs is known to have adverse effects on human health. A
change in fuel type could, thus, greatly decrease the amount
of alkylated PAHs released. Moreover, the confirmation
of PAHs mainly found on the qUFP is of great concern as
these particles can deeply penetrate into the lung, enter the
alveolar region, and can even be translocated to other organs
(Hussain et al. 2011). Although they have a low particle
mass, UFP have a very high particle number and, thus, a
high surface area on which different chemical components

can be absorbed or adsorbed onto (Kwon et al. 2020). This
is also explaining the high amount of alkylated PAHs (over
80% of total alkylated PAHs classified) found on the PM, ,5
fraction.

To enable a comparison to previous research results
and to give a more comprehensive picture of the chemical
profile of the PM from these distinct fuel types, we addi-
tionally targeted seven unsubstituted PAHs in the PM, ,5
of BO, GTL, and RME. We found that, independent of the
targeted PAH, the combustion of B0 released highest PAH
concentrations compared to GTL and RME. The compari-
son of GTL and RME combustion aerosol showed higher
concentrations of smaller PAHs (phenanthrene, anthracene,
fluoranthene, pyrene) for GTL. In contrast, higher molecu-
lar weight PAHs (benz(a)anthracene, benz(e)pyrene, benz(a)
pyrene) were more prominent in the RME combustion aero-
sol compared to GTL. The prevalence in the formation of
specific PAHs can be explained by the composition of the
fuels and the resulting differences in the combustion process.
While the paraffinic GTL is mainly consisting of smaller
alkane and alkene compounds, which mostly leads to the
formation of smaller PAHs by butadiene addition reactions
(Kislov et al. 2013), RME mainly consists of FAMEs of
different lengths of alkyl chains. As stated by Llamas et al.,
FAME:s are primarily consumed by the abstraction of the
H atoms by OHeand H radicals (Llamas et al. 2017). The
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a-hydrogen atom in regard to the ester group is the most
labile H atom due to resonance stabilization of the result-
ing radical. The more stable radical will decompose later
to a stable acrylic ester molecule and a (R-CH,e) radical
which can induce a chain reaction by f-elimination. This
radical can form several PAH and soot precursor in the flame
such as acetylene, ethylene and 1,3-butadiene. Ethylene and
1,3-butadiene could then form benzene, naphthalene, anthra-
cene, and phenanthrene by Diels—Alder reaction followed by
aromatization (Llamas et al. 2017). This would explain the
detection of smaller PAHs in the RME combustion aerosol.
The formation of larger PAHs could be explained by the
Diels—Alder reaction of those lighter PAHs and ethylene fol-
lowed by aromatization of the naphthenic-aromatic hydro-
carbon formed. Herein, oxygen would serve as a hydrogen
acceptor to produce water in the combustion process (Lla-
mas et al. 2017).

Nisbet and Lagoy proposed toxicity equivalent factors
(TEFs) for 16 individual PAHs (Nisbet and Lagoy 1992).
These TEFs were based on previously conducted experi-
ments on the toxicity and carcinogenic potential of distinct
PAHs compared to the toxic effect of benz(a)pyrene (BaP)
and are the basis for the calculation of toxic equivalents
(TEQs) for different PM samples. The comparison of the
resulting TEQ values shows that the sum of BaPy, for the
analyzed PAHs is the highest for B0, followed by RME and
GTL. The overall higher concentrations of the targeted PAHs
in BO, thus, also result in a higher sum of calculated TEQs.
Intriguingly, while the concentration of the targeted PAHs is
higher in the GTL PM,, ,5, the overall BaPrg, value is lower
compared to RME PM,, ,5 (Table 3). This can be explained
by the different TEFs taken into account for the TEQ calcu-
lations. Smaller molecular PAHs are known to show lower
toxic effects and have, therefore, lower TEFs. This empha-
sizes the importance of monitoring different PAHs. Espe-
cially, higher molecular PAHs such as dibenzo(a,h)anthra-
cene and indeno(123-c,d)pyrene (which were below the limit
of quantification in our study) with TEF of 5 and 0.1, respec-
tively (Nisbet and Lagoy 1992), can significantly contribute

