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Application of a FIGAERO ToF CIMS for on-line characterization of real-world
fresh and aged particle emissions from buses

M. Le Bretona, M. Psichoudakia, M. Hallquista, Å. K. Watnea, A. Lutza, and Å. M. Hallquistb

aDepartment of Chemistry and Molecular Biology, Atmospheric Science, University of Gothenburg, Gothenburg, Sweden; bIVL Swedish
Environmental Research Institute, Gothenburg, Sweden

ABSTRACT
On-line chemical characterization of real-world particle emissions from 13 transit
buses was performed using a chemical ionization mass spectrometer (CIMS)
equipped with a filter inlet for gases and aerosols (FIGAERO). In addition to the
fresh emissions the emissions were artificially aged using a potential aerosol mass
reactor (Go:PAM). The buses studied were running on different fuel types (diesel,
compressed natural gas, and rapeseed methyl ester) and exhaust after-treatment
systems (selective catalytic reduction (SCR), exhaust gas recirculation (EGR), and a
three-way catalyst). When evaluating emissions from passing exhaust plumes using
the FIGAERO ToF-CIMS, two technical features were highlighted from this work,
the use of high mass calibrants and the factor enhancement method to be able to
filter important compounds from mass spectra including hundreds of species.
Here, acetate was used as the reagent ion to enable detection of highly oxygen-
ated species in the exhaust particle emissions with potential high toxicity and/or
secondary organic aerosol formation (SOA) potential. The acetate ionization
scheme accounted for 4% to 46% of the total emitted particulate mass through
identification of 61 species in the spectra. For aged emission the various fuel types
provided overlapping species that could explain up to 19% of the aged emissions.
This is hypothesized to come from the oxidation of engine lubrication oil, thus a
common source for various fuels which was further supported by laboratory meas-
urements. Specific markers from the SCR technology, such as urea oxidation prod-
ucts and further byproducts from hydrolysis were identified and attributed to
reactions of isocyanic acid.
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Introduction

Volatile organic compounds (VOCs) are emitted into
the atmosphere from a vast range of sources, both
anthropogenic and biogenic. Their oxidation and reduc-
tion in volatility can lead to the formation of secondary
organic aerosols (SOA) (Hallquist et al. 2009).
Generally, enhanced particulate air pollutions cause ser-
ious health problems (Pope and Dockery 2006) and
adversely affect air quality (AQ) and influence the cli-
mate. Here, traffic-related combustion processes contrib-
ute significantly to both emissions of primary particles
and VOCs that cause negative effect as illustrated by
Ots et al. (2016), who reported that diesel emissions, a
source of carcinogens (IARC 2012), can contribute up

to 30% of SOA in large cities. Diesel emissions are pri-
marily composed of soot, which is formed by incom-
plete combustion (Bockhorn 1994; Kittelson et al. 1998),
and organic species, which originate from the fuel and
additives such as lubrication oil. Recent studies have
suggested that lubrication oil can dominate the primary
organic aerosol mass loading (Dallman et al. 2014) and
due to its composition of cycloalkanes and aromatic
compounds, it can also contribute significantly to SOA
formation (Robinson 2007; Lim and Ziemann 2009;
Gentner et al. 2012). Several studies have pointed out
the SOA potential from light duty gasoline vehicles (e.g.,
Gordon et al. 2014; Platt et al. 2017; Pieber et al. 2018)
while the concern regarding heavy duty vehicles
(HDVs) has mainly been their primary emissions.
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However, recently, using a chemical tracer method a
case study revealed a significant contribution from SOA
originating from HDVs (Brito et al. 2018).

The public transport demands using HDVs are
expected to continue to increase over the coming dec-
ade owing to growing urbanization and population
around large cities (United Nations 2018), increasing
the need for ways to control and reduce emissions
from such sources. To alleviate other challenges asso-
ciated with increased transportation, such as depleting
oil resources and increased greenhouse gas emissions,
the European Union has introduced new legislation
stipulating that 10% of conventional road fuels (gas-
oline and diesel) must be replaced by alternative fuels
by 2020, such as biodiesel, CNG, and rapeseed methyl
ester (RME). However, emissions associated with these
new alternative fuels are relatively unknown.

Several exhaust after-treatment systems (ATSs) are
available for HDVs which decrease particle number
and mass concentrations and also nitrogen oxide
(NOx) (a highly prioritized pollutant from vehicle
combustion engines) emissions. Diesel oxidation cata-
lyst (DOC) and diesel particulate filter (DPF) have an
active catalytic coating which reduces particle mass
via oxidation, whereas selective catalytic reduction
(SCR) converts NOx into nitrogen and water via reac-
tion with ammonia, which is usually initially formed
by thermal degradation of urea. Exhaust gas recircula-
tion (EGR) is another ATS for reducing the NOx
emissions, where a part of the exhaust gas is recircu-
lated back to the cylinders in order to decrease the
combustion temperature and the oxygen content
which reduces the formation of NOx. Although these
systems have a positive impact on their specific target
particulates or gaseous compounds, they can nega-
tively impact emissions of other species. For example,
DOC and DPF have been shown to increase the sulfur
content in the particles (Maricq et al. 2002; Arnold
et al. 2012), whereas DOC and SCR have been shown
to decrease the mass loading of organics, but not
affect the concentration of soot from heavy duty diesel
engines (Karjalainen et al. 2012). EGR has shown to
increase the emission of soot which may be due to the
decrease in oxygen content when a part of the exhaust
is recirculated, favoring soot formation (Maricq 2007;
Hallquist et al. 2013).

