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The most recent European regulation, the Euro 6d emission standard, requires all gasoline direct injection

(GDI) vehicles to use both a three-way catalyst (TWC) and a gasoline particle filter (GPF) as exhaust

aftertreatment. These aftertreatment methods are aimed at reducing NOx and primary particle emissions.

However, the formation of secondary organic aerosols (SOAs) from the volatile organic compound

(VOC) emissions of a Euro 6d compliant GDI vehicle, factory equipped with a GPF is not yet investigated.

Therefore, to explore the SOA formation and effects of the GPF, the exhaust of a Euro 6d compliant GDI

vehicle was characterized at 4 different steady state speeds, idling (0 km h−1), 50, 80 and 100 km h−1.

The exhaust was oxidised in a photochemical emission aging flow tube reactor (PEAR) by reactions with

OH radicals equivalent of 2.2 days of atmospheric day time oxidation. It was found that the GPF

completely removes primary particles larger than 10 nm, at all investigated vehicle speeds. However,

significant SOA was formed after oxidation, with the highest SOA formation potential per kg fuel

consumed at 50 km h−1. The main SOA precursors were determined to be toluene, xylene and

trimethyl-benzene which were found to account for at least 50% of SOA formed at all driving speeds.

Furthermore, high emissions of ammonia (NH3) could be observed in the exhaust under all driving

conditions which resulted in the subsequent formation of ammonium nitrate (NH4NO3) after aging. The

formation of NH4NO3 additionally facilitated the co-condensation of organic gas phase products after

OH oxidation enhancing SOA mass even further.
Environmental signicance

Particulate matter (PM) from gasoline vehicles' exhaust impacts health and urban air quality. Recent studies of PM formation from Euro 6 compliant cars did not
include a Gasoline Particle Filter (GPF). As the GPF has become mandatory to remove PM it is critical to understand the fate of the remaining gas phase
emissions aer atmospheric oxidation. In this study, emissions of a GPF equipped Euro 6 car were aged in an oxidation ow reactor simulating atmospheric
photochemistry processing. While primary PM emissions are below the detection limit, emission factors of secondary aerosols formed from organics, NH3 and
NOx can reach 124 ± 5 mg kg−1 fuel. Furthermore, analysis of major organic precursors highlights the importance of the remaining vehicular emissions
regarding their aerosol formation potential.
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Introduction

Atmospheric aerosol has been ranked as the top global envi-
ronmental health risk1 having an estimated impact on life
expectancy of up to 2.9 years lost on a global scale.2,3 A clear link
between secondary organic aerosol (SOA) and cardiovascular
and respiratory diseases has shown that secondary aerosols may
be more impactful on human health than primary aerosols.4

Furthermore, it has been shown that typical anthropogenic
SOAs formed from aromatic precursors have a more adverse
impact on lung cells.5 Among others, combustion processes and
traffic-related aerosol emissions have been identied as
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The setup includes all instruments on the primary emission run
without the PEAR, and aged emissions run with the PEAR.
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particularly health-relevant sources of atmospheric aerosol.6,7

Regulations for vehicle emissions are regularly updated based
on new evidence for human health effects and climate impact.
With the introduction of the Euro 6 emission standards by the
European Union, the total particle number (PN) emitted per km
(# km−1) driven from a gasoline direct injection (GDI) vehicle
has been limited to 6 × 1011 # km−1. In contrast, the older Euro
5 regulations did not limit the PN per km but placed only an
overall limit on the particle mass emitted (up to 4.5 mg km−1),
a regulation which still applies to the Euro 6d emission stan-
dard. To comply with new regulations, the gasoline particle
lter (GPF) has been implemented as a standard exhaust aer-
treatment technology for GDI vehicles. The GPF has proven to
be efficient at reducing primary aerosol (PA), oen achieving
a lter efficiency of >90%.8 Regulations on CO (1000 mg km−1)
and NOx (60 mg km−1) emissions resulted in the introduction of
the three-way catalyst (TWC), intended to convert NOx to N2,
and CO and non-methane hydrocarbons (NMHCs) to CO2.
Furthermore, current standards limit the emission of the total
concentration of NMHCs to 68 mg km−1 and the total hydro-
carbon (THC) emissions to 100 mg km−1.