to the total toxicity induced by PAHs. Moreover, the toxicity
of alkylated PAHs should be further investigated to enable
an assessment of their potential TEQ values. Recently, Rich-
ter-Brockmann and Achten highlighted the importance of
alkylated PAHs, in particular 1-methylpyrene and 5-meth-
ylchrysene, on the overall toxicity of environmental samples
and proposed their consideration in future risk assessments
(Richter-Brockmann and Achten 2018). In summary, valu-
able TEF values for PAH derivatives are needed to achieve a
more realistic estimation on the toxicity of complex aerosol
samples. Nevertheless, we found higher abundances in the
alkylated PAHs as well as higher concentrations of all tar-
geted unsubstituted PAHs in the BO in comparison to GTL
and RME PM, ,5. Based on this data, the change in fuel type
would not only lead to the use of more sustainable energy
sources as well as to an independence of fossil fuel supply,
but might additionally improve the exposure situation.

As alkylated PAHs showed the lowest abundance in the
PM,) ,5 of RME and also targeted PAHs showed lower con-
centrations compared to BO PM,) ,5, the higher OC meas-
ured for RME must derive from another source. We noted
previously that RME consists of high amounts of FAMEs
in the fuel (Table S2). To evaluate whether FAMESs contrib-
ute to the most distinct differences of PM between RME,
GTL, and B0, we performed a supervised analysis of vari-
ances-principal component analysis (ANOVA-PCA) of the
PM,) ,5 of these three fuels (Fig. S2). A detailed look at the
components with the greatest loadings towards the RME
samples included FAME:s of various lengths of alkane side
chains as being the most significant components (Fig. S3,
Table 4). Although this type of statistical analysis cannot
state quantitative differences between the samples, Table 4
shows highest areas are clearly measured for the distinct
FAMEEs, e.g., docosanoic acid methyl ester and tetracosanoic
acid methyl ester, in comparison to the other significantly
different compounds from RME to GTL and BO PM, ,5
samples. This might be an explanation for the higher OC
content of RME combustion aerosol compared to GTL and
BO0. Besides two unknown compounds, we found two cyclic

Table 3 Targeted PAHs in the

BO GTL RME
PM,, ,5 samples of BO, GTL, and
RME. TEF values are based on BO GTL RME TEF BaPrgq BaPrgq BaPrgq
the proposed TEF by Nisbet and iy rene 76.1 482 266 0001 0.1 <0.1 <0.1
Lagoy (Nisbet and Lagoy 1992).
TEQ values were calculated by Anthracene 23.1 11.3 n.d 0.01 0.2 0.1 n.d
multiplying the concentration Fluoranthene 62.9 48.3 33.5 0.001 0.1 <0.1 <0.1
of a PAH by its proposed TEF. Pyrene 237 177.1 118.2 0.001 0.2 0.2 0.1
Sfl?cem“tlom aegNeninng  pens(ajanthracene 215 17 132 0.1 22 02 13
Benz(e)pyrene 12.1 24 7.9 0 0 0 0
Benz(a)pyrene 15.7 0.2 11.6 1 15.7 0.2 11.6
> 449 289 211 19 0.8 13

n.d. not detected
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Table 4 Table content derived
from supervised ANOVA-PCA
(Figs. S2, S3). Components

with highest loadings towards
RME from the PM) ,5-bound
combustion aerosol are listed
and sorted from highest to
lowest abundance. Identification
and similarity calculations are
based on NIST library hits

Name Compound class F-ratio Abundance  Similarity
rel. (%)