Overall, the chemical composition and yield of par-
ticulate emissions from vehicles depends on several
varying factors; engine type, ATSs, fuel additives such
as lubrication oil, operation conditions (i.e., engine
speed and engine load) but also environmental condi-
tions such as temperature (Maricq 2007; Kittelson

et al. 2008). Many studies on particle emissions have
been done in test-benches, or motor labs using
advanced dilution technology to mimic atmospheric
dispersion (see e.g., Collier et al. 2015). They are very
suitable to investigate specific parameters or technolo-
gies. In addition to such detailed studies there has
been a growing interest in emission measurements in
real-traffic situations where fast response instrumenta-
tions have enabled characterization on an individual
vehicle basis by catching passing plumes (Jayaratne
et al. 2007; Hak et al. 2009; Hallquist et al. 2013) or
by chasing a specific vehicle (e.g., Canagaratna et al.
2004; Pirjola 2016). One may from such studies get
real fleet variability in addition to how emissions vary
with emission standard (e.g., Euro standards), fuel,
and abatement technology. With applications on fast
response instruments for chemical characterization a
new field of emission studies has evolved. Saarkoski
et al. (2017) recently utilized a soot particle aerosol
mass spectrometer to chemically characterize the
emissions of vehicles operating with various fuels and
ATSs. They found that, although mass loading of
emissions varied for different Euro standards (categor-
ization of acceptable limits for exhaust emissions of
vehicles sold in the EU and EEA member states), the
composition of particle phase hydrocarbons varied
insignificantly. Even if limited applications to vehicle
emissions, recent instrumental developments have
enabled tools for simultaneous online gas and particle
phase measurements at high time resolution by utiliz-
ing a chemical ionization mass spectrometer (CIMS)
(Lopez-Hilfiker et al. 2014). Here the acetate ioniza-
tion scheme (one of several key ionization schemes
applied in the literature) is a sensitive approach for
measuring semi-volatile organic compounds (SVOCs),
particularly acids, owing to its relatively weak acidity,
and therefore ability to abstract a proton from many
ambiently present SVOCs (Roberts et al. 2010).

Another evolving topic is to use the concept of esti-
mating potential aerosol mass (PAM) by applying
small reactors that simulates atmospheric oxidation
from several precursors, including motor exhausts
(Cubison et al. 2011; Li et al. 2011; Bruns et al. 2015;
Tkacik et al. 2017). Studies have shown that PAM
reactors can oxidize air masses to an atmospheric
equivalent level of a few days within relatively short
residence times with respect to classical smog chamber
experiments (Bruns et al. 2015). Watne et al. (2018)
recently deployed an oxidation flow reactor to “age”
the primary emissions and probe the potential effect
of atmospheric oxidation to buses operating with dif-
ferent fuels and ATSs. Secondary particle formation
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was shown to increase the mass loading by a factor
greater than 10 for 79% of the buses, highlighting the
importance of accounting for secondary particle for-
mation when studying vehicle emissions.

This study assesses the utilization and optimization
of a Filter Inlet for Gas and AEROsols (FIGAERO)
Time of Flights (ToF) CIMS for chemical character-
ization of particulate emissions from an in-use bus
fleet running on diesel, CNG, or rapeseed methyl ester
(RME). The newly designed Gothenburg potential
aerosol mass (Go:PAM) reactor was utilized to simu-
late aging of the fresh emissions from the studied
buses (Watne et al. 2018), thereby enabling character-
ization of the chemical composition of particles emit-
ted before and after atmospheric oxidation.

Experimental

Measurement design

The chemical particle characterization of bus emissions
was carried out as part of a study on fresh and oxi-
dized emissions from in-use transit buses where the
plumes from passing busses were sampled at the curb-
side for on-line determination of various emission
characteristics (Watne et al. 2018). In short, the particle
and gaseous emissions from individual passing vehicles
were determined by measuring the concentration

change in the ambient diluted exhaust plume compared
to the concentrations before the passage and relative to
the change in CO2 concentration. By this method it is
not necessary to measure absolute concentrations as
the relation to CO2 is assumed to be constant during
dilution (Jayaratne et al. 2007, 2008; Hak et al. 2009).
In total 29 in-use buses were analyzed for which CIMS
data of the fresh and oxidized, i.e., aged, particulate
exhaust emissions were available for 13 of these buses:
three diesel, five CNG, and five RME (of which four
were electrical hybrids, RMEHEV). The non-hybrid
RME bus was excluded from the detailed analysis pre-
sented here as it was considered that one bus may not
fully represent the characteristics of its bus class and
would skew the results. A summary of the buses’ tech-
nical characteristics can be found in the supplementary
information (SI) (Table S1). Figure 1 displays a simpli-
fied schematic of the experimental setup for the emis-
sion measurement.

The measurements were performed at two bus
depots whose staff provided and maintained the buses.
Each bus passed the sampling site while accelerating
from standstill to about 20 km h�1. Prior to measure-
ment, the buses were driven for some distance to
ensure the engines were fully warmed up. Three accel-
erations were measured for each bus and setting (i.e.,
fresh and aged emissions) to acquire statistical

Table 1. Summary of top 20 EFFRESH and EFAGED of PM contributing species in RMEHEV, CNG, and diesel emissions. EFTOTAL (in mg
kg�1) and EFCIMS observed are also calculated.