However, it has been shown that volatile organic compounds
(VOCs), particularly single ring aromatics, emitted during
driving or idling with a GDI vehicle form signicant SOA when
oxidized in the atmosphere.9–12 Nordin et al. 2013 and Liu et al.
2015 found that 60–90% of SOA formation could be assigned to
C6–C10 aromatics for Euro 1–Euro 4 compliant gasoline
cars.13,14 Whilst these are likely Port Fuel Injection (PFI) engines
the composition of the gasoline is still comparable. Measure-
ments of the exhaust from Euro 5 cars retrotted with GPF
showed similar results that 96.7% of the gas phase aromatics
were composed of C6–C10 aromatics.11 Roth et al. 2019 showed
that retrotting a GPF to a Euro 5 compliant car resulted in
signicantly reduced primary aerosol, however signicant SOA
formation was still an important contribution to the total
particle mass measured. The GPF has additionally been found
to reduce some SOA precursors and thus also SOA
formation.15–17 Furthermore, most studies have focused on
dynamic driving cycles such as the L92 or the worldwide
harmonized light vehicle test cycle (WLTC) and batch experi-
ments to assess average emissions of a full cycle or cold start
emissions. Additionally, emission of NH3 is particularly
important as it is known to enhance new particle formation and
increase SOA yields, promoting further nucleation and growth
of aerosol from vehicle exhaust.18–23 Both SOA and NH3 are
currently unregulated although the proposed Euro 7 emission
standards24 aim to limit NH3 emissions from gasoline vehicles
to 20 mg km−1.

Therefore, dedicated experiments are necessary to evaluate
the fate of vehicle emissions of modern cars aer release into
the atmosphere and upon timescale of typical atmospheric
aging processes. Various simulation chamber and oxidation
ow reactor studies have investigated SOA formation by the
oxidation of vehicle emission from older car models via reac-
tions with hydroxyl radicals (OH) being the major chemical
reaction in the troposphere.11–16,23,25–29 However, the primary
emissions and secondary aerosol formation potential from
© 2024 The Author(s). Published by the Royal Society of Chemistry
a Euro 6d personal GDI vehicle with both TWC and GPF as part
of the original factory setup are not well known. Additionally,
there are only a few experiments conducted on steady state
driving from a warm engine start.25 Therefore, it remains rele-
vant to understand the emissions at different vehicle speeds
and the impacts of atmospheric aging on these emissions.
Materials and methods

Emissions of a Euro 6d emission standard compliant Skoda
Scala passenger vehicle (model year 2021, factory equipped with
a GDI engine, a GPF, and a TWC) were measured. All detailed
vehicle specications are shown in Table S1.† The vehicle was
fuelled with 95 E10 gasoline, consisting of 10% ethanol as the
biofuel component and connected to a Rototest VPA-RX3 2WD
chassis dynamometer, which enabled its operation under
steady-state conditions. The duration of the test cycle was set to
be in total 60minutes, comprising of four 15min long segments
evenly distributed to idling, 50 km h−1, 100 km h−1 and 80 km
h−1. The test cycle was repeated 16 times in 4 experiments, each
experiment consisting of 4 uninterrupted consecutive test
cycles. The initial test cycle in each experiment is not consid-
ered in the analysis of this paper as it represents a cold start of
the engine. The remaining 12 warm test cycles have thus been
analysed and subsequently averaged (n = 12). A detailed over-
view of the driving cycle is summarized in the supplement
(Fig. S1, 2 and Table S2†). All vehicle speeds are equivalent to
at surface driving (Table S3†). For analysis of steady state
driving conditions, the initial 5 minutes of driving time for each
test cycle segment is excluded to ensure that there are no effects
of (de-) accelerations on the steady state measurements.

The experimental setup is illustrated in Fig. 1. The vehicle
exhaust pipe was connected to the diluters via a heated tubing,
consistently heated to 120 °C. A portion of the exhaust ow was
sampled and subsequently diluted using a combination of
a porous tube diluter and an ejector diluter (DAS; Venacontra,
Finland). The dilution process was carefully regulated by
Environ. Sci.: Atmos., 2024, 4, 802–812 | 803
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adjusting the ow rate of the porous tube diluter, while main-
taining a constant ow rate in the ejector diluter, to achieve
a controlled dilution factor of 17. The dilution factor was
dened based on the measured CO2 concentrations before and
aer the dilution process. Primary gas phase emissions were
measured directly at the exhaust with Fourier transform
Infrared (FTIR) spectroscopy. The diluted exhaust was drawn
into the Photochemical Emission Aging ow tube Reactor
(PEAR), operated at a constant ow of 120 l min−1. Based on this
ow rate the transmission efficiency of aerosols is estimated to
be above 70% for 20 nm aerosols and above 90% above 40 nm.30