Docosanoic acid, methyl ester FAME 542 100.00 883
Tetracosanoic acid, methyl ester FAME 354 55.03 908
Methyl 8-(2-furyl)octanoate Ester 415 12.15 966
15-Tetracosenoic acid, methyl ester FAME 124 10.16 898
Cyclopentene, 1-butyl- Naphthene 1904 9.84 957
13-Docosenoic acid, methyl ester, (Z)- FAME 181 9.32 889
Methyl 10-oxohexadecanoate Ester 695 6.48 798
cis-Methyl 11-eicosenoate Ester 969 3.66 874
10-Oxodecanoic acid, methyl ester FAME 275 243 854
Neophytadiene Diterpene 379 1.94 916
7-Nonynoic acid, methyl ester FAME 174 1.21 762
11,13-Eicosadienoic acid, methyl ester FAME 283 0.95 915
Methyl 18-methylnonadecanoate Ester 1920 0.75 872
Unknown (not identified) - 630 0.61 -
Methyl 8-(5-hexyl-2-furyl)-octanoate Ester 172 0.56 855
2-n-Octylfuran Furan 3717 0.40 965
Nonadecanoic acid, methyl ester FAME 687 0.27 810
Butylated Hydroxytoluene Phenol derivative 460 0.19 902
Unknown (not identified) - 164 0.06 -
3-Methylene-7,11-dimethyl-1-dodecene Alkene 275 0.05 830

compounds (1-butyl-cyclopentene and 2-n-octylfuran), an
alkene (3-methylene-7,11-dimethyl-1-dodecene), which is
expected to have no influence on the toxicity of the aerosol, a
diterpene (neophytadiene) and an aromatic compound (But-
ylated Hydroxytoluene, BHT). BHT is a known antioxidant
and commonly used as an oxidation stabilizer in petroleum
products (Ryu 2010). As RME is a biodiesel composed of
many polar substances, it is important to ensure the stability
of this fuel during use and storage. We, thus, propose that
BHT was used as the oxidation stabilizer in this biofuel.
Besides, organic compounds also various metals are
considered to have adverse health effects. Therefore, we
compared the elemental composition of the ultrafine PM, 5
samples from B0, GTL, and RME by ICP-AES. We ana-
lyzed a wide range of elements, whereas the most hazard-
ous group of elements measured were the transition metals
(Table S17). Cu, Fe, Ni, Ti, and Zn were found in at least one
of the combustion aerosols from the distinct fuels. Cu was
only detectable in BO (592 ng m_3), while it was below the
limit of quantification (LOQ) for GTL and RME combus-
tion samples. Cu is usually released by wear abrasion. As
our sampling approach was conducted without moving of
the vehicle, we did not expect significant amounts of cop-
per being present in our samples. As Cu is also used as an
additive in high-temperature lubricants and we confirmed Cu
in the lubrication oil measured, we expect the Cu found in
the BO combustion aerosol derived from the lubrication oil.
Although the lubrication oil was the same for all tested fuel

types, the fuel and the resulting combustion temperature can
influence the release of unburned lubrication oil. Fe showed
the highest concentration in the PM of BO (7146 ng m™>)
compared to GTL and RME (6963 ng m~ and 5918 ng m~,
respectively).