RMEHEV CNG Diesel

Species
EFFRESH EFAGED

Species
EFFRESH EFAGED

Species
EFFRESH EFAGED

mg kg�1 mg kg�1 mg kg�1 mg kg�1 mg kg�1 mg kg�1

HNO3
a 1.200 35.000 HNO3

a 2.300 23.000 H2SO4
a 3.400 2.600

C18H34O2
b 0.420 0.265 H2SO4

a 1.200 0.020 HNO3
a 2.500 32.000

H2SO4
a 0.300 0.290 C7H8O

b,c 0.900 3.200 C7H8O
b,c 2.300 16.700

HNCOc 0.120 0.120 C6H5NO3
a 0.800 2.100 C7H4O7

b 1.400 2.300
C6H5O2

c 0.089 0.076 C7H4O7
b 0.500 1.700 C6H5O

c 1.400 8.200
C14H28O2

b 0.086 0.065 C6H5O
c 0.300 2.600 C7H7NO3

c 0.800 1.900
C6H5NO3

a 0.068 0.475 C3H6O3
a 0.018 55.000 C3H6O3

a 0.040 50.000
C7H7NO3

c 0.051 0.343 C2H4O3
a 0.002 32.000 C2H4O3

a 0.020 10.000
H6S2O6

b 0.030 2.000 C6H5O2
c 0.100 2.300 C6H5NO3

a 0.400 1.800
C18H36O2

b 0.025 0.016 C7H7NO3
c 0.100 0.800 HNCOc 0.120 0.120

C16H32O2
b 0.021 0.030 C9H14O6

b 0.100 1.200 C2H6O2
a 0.100 9.300

C5H8O4
b 0.020 0.700 C2H6O2

a 0.080 2.500 C6H5O2
c 0.100 2.800

C4H6O4
a 0.020 3.400 C5H8O4

b 0.040 1.200 C9H14O6
b 0.100 0.800

C16H30O2
b 0.018 0.010 C4H8SO5

d 0.040 1.640 C4H6O5
a 0.054 82.000

C18H30O2
b 0.017 0.010 H6S2O6

b 0.003 2.000 C3H4O4
a 0.050 67.000

C3H6O3
a 0.015 40.000 C4H6O5

a 0.002 126.000 C5H8O4
b 0.050 2.300

C2H4O3
a 0.015 20.000 C4H6O4

a 0.002 3.400 C2H5N3O2 0.004 0.004
C18H32O3

b 0.013 0.012 C7H12O5
b 0.001 1.200 H6S2O6

b 0.003 2.000
C18H28O2

b 0.013 0.005 C7H10O5
b 0.001 1.300 C4H6O4

a 0.002 5.400
C18H34O3

b 0.013 0.003 C3H4O4
a 0.000 45.300 C2H2O3

a 0.001 1.000
EFTOTAL 34.1 1322.0 EFTOTAL 14.2 2140.0 EFTOTAL 355.4 2467.0
EFCIMS 2.7 297.4 EFCIMS 6.5 323.6 EFCIMS 12.9 312.9
% CIMS 7.8 22.5 % CIMS 45.7 15.1 % CIMS 3.6 12.7
aDirectly calibrated.
bIndirect calibration via fit to C8 carboxylic acid.
cRelative calibration to similar functional group direct calibration.
dRelative glycolic acid sulfate calibration.
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significance. Supporting the CIMS analysis other par-
ticle and gas characteristics were also derived, all nor-
malized to the integral CO2 concentration of
respectively plume measured using a non-dispersive
infrared gas analyzer (LI-840A, LI-COR Inc.) at 1Hz.
Here an EEPS (engine exhaust particle sizer spectrom-
eter, TSI Inc.) measured particle size distributions
(both number and mass in the range of 5.6–560 nm)
at 10Hz (Hallquist et al. 2013) while gaseous NO,
HC, and CO were measured by a remote sensing
device (AccuScan RSD 3000, Environmental System
Products Inc.) which was setup with a transmitter and
receiver on one side of the passing lane and a reflector
on the other, Burgard et al. (2006).

Oxidation

To evaluate the buses’ potential for production of sec-
ondary particulate mass, an oxidation flow reactor
(OFR) was utilized; the Gothenburg Potential Aerosol

Mass Reactor (Go:PAM), which has previously been
detailed by Watne et al. (2018). In principle, the
Go:PAM exposes the extracted emission sample to a
high concentration of hydroxyl radicals (OH) formed
via the photolysis of ozone and subsequent reaction of
water vapor. The Go:PAM consists of a 100 cm long,
9.6 cm i.d. flow reactor made of quartz glass (Raesh
GmbH RQ 200) which can be illuminated by 2 Philips
TUV 30W fluorescent tubes, each radiating about 10W
at 254nm, enclosed in a compartment with walls made
from aluminum mirrors. The gas inside the reactor
approaches laminar flow where a Reynold number
<2000 is reached. The median reaction time was 35 s,
providing sufficient oxidation of the air sample. The oxi-
dation capacity of Go:PAM is estimated by calibrating
with SO2 as described by Kang et al. (2007) reaching an
OH exposure of 5� 1011 molecules cm�3 for sampling
ambient air. This enables comparison of oxidation prod-
ucts and aerosol formation potential between various
sources. The aged emissions are background corrected

Figure 1. Representation of the experimental setup displaying the bus accelerating passed the inlets to the instruments (three
times) to which gas phase and particle measurements are made. The middle panel displays these three passages of the bus as
observed in elevated CO2 and NO2 concentrations. The top panels display the subsequent CIMS desorption profile for sulfuric acid
(top right) and the corresponding high resolution peak fitting (top left).
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using data from oxidation of ambient air without bus-
plume (measured with lamps on and no bus plume).
This will thus account for the oxidation of background
organics present in the system.

FIGAERO ToF-CIMS

A high resolution ToF-CIMS was utilized to measure
semi-volatile species in the gas and particle phase of
fresh and aged bus emissions. A detailed instrumental
description can be found in previous literature
(Bertram et al. 2011; Aljawhary, Lee, and Abbat 2013;
Le Breton et al. 2017). Briefly, the instrument con-
sisted of an ion-molecular reaction (IMR) chamber
maintained at 100 mbar with a gas sampling flow of 2
standard liters per minute (SLM) where the species of
interest are selectively ionized by acetate ions (particu-
larly sensitive to more oxygenated organics) via pro-
ton abstraction, allowing negative ion detection in the
ToF region. The acetate ions were formed by flowing
200 sccm N2 (99.9% purity) over an acetic anhydride
permeation source maintained at 50 �C, followed by
dilution with 1.8 SLM N2 (99.9% purity). This was

then passed through an ion source (Po210 inline ion-
izer, NRD Inc, Static Solutions Limited), producing
acetate ions as reagents.