Furthermore, the total dilution in the PEAR was 1 : 18 in relation
to the exhaust. Aerosols were measured before (primary emis-
sions) and aer the PEAR (aged emissions). Background
measurements were preformed prior to each experiment
ensuring that no signicant aerosol formation (<0.5 mg m−3)
occurred in the PEAR. At the entrance of the PEAR, water vapor
was added to reach a minimum relative humidity of 40%, which
varied between 40% and approximately 65% depending on the
driving conditions. OH-radicals were generated inside the PEAR
by ozone (7 ppm) and photolysis at 254 nm. The formed singlet
oxygen (O(1D)) reacts with water vapor, producing OH radicals
which initiates oxidation in the PEAR. Furthermore, some
ozonolysis occurs in the PEAR due to the ozone concentration. A
proton-transfer-reaction mass spectrometer (PTR-MS-8000;
Ionicon, Austria) was used to measure VOCs from the outlet
of the PEAR with time resolution of 10 s. The PTR-MS operated
in H3O

+ mode, and an E/N ratio of 137 was reached. 1,3-Diio-
dobenzene was used as an internal standard for mass calibra-
tion, and the mass resolution was ∼5000 at m/z 59. The
equivalent photochemical age was determined to be on average
3.3 days based on the principle of the “photochemical clock”.31

About 65 ppb of isotope-labelled N-butanol (d9-BuOH, 98%,
Cambridge Isotope Laboratories) was added to the primary
emissions. The decay of d9-BuOH measured by PTR-MS was
used to calculate the photochemical age. This calculation is
based on a known rate constant of d9-BuOH with OH (kbutanol-d9
= 3.4(±0.88) × 10−12 cm3 per molecule per s),32 assuming an
ambient concentration of OH radicals of 1.5 × 106 cm−3.33 To
evaluate the relevance of the aging process in the PEAR
compared to typical ambient conditions, the oxidation condi-
tions in the OFR were modelled following the approach by Peng
et al. 2019.34–38 Due to high concentrations of VOCs, NO and
other trace gases in the exhaust, the total external OH reactivity
(OHRext =

P
kxcx where cx is the concentration of an OH-

consuming species, x, and kx the rate constant between x and
OH) is high compared to the photolysis rate. This results in
conditions in the PEAR that are still reasonably close to ambient
oxidation processes but might have contributions from
photolysis at 254 nm that are signicant (>15%) during idling
and 50 km h−1 (Table S8†). These conditions are classied as
“risky” for typical OFR oxidation processes (details, ESI Tables
S4–7†). SO2 was used as a surrogate for NMHC.38 Additionally
during driving CO emissions cause additional formation of
HO2. Thus, the RO2 fate pathway during idling, 80 km h−1 and
100 km h−1 was primarily the HO2–RO2 reaction (>80%). Only
during the 50 km h−1 segment due to high NO emissions did
804 | Environ. Sci.: Atmos., 2024, 4, 802–812
the RO2 fate pathway change as a signicant fraction of the RO2

reacted with NO (18.1%) with RO2–OH (68.5%) and RO2–HO2

(12.6%) (Table S7†).
Furthermore, the age of the experiment was modelled

assuming an OH exposure of 1.5 × 106 cm−3,33 the harmonic
mean age of the experiment is found to be 1.5 days in
comparison to the measured age of 2.2 days, thus the model is
a reasonable comparison to the measured age. The idling phase
is overestimated in terms of OH exposure, however, calculating
an average age of the idling segment is not ideal due to the large
dynamic changes that occur during this period, and the
measured age varies from 0.5 days (last 5 min) to 5.7 days (rst
10 min). Additionally, the model consistently underestimates
the exposure at all other driving speeds. Notably, the modelled
age is calculated on an n = 12 basis and the measured age from
an n = 1 experiment thus some deviation should be expected
(Table S9†).