The highest concentration of Ni was determined in the
GTL samples (1047 ng m~>) compared to BO (881 ng m™)
and RME (666 ng m™). Al showed highest concentrations
for GTL (9570 ng m~>) in comparison to BO and RME
(8585 ng m~> and 4413 ng m~>, respectively). The higher
concentrations of Ni and Al in the PM of GTL could be
explained by the production process of the fuel. Nickel is a
commonly used catalyst in the Fischer—Tropsch process and
Al,O5 is a known support material used, i.e., to enhance the
mechanical stability of the catalyst (van Steen et al. 2008).
Zn concentration was highest for RME combustion aerosol
(5631 ng m™3) compared to BO (4375 ng m~>) and GTL
(1588 ng m™>). Alkali (K, Na) and alkaline earth metals (Ba,
Ca, Mg) showed highest concentrations for RME combus-
tion aerosol compared to BO and GTL (Table S18). The fol-
lowing concentrations were determined for the RME PM,; ,5
samples: K (88 pg m~), Na (14 pg m~>), Ba (914 ng m ™),
Ca (18 pg m~3), and Mg (2206 ng m~>). Mg concentrations
were below the LOQ for BO and GTL. For RME, we found
mainly alkali and alkaline earth metals showing the highest
abundance compared to the elemental composition of PM) »5
of BO and GTL. The higher concentrations of alkali and
alkaline earth metals in the PM of RME could be explained
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by their expected occurrence in natural sources such as rape-
seed oil and by their common use as catalysts in the trans-
esterification process of biofuels (Arzamendi et al. 2008;
Mohadesi et al. 2014; Tavizén-Pozos et al. 2021). Mohadesi
et al. studied the catalytic reactivity of alkaline earth metal
oxides including CaO/SiO,, BaO/SiO,, and MgO/SiO,
(Mohadesi et al. 2014). Arzamendi et al. studied the catalytic
reactivity and selectivity of several alkali and alkaline earth
metals in the transesterification process, including among
others Na, K, Ca, and Mg carbonites, Na and K bicarbonates,
and Ca and Mg oxides (Arzamendi et al. 2008). Recently,
Tavizén-Pozos et al. concluded that the combined use of
alkaline earth oxides with alkaline metals might enhance
their basicity so that more active sites would be available
and a higher resistance to environmental factors could be
achieved (Tavizon-Pozos et al. 2021). Ti concentrations
were comparable between RME and BO (287 ng m~ and
253 ng m~>, respectively), while it was below the LOQ for
GTL PM,),5. Sn concentrations were comparable for BO
(221 ng m~3), GTL (208 ng m~>), and RME (215 ng m™).
Non-metals (B, P, S, Se) analyzed were found to be most
abundant in BO combustion aerosol (B, Se) or comparable
to RME (P, S) while lowest for GTL (Table S18). Sulfur
concentration was measured to be lowest for GTL combus-
tion aerosol (9 pg m~>) which was expected as the fuel is
characterized by a low sulfur content (Table S4).

Gas phase

To enable a comprehensive comparison of the complete
combustion aerosol produced by the different fuels, the gas
phase needs to be considered. As previously mentioned,
VOCs and SVOCs are present in an equilibrium between
the gas and particulate phase. Their gas-to-particle partition-
ing is depending on the exhaust temperature as well as the
complete organic aerosol concentration (C,). The identifi-
cation of VOCs and SVOC:s in the gas phase was achieved
using TD-GC-MS.

For the comparison of the gas phase from the distinct
fuel types, we focused on the samples taken at the tailpipe
during the test cycle. Differences in the SVOC and VOC
composition of the gas phase between B0, GTL, and RME
were assessed. We identified 164 different volatiles in BO
and in GTL and 100 volatiles in the RME gas phase with
similar pre-processing conditions. We found that of the 30
most abundant compounds identified in the BO gas phase,
25 can also be found in the GTL and 26 in the RME gas
phase (Table 5). Aromatic compounds like xylene and other
methylated benzene isomers are more abundant in the BO gas
phase, while alkanes can be found several orders of mag-
nitude higher in GTL compared to BO and RME gas phase
(Table 5, Fig. S4). This resembles the results already gained
by the chemical analysis of the PM samples. The higher
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abundance of the aromatic species in the BO gas phase com-
pared to GTL and RME can again be explained by the differ-
ences in their fuel composition. The higher amount of aro-
matic hydrocarbons in the BO fuel, leads to higher amounts
of smaller aromatic compounds by pyrolysis of larger PAHs
during the combustion process. The increased amount of
alkanes in the GTL gas phase reflects the high abundance
of n- and iso-paraffins in this fuel.

To consider whether other chemical compounds were
highly abundant in GTL and RME but not found in the BO,
we additionally summarized the 30 most abundant com-
pounds found in GTL and RME gas phase (Table S18). The
analysis confirmed that the GTL gas phase mainly consists
of highly abundant alkane peaks. Most of the components
found in the RME gas phase showed smaller abundances
compared to GTL and BO, as can already be observed in
Table 5. Besides alkanes and aromatic compounds, the pres-
ence of FAME:s in the RME gas phase could be confirmed
(Table S18).

The gas phase samples evaluated in the previous chapter
considered only the sampling of volatiles at TP during TeC.
To study in which extent the LHD operator is exposed to
volatiles, known to have adverse health effects, we targeted
distinct aromatic compounds and included different exposure
scenarios which were addressed by our experimental design.
Absolute concentrations were determined by equivalent iso-
tope-labeled ISTDs.