Coupling of a FIGAERO to a ToF-CIMS has been
described in detail previously (Lopez-Hilfiker et al.
2014). The dual inlet of the FIGAERO allows the gas
sample flow (2 SLM) directly into the IMR for ioniza-
tion of the gas phase components. During this period
the second inlet provides a sample flow (2 SLM) thru
a Teflon filter, collecting the particle phase. This filter
can then be automated to move on a sliding arm ena-
bling the particle phase to be evaporated into the
IMR. The evaporation is facilitated by a heated dry
nitrogen flow (2 SLM), thereby volatilizing the aerosol
collected on the filter and enabling its detection in the
IMR via gas phase reaction with the ionization ion.

In standard operation, the FIGAERO operates in a
continuous cycle between gas and aerosol measure-
ment to attain time series of particle and gas phase
data. Typical operation of the FIGAERO comprises of
15 to 45min sample/collection periods at a flow rate
of 2 SLM. As previously described, each bus was
sampled three times using the same method to obtain

Figure 2. Average mass spectra for a bus desorption file focusing on the theoretical deprotonated mass for stearic acid
(C18H36O2). Plot A shows the theoretical mass peak at m/z¼ 283.26 and calibrated signal peak significant shifted to lower m/z
(peak to the left) obtained by using standard mass calibrants. Plot B is the same plot but using PFPA as a mass calibrant and there
is a perfect fit between theoretical and calibrated positions.
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consecutive collections onto the filter through a 3
meter long 10mm OD copper tube, which should
tripled the loading onto the filter. This result in a sig-
nificantly lower collection time compared to the
standard cyclic operation periods as each bus plume
measured is around 1-min-long, but is compensated
by a higher concentration in the bus plume compared
to typical ambient sampling. The mass flow controller
to the air flow over the filter was stopped between
passages to reduce background mass to be collected
onto the filter. After three bus passages (same bus
individual), a N2 flow over the filter was heated to
200 �C incrementally within 10min and then main-
tained at that temperature for 5min to ensure all
mass was desorbed off the filter and reacted in the
IMR of the mass spectrometer as gas phase molecules.
The filter was replaced for each desorption to ensure
replicability in relation to the background desorption,
which was performed daily for both fresh and
aged data.

Calibrations

The various chemical species measured in this work
were quantified to obtain emission factors (EFs) from
measured desorption count profiles via either direct
calibration, if available, or an indirect method.
Calibrations for carboxylic acids (C1 to C10), pyruvic
acid, nitrophenol, and organic sulfates (OSs) are
detailed in the SI. Standards were available for each of
these compounds and were calibrated either using a
permeation source for gas phase species, or doped
onto the FIGAERO filter for solid state samples. For
each species listed in Table 1 the calibration method
(direct or type of indirect methods) are given and all
applied sensitivities are found in the SI.

Mass calibration and peak identification

The instrument was initially set up to mass calibrate
for known ions present throughout the measurement
period, i.e., for species O2

�, HCOO�, NO2
�, and

C2H3O2
�. However, initial peak identification analysis

for the particulate data was inaccurate owing to large
deviation in high mass identification due to skewing
to lower masses for the mass calibrant peaks. Prior
knowledge of bus emission data suggested that fatty
acids (FA), such as oleic acid and stearic acid, should
be emitted from RME fuels since they are comprised
primarily from FAs. Indeed, the deprotonated mass of
these acids was observed even in the low resolution 1
atomic mass unit (AMU) data, the so called stick

data, representing integration of a whole mass unit
without any baseline removal from the spectra,
although high resolution (HR) analysis could not con-
firm the species to be these acids within an acceptable
error. A solution was to utilize an injection of per-
fluoropentanoic acid (PFPA) where persistent peaks at
263, 526, and 720 Th were observed due to the high
acidity and dimer/trimer formation. The HR data was
recalibrated using the standard mass calibration spe-
cies (mentioned above) and also PFPA with its corre-
sponding dimer and trimer as reliable high mass
calibrants, enabling accurate identification both of the
low mass species and the high mass FAs (up to C27)
at 1 ppm accuracy. This was in contrast to the previ-
ously used calibrants, for which the peak was nearly
0.3 AMU lower than the calculated mass (Figure 2).
Hence, in order to be able to detect high mass species
in the emission from vehicles one must carefully util-
ize calibrants in the mass region of interest where e.g.,
perfluoropentanoic acid could be a good suggestion
for future studies.

Desorption integral analysis

One known analytical limitation of the ToF-CIMS is
quantification of all identifiable spectral peaks due to
the varying affinity of the ionization source to differ-
ent compounds resulting in sensitivities varying for all
measured species. The acetate ion scheme is able to be
highly sensitive to organic acids and oxygenated
organics, as well as nitrated and sulfated organics,
resulting in its ability to detect hundreds of species in
the gas and particle phase. Currently it is implausible
to calibrate for all species present in the spectra and
to date; no method has been utilized to extrapolate a
function of known parameters to constrain all sensi-
tivities. Previous CIMS papers have applied sensitiv-
ities for specific species via direct calibration or
assumed sensitivity for a functional group of com-
pounds that the ionization of choice detects (Chhabra
et al. 2015). The work presented here attempts to
characterize fuel emissions containing a large suite of
compounds which will have varying affinity to depro-
tonation by the acetate ion and therefore resulting in
different sensitivities. Applying an appropriate sensi-
tivity ensures that the dominant and key species emit-
ted are prioritized appropriately. However, since the
novel method here uses a plume capturing concept
one may argue that any significant enhancement in
signal could be used as traces/indicators for the emis-
sion. This relative increase compared to ambient con-
centrations would then be independent to the absolute
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measured signal and its sensitivity. This further
advances standard spectral analysis where one assum-
ing the most intense peaks on the spectra to be of sig-
nificant importance, as species such as formic acid
and NO3

� are very easily ionized by acetate but are
likely to be in lower concentration than their intensity
suggests. Sensitivity also decreases (in general) with an
increase in molecular weight. A simple spectral sub-
traction value (SV) approach (subtracting a back-
ground spectrum from the plume spectrum) may not
reveal important peaks at high masses, although we
are likely to expect emissions from fuels to contain
high mass organics that also could serve as good trac-
ers in ambient air for a specific source.