A resonance-enhanced multi-photon ionization mass spec-
trometer (REMPI-MS)39 was alternatingly measuring before and
aer the PEAR using an 8-port-2-way-valve (VICI; Switzerland) to
monitor the changes in aromatic concentrations aer aging
with 1 minute time resolution. Isotopically labelled toluene (d3-
toluene, isotopic purity of 98%; Cambridge Isotope Inc.) was
added as an internal standard for quantication.40 Quantica-
tion of aromatic VOC was based on photoionization cross-
sections determined by Gehm et al. 2018.41 The aerosol size
distributions were measured with a scanning mobility particle
sizer (SMPS). Aerosol effective densities were determined using
an Aerosol Particle Mass analyser (APM) combined with an
SMPS as described by Leskinen et al. (2014).42 The aerosol
composition was determined using a High-Resolution Time of
Flight Aerosol Mass Spectrometer (HR-ToF AMS). The AMS was
operated on an additional 1 : 10 dilution using a similar dilu-
tion method to that described above. The AMS gas phase CO2

was corrected according to CO2 measurements using a Vaisala
CO2 sensor, measuring directly at the AMS inlet. The PM1
aerosol mass concentrations were separated into organics (org),
NH4, NO3 and SO4 using the AMS. Additionally, the AMS was
used to determine the elemental composition in terms of the
ratio of oxygen to carbon (O : C) and hydrogen to carbon (H : C).
The HR-TOF-AMS is limited in aerosol size range,
∼50–∼600 nm as a result of the aerodynamic lens,43 the
composition of the aerosols is assumed to remain the same
regardless of size and the total compositional mass is thus
determined using eqn (1)

mx ¼ m� x

orgþNO3 þNH4 þ SO4

(1)

where mx is the total aerosol mass of species x. Org, NO3, NH4,
and SO4 are the mass of the respective species determined by
the AMS, x is equal to one of four species. m is the total aerosol
mass determined by the SMPS, assuming a density of 1.6 g cm−3

determined by APM.
Secondary Organic Carbon (SOC) was calculated based onmx

and the organic matter to organic carbon ratio (OM/OC).

SOC ¼ morg

OM=OC
(2)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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The potential SOC mass of compound x (SOCPx) is calculated
based on the losses of aromatic gas phase compounds
measured by REMPI-MS.

SOCPx ¼ DX� Cx

Mx

(3)

where DX is the difference in concentration in mg m−3 of
compound X before and aer aging in the PEAR and Cx is the
ratio of carbon weight to the molecular weightMx of compound
X.
Emission factor calculation

The emission factor (EF) is calculated to represent the PM
emitted and SOA formed as mg per distance driven (mg km−1)
or mg per kg fuel consumed (mg kg−1). The fuel consumption
and distance driven were tracked online by the vehicle on-board
diagnostics and the dynamometer, respectively. Emission
factors were then calculated as in eqn (4).

EF ¼ C �Qdry

F
(4)

where EF is the emission factor, C is the concentration in
milligrams per cubic meter, Qdry is the volume of the dry
exhaust from the car in cubic meters per second and F is either
the fuel consumption in kg per second or the distance driven in
kilometres per second (S1.1†).
Results and discussion

In the primary emissions, aerosol number concentrations
(electrical mobility diameter >10 nm) appeared close to the limit
of detection throughout the driving cycle, an expected effect
from the GPF (Fig. 2A). Therefore, there is a distinct improve-
ment in primary aerosol emission reduction compared to
previous studies on Euro 6 cars44 and especially an improve-
ment compared to Euro 5 primary emissions11,25,45 without GPF.
One other study has reported comparable reductions by retro-
tting a modern GPF to a Euro 5 compliant GDI vehicle.16
Fig. 2 Time resolved fresh emissions of number concentration
measured by SMPS (A), and gas phase emissions measured by FTIR
in ppm (B). Concentrations are provided at tailpipe levels.

© 2024 The Author(s). Published by the Royal Society of Chemistry
However, it has been shown that GDI vehicles with no GPF emit
primary aerosols in the 3–10 nm diameter range,44 such nano-
particles are however outside the accessible measurement range
of the used SMPS. In contrast to the reduction of aerosols,
inorganic and organic gases were detected with dynamic
concentrations throughout the driving cycle (Fig. 2B). During
warm idling, emissions are dominated by NMHC, and these
emissions reach maximum at the initial acceleration from
idling to 50 km h−1. This coincides with a sharp rise of NH3,
which had a concentration of 4.1 ± 0.6 ppm during idling.
Emissions of NMHC remained relatively stable during the
driving phase and varied only between 10 and 25 ppm upon
acceleration or deceleration. Throughout the driving phase NH3

remains the largest emission, disregarding CO and CO2. High
NH3 emissions are a direct result of the TWC, and forms due to
the H2 produced in the CO to CO2 reaction. The higher H2

concentration thus interferes in the catalytic reaction intended
to convert NOx to N2 and instead forms NH3. This increase in
NH3 was reported to be up to 72 times the NH3 emissions
without the TWC.19 At speeds of 100 km h−1 and 80 km h−1 only
low amounts of NO (5.3 ± 1.2 ppm) were detected indicating
efficient removal of NO during these speeds. However, at
a speed of 50 km h−1, a signicant amount of NO (47.1 ± 3.1
ppm) is not converted to N2 or NH3. Particularly at speed 50 km
h−1 the NO concentrations exceed the level of NMHC, changing
the oxidation pathways and composition of the aerosol
signicantly.