The three main parameters for the exposure were as fol-
lows: (1) use of different fuels, (2) engine conditions, and (3)
sampling position. First, we found that the concentration of
the targeted mono- and diaromatic hydrocarbons in the gas
phase of the three fuels was observed to be highest for BO
(Table 6). Second, the concentrations calculated during TeC
and HI were higher during TeC for most of the compounds
independent of fuel type and sampling position. Third, the
concentrations measured at the main sampling position (TP)
were found to be several times higher for most of the tar-
geted compounds (except for toluene) in comparison to the
OP sampling position.

The influence of the different fuel types will exemplarily
be discussed for the TeC conditions at the tailpipe (TP). For
benzene, we determined a concentration of 311 pg m™ for
BO in comparison to 286 pg m~> for GTL and 210 pg m™>
for RME in the gas phase. Toluene concentrations could only
be determined for BO (103 ug m~>) and RME (87.8 pg m™),
as the isotope-labelled standard (toluene-d8) and, thus, the
native toluene peak are co-eluting with a highly abundant
alkane peak in the GTL samples. O-xylene could only be
determined in the BO gas phase with a concentration of
153 pg m~>. Naphthalene concentrations were similar for
B0 (19.5 pg m™) and GTL (22.7 pg m~>) but four times less
in RME (3.78 ug m™). Biphenyl showed the lowest amount
calculated for the targeted gas phase compounds for all fuel



Air Quality, Atmosphere & Health

Table 5 Table based on the Compound Peak no.' Class Rel. Abundance? (%)

30 most abundant peaks found

in the gas phase of the BO BO GTL RME

during test cycle at the tailpipe.

Retention time (RT) and mass Benzene 1 Aromatic 48.05 4.92 100.00

spectra similarity was used for Undecane 20 Alkane 100.00  82.10 26.90

component identification Decane 12 Alkane 100.00  100.00 31.94
Dodecane 26 Alkane 73.00 33.11 15.32
Nonane 5 Alkane 43.02 85.23 24.31
Toluene 2 Aromatic 37.99 3 76.21
Tridecane 29 Alkane 37.99 21.10 4.80
Mesitylene 13 Aromatic 35.70 2.17 333
p-Xylene 4 Aromatic 25.40 0.83 9.96
Decane, 4-methyl- 14 Alkane 24.49 2.53 3.39
Tetradecane 30 Alkane 23.11 6.13 23.23
Benzene, 1,2,3-trimethyl- 15 Aromatic 20.98 - 1.08
Undecane, 3-methyl- 25 Alkane 20.09 9.13 2.09
Undecane, 2-methyl- 24 Alkane 19.77 10.20 3.36
Nonane, 3-methyl- 9 Alkane 19.08 9.44 1.56
Decane, 5-methyl- 17 Alkane 17.73 8.61 3.86
Undecane, 2,6-dimethyl- 27 Alkane 16.32 1.98 0.62
9-Octadecen-1-ol, (Z)- 19 Alcohol 16.18 - 1.44
Nonane, 2-methyl- 8 Alkane 15.56 8.37 1.93
Decane, 4-methyl- 18 Alkane 14.74 9.04 2.15
Tetradecane, 2,6,10-trimethyl- 28 Alkane 14.28 1.15 4.23
Benzene, 1-ethyl-3-methyl- 10 Aromatic 13.50 0.18 0.92
Cyclohexane, butyl- 16 Naphthene 12.65 0.55 -
trans-Decalin, 2-methyl- 22 Naphthene 12.59 0.25 -
Octane, 4-methyl- 3 Alkane 12.56 9.44 7.18
o-Xylene 6 Aromatic 12.27 - -
Octane, 2,6-dimethyl- 7 Alkane 12.01 1.58 -
trans-Decalin, 2-methyl- 21 Naphthene 11.95 0.47 1.36
Undecane, 5-methyl- 23 Alkane 11.74 8.37 1.33
Benzene, 1-ethyl-3-methyl- 11 Aromatic 11.53 - 1.63

Peak no.: the numbering of the peaks refers to the statistical analysis (Fig. S4)

ZRelative abundance was calculated based on the area using TIC

3Toluene-d8 is coeluting with a highly abundant alkane peak and, thus, native toluene might not be detect-

able

types. As biphenyl could not be determined for the TP-TeC
condition for GTL, we compared the TP-HI concentrations
for BO, GTL, and RME. The concentration of biphenyl found
in BO gas phase (1.08 pg m~>) was twice as high compared
to GTL (0.432 pg m~>) and RME (0.558 pg m™>).