For an initial analysis to determine species which
increase relatively the most with respect to the back-
ground sampling, the integral of each desorption time
series (the sum counts detected by the detector during
the particle measurement cycle) was divided by the
integral of the same mass from its respective back-
ground filter desorption. This allowed a factor
enhancement (FE) value to be calculated for every
identified mass peak relative to its background
desorption for each bus. Figure S2 presents tables of
the fresh emission results for bus ID8 (RME fuel)
ordered by either decreasing FE or the standard abso-
lute subtracted value (SV). Only one of the top ten
results occurs in both tables (highlighted in red), dem-
onstrating that results may reflect either a real abso-
lute concentration change or difference in sensitivity
for different species. The table where peaks are
ordered by decreasing SV is also dominated by ions
known to be more prevalent in the gas phase and sus-
ceptible to reaction with acetate, whereas the FE
method identified many heavier carboxylic acids,
which are known to be present in high concentrations
in RME fuels. It should be noted that this method
does not fully overcome the sensitivity issue as when
calculating EFs, a calibration factor is still necessary.
It does however help to filter a large peak list to iden-
tify ions that change significantly relative to
the background.

Emission factors

Emission factors for particle measurements assume
that the CO2 concentration is directly proportional to
the fuel consumption assuming complete combustion.
In the calculations, a C-fraction of 77.3%, 86.1%, and
69.2% was used for RME, diesel, and CNG, respect-
ively (Edwards et al. 2014) to enable estimation of
how much CO2 would be produced by burning 1 kg

of fuel assuming complete combustion. The reported
EFs for the CIMS are in units of mg kg�1 of fuel
burnt and were calculated for all PM contributing spe-
cies from all measurements with either a high EF,
derived by the standard SV method, or selected by
having a significant FE (i.e., >3 r).

Results and discussion

Chemical characterization of fresh emissions

The diesel buses have the highest average
EFTOTAL:FRESH (the emission factor for the total fresh
particulate mass) observed using the engine exhaust
particle sizer (EEPS) (355 ± 144mg kg�1) followed by
the RMEHEV (34 ± 23mg kg�1) then CNG (14 ± 15mg
kg�1), indicating that diesel is a significantly higher
contributor to aerosol loading with respect to the
newly developed alternative fuels. However, the diesel
class included both Euro IV and Euro V buses,
whereas the RMEHEV and CNG buses were Euro V or
enhanced environmentally friendly vehicles (EEVs). In
total, 61 condensed phase species were identified by
CIMS as significant/relevant emissions from the dif-
ferent fuel types. The top 20 EFFRESH are shown in
Table 1, with respective EFAGED (the full table can be
found in the SI Table S2). The fresh diesel emissions
measured by CIMS were dominated by HNO3,
H2SO4, and benzene oxidation products, with e.g., cre-
sol having an EFFRESH of 2.3mg kg�1. Nitrophenol
and phenol also had relatively high EFFRESH with 0.4
and 1.4mg kg�1 respectively. CNG fresh emissions
were dominated by H2SO4, representing 1.2mg kg�1

of the total EFCIMS:FRESH (6.5mg kg�1). Relatively
high EFs of oxidized/nitrated phenol products were
also observed for CNG (EFCresol 0.9mg kg�1 and
EFNitrophenol 0.8mg kg�1). The fresh RMEHEV emis-
sions were comprised by a range of compounds from
varying sources. FAs, specifically oleic acid (0.42mg
kg�1), which is known to be a main component of
the pre-burnt fuel (Usmanov et al. 2015) contributed
significantly to the identified mass loading. Similarly
to the other fuels, HNO3 and H2SO4 were dominant
compounds, but also, species related to the SCR tech-
nology and other organic acids were identified.

An interesting metric from an instrumental per-
spective is to compare the percentage mass observed
by the CIMS for the different fuels in both fresh and
aged exhaust plumes. The total EFCIMS was signifi-
cantly lower than that calculated by the EEPS
(EFTOTAL), although this is expected owing to the
selectivity of the ionization scheme and inability to
see metallic ions, soot and with low sensitivity for
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some organic compounds (e.g., hydrocarbons). The
CIMS accounted for 8%, 46%, and 4% of the
RMEHEV, CNG and diesel EFTOTAL:FRESH, respectively.
The high sensitivity of the CIMS to H2SO4 and HNO3

is likely to account for the high CIMS percentage
observed for the CNG buses as they accounted for
25% of the total emissions. Both diesel and RME were
quite poorly accounted for by CIMS in comparison to
CNG, although this may be expected due to the
expected low content of acids in the fuel exhaust.
Functional groups such as ketones, alcohols, and alde-
hydes are not observed by CIMS, therefore we pro-
pose that the oxidation occurring within the
combustion phase is likely to produce a higher pro-
portion of organics with these functional groups, than
with acid and di-acid groups.

Chemical characterization of aged emissions

Generally, the aged emission factors were an order of
magnitude higher than the fresh (Watne et al. 2018).
This illustrates the importance of accounting for
potential secondary mass production when assessing
the environmental impact of different fuel types.
Although the fresh emission result may indicate a sig-
nificant mass loading of diesel fuels, the aged data
identifies how the CNG and RMEHEV fuels can pro-
duce significant high mass loadings once released into
the atmosphere. The species from the CIMS aged
measurements accounted for 23%, 15%, and 13% of
aged RMEHEV, CNG and diesel EFTOTAL. Although
the CIMS is able to account for a significant increase
in aged mass there is clearly a large amount of mass
produced in the Go:PAM reactor which the ionization
technique cannot detect.