Fig. 3A illustrates the 3 largest VOC groups as measured by
PTR-MS, with benzene emitted at comparable levels to all other
Fig. 3 VOC concentrations measured with PTR (solid lines) over the
average driving cycle (N = 9) for primary emissions at tail pipe
concentrations. (A) shows benzene, non-benzene aromatic and the
combined aliphatic hydrocarbon. (B) shows both oxygen containing
VOCs and nitrogen containing VOCs. (C) shows the time series of the
aromatic compound naphthalene as measured with both, PTR and
REMPI (n = 12).

Environ. Sci.: Atmos., 2024, 4, 802–812 | 805

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ea00165b


Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 5
:5

0:
08

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
aromatics combined. However, during 100 and 80 km h−1 the
benzene emissions are the highest contribution to the total
VOC. Aliphatic hydrocarbon (HC) is at a similar level to the non-
benzene aromatic, throughout the driving cycle. The non-
benzene aromatics consist of toluene, o-/m-/p-xylene or ethyl-
benzene, C3-benzenes, C4-benzenes, naphthalene, styrene and
methyl styrene primarily, this is similar to the composition
found in previous papers that reported these compounds plus
benzene as 96.7% of total aromatic hydrocarbon and 69.5% of
total non-methane organic carbon.11 Previous papers have re-
ported signicant gas phase poly aromatic hydrocarbons (PAHs)
with offline instrumentation, however no 3+ ringed PAHs were
observed in this study with online instrumentation.15,29 The
main peak for all major groups is found during acceleration to
50 km h−1 aer 15 min of idling. As idling starts aer driving
a drop in all VOCs occurs for 5 minutes aer which there is
a rapid increase in all major components. The same trends are
signicant for oxygen containing and nitrogen containing VOCs
(Fig. 3B). The sudden and sharp rise in aromatic and aliphatic
HC stands in contrast to the more gradual increase of NMHCs
starting aer only 2 minutes. This could indicate that some
smaller non-polar compounds which are not detectable by the
PTR-MS are emitted from the car earlier than the larger
compounds potentially because of the cooling of the engine.
Independent measurements of VOCs with aromatic function-
alities by REMPI-ToF-MS and PTR-ToF-MS showed similar
trends (exemplarily shown for naphthalene in Fig. 3C); REMPI-
TOFMS consistently measured higher concentration than the
PTR-MS, which may be related to the uncertainty of the
photoionization cross-section.41 Furthermore, analysis of
aromatics was performed with the REMPI-MS as it alternated
between measuring fresh emissions and aged emissions.
Formation of secondary aerosol

Substantial aerosol formation was observed aer oxidation by
OH of the exhaust emission equivalent to 2.2 days, assuming an
ambient OH concentration of 106 cm−3 (Fig. 4A). The secondary
aerosol had an electrical mobility diameter below 100 nm, with
a geometric mean diameter of 36 ± 3 nm, a mass geometric
mean of 88 ± 9 nm, and a driving condition-dependent size
distribution, which showed the largest size mode during
acceleration from idling to 50 km h−1. The mass concentration
for aerosols below 100 nm was determined by incorporating the
aerosol density of 1.6 ± 0.1 g cm−3 derived from APM
measurements (Fig. 4B). The highest short-term concentrations
occur during accelerations and the highest stable concentra-
tions are observed at 50 km h−1. The total concentrations of
secondary aerosol formed during 80 and 100 km h−1 remain
stable. In order to predict if SOA is formed from unburned fuel
or incomplete combustion the SOA/CO ratio can be used, as CO
is only formed in incomplete combustion. Thus a high SOA/CO
ratio would indicate that SOA formation occurs as a result of
unburned fuel, whereas a low SOA/CO indicates that the SOA
formed is associated with incomplete combustion. The SOA/CO
ratio (Fig. 4B) shows a signicant change throughout all driving
speeds, with idling SOA/CO reaching 729 mg ppm−1, indicating
806 | Environ. Sci.: Atmos., 2024, 4, 802–812
that the SOA is formed primarily from unburned fuel. At
increasing speed the SOA/CO ratio decreases suggesting a tran-
sition to incomplete combustion away from unburned fuel. This
aligns well with the observations made in the literature.17