The comparison of the different engine conditions (TeC,
HI) showed higher compound concentrations during TeC
for benzene, o-xylene, and naphthalene for GTL and RME
(Table 6). The concentrations for toluene and naphthalene
were comparable between TeC and HI in the BO gas phase
at the TP position. The concentration of biphenyl was higher
during HI than during TeC at the TP but not at the OP posi-
tion. As concentrations of the targeted compounds were up

to 23 times lower for the OP compared to the TP sampling
site (e.g. O-xylene in BO samples), we expect mainly dilu-
tion factors being responsible for this decrease. Although,
we were able to confirm dilution effects due to the distance
of the OP compared to the TP for the targeted compounds
(except for toluene), we were still able to measure concentra-
tions as high as 55.7 pg m~> for benzene and 13.7 pg m™>
for o-xylene in the BO gas phase. Concentrations of naph-
thalene and biphenyl were 0.535 pg m~ and 0.245 pg m™>
at maximum at the OP.

As VOCs have a relatively high vapour pressure, their
main exposure pathway is through inhalation. Benzene, tolu-
ene, and xylene (BTX) compounds have high potential for
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Table 6 Targeted aromatic hydrocarbons in the gas phase samples of
B0, GTL, and RME are summarized. Samples were taken at the tail-
pipe and at the operator level during test cycle and at high idling con-
ditions. Concentrations were normalized to sampling volume in m?.
Single measurements are listed if not stated differently

Benzene Toluene o-Xylene Naphtha-  Biphenyl
(ugm™) (pgm™) (ugm™) lene(pg  (ugm™)
m’3)
BO
TP-TeC' 311 103 153 19.5 0.648
TP-HI' 226 108 115 21.2 1.08
OP-TeC 55.7 - 6.61 0.535 0.245
OP-HI  56.8 95.5 13.7 0.314 0.168
GTL
TP-TeC 286 2 - 22.7 -
TP-HI 138 2 - 11.9 0.432
OP-TeC - 2 - 0.465 0.121
OP-HI  40.6 2 - 0.395 0.079
RME
TP-TeC 210 87.8 - 3.78 0.197
TP-HI 118 84.2 - 1.19 0.558
OP-TeC 17.10 15.8 - 0.294 -
OP-HI - - - 0.185 0.128

"Mean values (n=2) are depicted

2Toluene-d8 is coeluting with a highly abundant alkane peak and,
thus, native toluene might not be detectable

TP tailpipe, OP operator, TeC test cycle, HI high idling

bioaccumulation and are implicated in cancer and tumour
cases in humans (Kuranchie et al. 2019). Acute effects of BTX
exposure could include eye, nose, and skin irritation as well as
headaches, tiredness, and dizziness. A chronic exposure to these
VOC:s could consequently pose a risk for cancer as well as it
could damage liver, kidneys, heart, lungs, and other organs (Kur-
anchie et al. 2019). Benzene is the most toxic component and has
been confirmed to be carcinogenic to humans (group 1) by the
US EPA (Kuranchie et al. 2019; Mihajlovi¢ et al. 2021). After
inhalation, benzene is converted to toxic metabolites and can
produces mutagenic properties (Kuranchie et al. 2019).Toluene
is known to induce skin and eye irritations and operates depres-
sant on the central nervous system (CNS). Xylenes are irritants
for the eye, skin, and mucous membrane and can cause among
others respiratory and gastrointestinal damage (Kuranchie et al.
2019). Naphthalene has been categorized as possibly carcino-
genic to humans (group 2B) by the International Agency for
Research on Cancer (IARC) (Yost et al. 2021). While epidemio-
logical studies are limited to two occupational exposure studies
which demonstrated limited evidence for effects on the nerv-
ous system of the workers by exposure to biphenyl above the
occupational threshold limit value (1.3 mg m™), experimental
animal studies of ingested biphenyl provided consistent evidence
for renal and some evidence for liver toxicity (Li et al. 2016).