The decrease of observed percentage mass by CIMS
for CNG is likely to be caused by a similar reason,
exacerbated by the high contribution of H2SO4 in the
fresh emissions. This result indicates that oxidized
mass is produced within the Go:PAM reactor that
CIMS is able to detect, although there is significantly
more mass made to which the instrument is blind to,
indicating again that the acids may contribute to a
relatively low fraction of the SOA. This agrees well
with the AMS study by Tkacik et al. (2014) who sug-
gest 10–22% of organics are formed during ageing.
Even if the aged data in Tkacik et al. (2014) is mostly
collected from petrol engines our results indicate that
also diesel engines could produce a similar amount of
SOA. On the contrary, Platt et al. (2017) conclude
that petrol engines produce significantly more SOA
than diesel. However, this comparison cannot be used

directly since they analyze light duty vehicles and die-
sels with DPF. They also show how SOA from diesel
fuels may only contain up to 4% acids and contains
significant amount of carbonyls while our study has
significantly higher contribution of organic acids.

Lubrication oil analysis

The RMEHEV EFAGED were dominated by oxidized
acids such as malonic, malic, succinic, and hydroxybu-
tric acid. The CNG emissions showed a similar trend
with many oxidized organics contributing to the aged
emissions. Aged diesel emissions were dominated by
similar acids as seen in RMEHEV and CNG and a
number of nitrated organics and aromatics. Malic acid
had the highest EFAGED diesel value, 82mg kg�1, sig-
nifying a significant contribution to SOA from this
source, but was also high in CNG and RMEHEV, rela-
tive to their EFTOTAL (126 and 62mg kg�1,
respectively).

The similar emission pattern where malic acid and
other commonly emitted compounds were found for
all fuels may not be an expected result. The significant
mass contributing compounds are displayed in SI
Table S3 and feature compounds such as malonic,
malic, succinic, propionic acid, and H2SO4. These
non-fuel dependent emissions which were present in
all three fuel types contributed to 9% of
EFTOTAL:FRESH for CNG, 1% for RMEHEV, and 1% for
diesel. The aged emissions of these compounds repre-
sented a higher percentage on average of the
EFTOTAL:AGED (19% for RMEHEV, 13% for CNG, and
9% for diesel), with the RMEHEV mass increasing by a
factor of 112 for these 11 compounds. These com-
pounds represent up to 28% of all EFFRESH measurable
by acetate CIMS and up to 84% of the EFAGED indi-
cating that oxidation of the fuel itself is either not an
important SOA mass contributor or that the oxidation
products of the fuel are not identifiable by the acetate
CIMS. The different compositions of the fuels and
ubiquitous signal of H2SO4 indicates a common
source, specifically for the RME and CNG fuels, which
were expected to contain very little H2SO4 as a con-
taminant (Pirjola et al. 2015). Durbin, Zhu, and
Norbeck (2003) has shown that lubrication oil may
contain up to 0.76% sulfur, supporting the theory that
lubrication oil could be the common source. There
are likely to be a much larger range of compounds
which are unique to lubrication oil emissions from
engines, such as C20-C39 polycycloalkanes, which
Eichler et al. (2017) illustrated is a dominant compos-
ition of lubrication oil in ship exhausts, paraffin from
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on-road vehicles highlighted by Dallmann et al.
(2014) and metals such as zinc (Pirjola et al. 2015).
Worton et al. (2014) also found that OC measured in
a tunnel was dominated by lubrication oil. Therefore,
we suggest that these acids are products of oxidation
and fragmentation of the larger carbon chained mole-
cules present in lubrication oil. To further investigate
the source, lubrication oil utilized in the diesel buses
was nebulized, aged through Go:PAM and subse-
quently measured by the FIGAERO. All species repre-
sented in SI Table S3 as non-fuel dependent products
were observed within the spectra as major masses.
Thirty-nine species detectable by CIMS contributed to
a signal increase greater than 1% with HNO3 and
H2SO4 contributing to over a third of the signal. The
spectral analysis and peaks of interest are presented
in Figure 3. We omit HNO3 signals from this cali-
bration due to its likely high production from
OHþNO2, rather than from the lubrication oil
itself. Lubrication oil may not be the sole source of
these acids in the emissions, which is indicated by
their presence (although at much lower levels) in
the fresh emissions. Bock et al. (2017) show that gas
phase dicarboxylic acids can be produced in diesel
engines (via combustion) at low exhaust tempera-
tures, although do not play a role in primary par-
ticle nucleation. The EFFRESH for malonic and

succinic acid here (0.05 and 0.002mg kg�1) are
much lower than in Bock et al. (2017) (0.172 and 0.
293mg kg�1, respectively), indicating a possibility
that they are formed via oxidation of HCs from the
fuel, although secondary formation of dicarboxylic
acids is much more significant; likely as a result of
lubrication oil oxidation.

Focused analysis of emission subcategories

Inorganic and organic sulfur emissions
H2SO4 had the highest mass loading for the diesel
buses (3.4mg kg�1 representing 26% of EFCIMS) fol-
lowed by CNG and RMEHEV. Analysis of the HSO4

�

signal for H2SO4 (due to H abstraction) often dis-
played a double peak profile during desorption, indi-
cating the possible breakdown of other sulfur
containing species during heating due to fragmenta-
tion or interference from another ion. Figure 4 shows
both a standard H2SO4 desorption profile and an
example of the double peak desorption profile. The
desorption of another unrelated mass is also shown to
exclude the possibility that there was a leak or an
anomaly occurring across the whole mass range.
Previous work focusing on organosulfates (OSs) has
indicated that some OSs can dissociate, by proton
extraction from the C2 position, and form bisulfate

Figure 3. Illustrating of the CIMS results from measuring lubrication oil after being nebulized and passed through the Go:PAM
reactor. The bottom panel shows the average Go:PAM background MS during desorption with no addition of lubrication oil and
the top panel represents the % increase of signal for each mass during calibration. The top right table illustrates the species which
increased the most relative to the background.
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depending on their structure. The bisulfate (mass 97 -
HSO4

�) can thus be used as a marker for OSs
(Attygalle et al. 2001). Therefore, it is possible that the
double desorption at the mass of HSO4

� could be due
to the release of HSO4

� from dissociating OSs.
Laboratory calibrations of glycolic acid sulfate (GAS)
confirmed the production of HSO4

� and H2SO4 for
OSs (SI Figure S3). In those specific laboratory experi-
ments the I� ionization scheme was utilized since
both ions and adducts can be formed during ioniza-
tion. This allowed detection of both the HSO4

� as an
ion and H2SO4 as an I-adduct, because they exhibit
different desorption profiles with respect to tempera-
ture during OS calibration.

Studies have shown that OSs can form ambiently
in concentrations detectable by CIMS (Olson et al.
2011) and have recently been identified in diesel and
biofuel SOA using offline high mass resolution techni-
ques (Blair et al. 2018). Deprotonated masses of sev-
eral possible OSs were identified, although it must be
noted that not all represented the major peak within
the spectral fit. In total, 11 potential OS peaks were
identified with 2 ppm error during the identification
process (so called peak list building process) which
exhibited standard desorption profiles. The number of
OSs identified here is limited to peak fitting and peak
intensity and therefore may not represent the total
budget of OSs formed, but rather a validation of their

presence, supporting the work of Blair et al. (2018).
An overlap of a number of these peaks identified
between the two datasets further confirms the correct
identification.

Diesel emissions had the highest EFAGED (11mg
kg�1) for OS mass followed by RMEHEV and then
CNG (SI Figure S4). Aged diesel emissions contained
significant levels of C6-C9 OSs, which we hypothesize
are OSs from aromatic precursors, who are likely to
be co-emitted with sulfur from the lubrication oil.
Here a C8 OS appears to contribute to a significant
amount of OS mass for the diesel emissions, in line
with Blair et al. (2018). RMEHEV also emitted C6-C8

OSs indicating the possible presence of benzene in the
exhaust, possibly originating from natural contami-
nants in the fuel. The CIMS technique is blind to
structure, so we cannot confirm that the C6-C8 OSs
are aromatic or aliphatic.

The CNG OS composition is mostly dominated by
lactic acid sulfate (LAS) and (GAS), which were also
present in diesel and RMEHEV. Glyoxal is known to
be formed by the oxidation of benzene (although has
other sources) within the fuel with a yield of around
35% (Volkamer, Platt, and Wirtz 2001) and may
therefore act as a precursor to GAS. If it is assumed
that all glyoxal reacts with H2SO4 to form GAS, it can
be estimated that 1.8mg kg�1 was emitted from the
CNG buses (assuming 0.7mg of benzene was emitted
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per kilometer [Kelly, Bailey, and Coburn 1996]),
agreeing relatively well with the 1.64mg kg�1 EF for
CNG buses calculated in this work.

SCR technology

The diesel and RMEHEV buses operated using SCR
technology, converting NOx into nitrogen and water
via reaction with ammonia, formed via thermal deg-
radation of urea. Isocyanic acid (HNCO) is also pro-
duced by the thermal degradation of urea but is then
assumed to be efficiently hydrolyzed to form ammo-
nia. During the desorption analysis, several urea
related peaks were identified in the mass spectra of all
RMEHEV and diesel buses, both types utilizing SCR
technology as shown in Figure 5. Laboratory calibra-
tion using an AdBlueVR (urea and water) liquid solu-
tion confirmed that these products could be detected
after ageing in the Go:PAM reactor; providing a
unique marker after atmospheric processing for buses
utilizing SCR technology.

The EFAGED values for the diesel bus urea oxida-
tion products were a factor of two lower than those of
the RMEHEV buses. This may be explained by the
higher efficiency of the SCR technology in the diesel
buses, which reduces NOx more effectively (EFNOx
15 ± 3 and 30 ± 12 g kg�1 for diesel and RMEHEV,
respectively) and increases urea conversion to ammo-
nia. This was also observed for the signal attributed to
urea sulfate, where a significantly larger emission was

observed for RMEHEV buses even though
EFH2SO4:FRESH was ten times higher for diesel.

Gas phase measurements of HNCO indicated inef-
ficient hydrolysis of HNCO, enabling HNCO to fur-
ther react via several pathways, a known major
problem of SCR technology (Bernhard et al. 2012;
Wentzell et al. 2013). Upon initial analysis of the
HNCO byproducts, the RMEHEV fuel appeared to
emit more mass than the diesel buses, with biuret and
triuret dominating, whereas the diesel emissions were
composed mainly of cyanuric acid, HNCO and triuret.
HNCO was a significant particle phase mass contribu-
tor for all SCR related peaks, which is unexpected due
to its partitioning significantly to the gas phase.
HNCO began to come off the filter at 84 �C and
exhibited two maximum in desorption temperature
(Tmax) at 182 �C and 200 �C. The desorption profile
did not return to background levels after the final
Tmax value and continued reporting a constant
amount of counts after a small dip, suggesting a num-
ber of sources of HNCO from the filter. HNCO has a
boiling point of 23.5 �C, therefore should begin to
come off from the filter if present in the particle phase
much earlier than observed. Urea has a melting point
of 133 �C and vaporization starts around 140 �C.
Upon vaporization it can decompose to form HNCO
which can either further react with the remaining
urea to form biuret or trimerise and form cyanuric
acid. HNCO can further react with biuret to form
ammelide and ammeline at temperatures up to
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190 �C, with further reactions of biuret contributing
to their production and cyanuric acid. At tempera-
tures up to 250 �C, melamine can be formed via
reaction of ammeline with ammonia. The ramping
of temperature in the FIGAERO to 250 �C may add
an unsolvable level of complexity due to the forma-
tion rates of a number of these compounds. A
standard thermogram for these compounds is dis-
played in the supplementary (SI Figure S5) confirm-
ing the detection of these products, although
production of HNCO complicates their direct quan-
tification. We conclude that it is not possible to
diagnose the exact composition of the emissions via
analyzing relative desorption profiles observed by
the CIMS. The high concentration of HNCO could
simply be via consumption of byproducts to pro-
duce HNCO. Nevertheless, the ability for CIMS to
identify these compounds enables the technique to
positively confirm the production of these byprod-
ucts formed from incomplete hydrolysis of HNCO.
Their detection by CIMS also confirms the emission
of SCR system particle phase products into the
urban atmosphere in forms other than urea
and HNCO.