@ Springer

Moreover, carcinogenicity of biphenyl is summarized by the US
EPA (2005a) as “suggestive evidence of carcinogenic poten-
tial” based on increased incidence of urinary bladder tumours
in rats and liver tumours in mice after biphenyl exposure (Li
et al. 2016).

In summary, we demonstrated that the concentrations cal-
culated for these targeted aromatic compounds were higher
in the B0 gas phase compared to GTL and RME gas phase.
Thus, potentially hazardous air pollutants, in particular aro-
matic compounds, were determined with the highest concen-
trations in the gas phase and on the PM of BO combustion
aerosol. This implies the potential benefits of a change in
fuel type from a health perspective.

Strengths and limitations

This study was carried out under realistic exposure conditions
to gain important information on the exposure situation of the
mine workers. The choice of this sampling place and the sam-
pling itself has some limitations. The LHD vehicles used are
optimized for the use of BO fuel and, thus, exposure profiles
of GTL and RME could be influenced by non-optimal engine
settings. As the sampling was conducted without movement of
the LHD vehicle the influence of abrasion of break and tire wear
cannot be included in this study. An advantage of this setup is
that the analysis of elemental composition of the combustion
particles is not influenced by elements resulting from abrasion.
Moreover, the sampling of PM, 5, PM,, 5, and gas phase enabled
a comprehensive characterization of the combustion aerosol of
these fuels. The advanced data analysis and evaluation using
GCx GC-ToFMS enabled a group-type comparison of methyl-
ated PAHs as well as a semi-quantification of targeted unsub-
stituted PAHs and, thus, the determination of BaPrg, values.
Furthermore, gas phase was sampled at two sampling positions,
including the position of the LHD operator, which enabled the
assessment of a realistic exposure profile of VOCs for those
operators. Based on the chemical characteristics, including the
amount of metals and aromatic species released by the com-
bustion of the different fuel types, which reflect compounds of
potential health concern, we were able to identify BO as fuel that
released the highest amount of compounds of potential health
concern in comparison to GTL and RME.

Conclusion

A decreased release of greenhouse gases, less environmental
impact, and a reduced dependency of developing countries
on fossil fuels are key factors of sustainable development.
In this study, we wanted to evaluate a possible improve-
ment of the exposure situation when exchanging fossil fuel
with alternative fuels (GTL, RME). We demonstrated that
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chemical compounds such as (methylated) PAHs, metal ele-
ments (Cu, Fe), and other aromatic species are released from
heavy-duty machinery to a greater extent when fueled with
BO compared to GTL and RME. Moreover, the calculated
BaPrgq value was highest for B0, followed by RME and
GTL. Gas phase analysis of the different fuels showed high-
est concentrations for the targeted aromatic species (BTX,
naphthalene, biphenyl) released from BO followed by GTL
and RME. The concentration of these compounds was still
elevated at the position of the LHD operator. This implies
potential adverse health effects for workers operating this
heavy-duty machinery. The use of GTL and RME would
release less (methylated) PAHs, metals, and other aromatic
species compared to BO, which could consequently lead to
a lower toxicological potential of the combustion aerosol.
Nevertheless, the use of GTL and RME would still lead to
substantial amounts of (methylated) PAHs and VOCs such
as benzene and toluene, which should not be neglected.

Future studies should focus on the biological evaluation
of these aerosols and their potential toxicological response,
as research on the toxicological potential of distinct aerosol
components such as methylated PAHs is still limited. Fur-
thermore, we suggest the implementation of TEF values for
methylated PAHs to ensure a more comprehensive toxico-
logical evaluation of complex aerosol samples.
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