Fatty acid (FA) emissions

The FA emissions reported here agree well with
Usmanov et al. (2015) with respect to the FA compos-
ition contribution, assuming that the FA emissions
were the result of unburnt fuel. Oleic acid represented
1.2% of the FA fresh emissions and 0.02% of the aged
FA emissions, with linoleic, palmitic, and stearic con-
tributing a further 0.27% and 0.08% of the mass in
the fresh and aged samples, respectively. The signifi-
cant levels of oleic acid allowed the acid to be utilized
as a marker for RME fuels. Measurement of FA ratios
within the fuel could be utilized as an accurate
method for identifying RME emissions within an air
mass. This would depend highly on the initial fuel
content, which may vary depending on the source of
the fuel.

The fresh emissions of FAs for RMEHEV contrib-
uted 0.7mg kg�1 of the EFCIMS 2.7mg kg�1 and
EFTOTAL 34mg kg�1, representing 2% of the total
emissions (Figure 6). After aging through Go:PAM,
the EFFAs for RMEHEV decreased slightly to 0.5mg
kg�1, although oleic acid remained the dominant FA
emission. This shows a significant reduction in FA
contribution to the total emitted mass, likely to result
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from the increased contribution to aged mass from
the engine or lubrication oil as postulated earlier and
also further oxidation of FAs in Go:PAM. The engine
combustion efficiency of an RME fuel is proportional
to its composition with regards to degree of unsatur-
ation (Hoekman et al. 2012). The results here show
that the hybrid engines emission of FAs was oxidized
to decrease its unsaturation content, which can be
observed via a good correlation between the
Aged:Fresh to O:C ratios (Figure 6).

Conclusions

The FIGAERO ToF CIMS utilizing the acetate ioniza-
tion scheme was able to identify between 4 and 46%
of the fresh and aged bus emissions of total particulate
through identification of 61 unique species. This dis-
perse range of coverage indicates the CIMS ability to
probe chemical regimes and markers within fuel emis-
sions, but it is also blind to many of the organics due
to the high selectivity of the acetate ionization and
inability to detect functional groups such as aldehydes
and ketones. Its ability to simultaneously measure the
particle and gas phase component of the emissions
making its implementation unique in this field ena-
bling the oxidation process forming SOA to be probed
into further detail. To further enhance the use of the
FIGAERO ToF CIMS, this work highlights two import
technical features when evaluating emissions from

passing exhaust plumes, the use of high mass cali-
brants, and the FE method.

The data analyzed here further supports that a
non-fuel specific contribution to emissions, attributed
to lubrication oil, may be important and therefore sig-
nificant factor for future legislative considerations.
The high concentration of H2SO4 observed indicates
the necessity of regulating non-fuel-related additives,
due to their apparent dominance of the SOA produc-
tion and also significant contribution to primary
mass. In addition to contributing to acidity, H2SO4 is
a key compound in OSs formation, which are import-
ant secondary aerosol components (Le Breton et al.
2018) with respect to nanoparticle growth, and there-
fore CCN formation potential (Smith et al. 2008).

The emitted species related to the SCR technology
can provide a useful insight into the efficiency of NOx

alleviation and impact on the catalyst. The observa-
tions of urea and its oxidation products highlight a
significant source of HNCO and possible inefficient
NOx reduction process. Although the initial results
suggest the unwanted byproducts from reactions of
HNCO, predominantly cyanuric acid and biuret, are
detectable by CIMS, their thermal dependency so far
inhibits accurate analysis utilizing the FIGAERO.
Nevertheless, their presence is observed and can sup-
port analysis of deposition to the catalyst, which
results in a drop in NOx conversion efficiency.

Fatty acid measurements provided important infor-
mation from both an atmospherically relevant (SOA
potential) and engine development perspective. The
optimum composition, and therefore degree of satur-
ation, of many fuels has not yet been determined,
although this method of measurement provides vital
information about the fuel content, fuel burn efficiency
and how the emission content affects AQ owing to its
composition and degree of unsaturation. The compos-
ition of the pre-burnt fuel was not available for the
analysis, although independent testing could be utilized
to compare the pre-burnt and emission content. This
would enable optimization of the fuel content by
reducing the FAs content within the fuel for the spe-
cies that contribute a high proportion of the emissions
as they are not oxidized within the engine.

An overall analysis of the emissions via CIMS
measurement can be performed when considering the
six sub categories of emission sources targeted in this
work: lubrication oil, SCR technology, OSs, C6 oxida-
tion products, FAs, and other organic acids. Figure 7
displays the mass contribution of each of these sub
categories for the three fuel types and for both fresh
and aged measurements.

Figure 7. Mass composition measured by CIMS for the fuel
types in fresh and aged emissions sorted into six source types:
SCR technology, C6 oxidation products, OSs, FAs, and acids
which may come from multiple sources (FRESH – oxidation of
lubrication oil during combustion and AGED – oxidation of
lubrication oil, oxidation of fuel combustion species. Here the
inorganic acids H2SO4 and HNO3 were omitted.
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Overall, there is a clear dominance of lubrication
oil related species for all fuels, which increases signifi-
cantly when oxidized. C6 oxidation products appear to
be the second most prominent group in both CNG
and diesel Fresh emissions. The CIMS is blind to
structure and cannot differentiate between aliphatic
and aromatic species, limiting the analysis of these
compounds. Furthermore, higher mass aromatics and
PAHs are likely to contribute to the emissions, not
only C6 oxidation products. Their absence here may
be an indicator to a decreased sensitivity to these
products, resulting in no identification in the spectra
or not exceeding the 3 r increase of FE above the
background measurements. FAs are unique to
RMEHEV and represent a significant mass fraction in
the observed CIMSFRESH although are negligible in the
CIMSAGED. SCR related species are only found in
measurable amounts in the RMEFRESH and
DieselFRESH. Other organic acids and OSs are present
but in relative insignificant levels compared to the FA
and lubrication oil related species.
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