Throughout the driving phase the O : C and H : C remained
stable between 0.93–1.03 ± 0.02 and 0.99–1.08 ± 0.01 respec-
tively. The highest O : C ratio was found during 100 km h−1 and
the lowest during 50 km h−1, inverse for H : C (Table S10†).
These changes suggest a stable oxidation process during the
steady state driving. However, the composition of the aerosol
changes between 100 km h−1 and 80 km h−1 as the OM to NO3

ratio changes from 1.85± 0.7 to 3.38± 0.06 (Fig. 4B). Maximum
concentrations of organic aerosol and nitrate can be measured
during accelerations, particularly going from idling to 50 km
h−1, resulting in a primarily large increase in the organic
aerosol concentration, tting to gas phase analysis previously
discussed regarding the primary emissions. At the onset of
warm idling aer driving 80 km h−1, the aerosol concentration
decreases, and the composition changes from organic-rich
(Org : NO3 3.38 ± 0.06) to nitrate-rich aerosol (Org : NO3 0.23
± 0.03). This period of low SOA formation coincided with low
NHMC emissions of less than 10 ppm for approximately 3
minutes (Fig. 2B). Thus, idling at, e.g., red lights or short idling
in general traffic are typical periods with low organic aerosol
formation. However, inorganic SA formation is increased
during warm idling. For idling times longer than 3 minutes,
however, NMHC emissions signicantly increased resulting in
enhanced SOA formation which may be a consequence of the
enhanced release of alkanes from lubrication oil.46,47 Aer 5 to 6
minutes of idling, the aerosol composition turns organic-rich
(org : NO3 > 10), which agrees with higher HC emissions than
NO emissions in a previous study on idling emissions from
gasoline cars.48 The nitrate concentration throughout the
driving cycle follows the trend of NH4 with an average ratio of
2.5± 0.3, suggesting that nucleation of ammonium nitrate (AN)
is limited by the concentration of NO3, and therefore that most
aerosol phase NO3 is AN bound. The relatively high concentra-
tions of NH3 remain unaffected aer exposure to OH and O3,
while the concentration of aerosol phase nitrate increased by
the oxidation of NO and NO2. This follows the expected reaction
pathway of NO2 + OH/HNO3 which reacts rapidly with NH3 to
form NH4NO3(s). As NH3 is available in large quantities the
conversion of NOx to HNO3 is the limiting factor in this exper-
iment. The secondary production of AN during driving
enhances aerosol formation, observed in this experiment as it
provides a condensation sink and overcomes the nucleation
boundary for oxidized organic vapours, allowing for condens-
able gas phase oxidation products to partition to the aerosol
phase.
Secondary aerosol precursors

SOC was calculated using eqn (2) and compared with potential
SOC formed from aromatics measured by REMPI according to
eqn (3) (Fig. 5). Determination of SOC was used alternatively to
SOA as calculating SOA formation from the initial VOCs
requires accurate knowledge of the individual SOA yields, for
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The vehicle speed is shown on the right axis and illustrates the driving conditions. (A) Average (n = 12) aerosol number concentration at
the tailpipe. (B) Average (n = 12) aerosol mass concentration at the tailpipe derived from SMPS assuming a density of 1.6 g cm−3 and the
secondary organic aerosol measured by AMS.

Fig. 5 Secondary organic carbon (SOC) as calculated in eqn (2) and
converted to mg aerosol per kg fuel, compared with potential SOC
mass derived from measured aromatics by REMPI and eqn (3).
Toluene, xylene and trimethyl-benzene (TXTMB) are the most
important sources of SOC covering 99% of the total aromatic SOC
potential (n = 12).
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each precursor and mixtures thereof. Due to the high VOC
concentrations in the PEAR and high NH3 conditions, which
potentially increases the SOA yield, literature SOA yields would
© 2024 The Author(s). Published by the Royal Society of Chemistry
likely underestimate the SOA mass formed.11,20,49,50 The SOC
potential indicates the highest possible SOC that could be
formed based on the total conversion of lost aromatic carbon
mass from the gas phase to the aerosol phase. Among all
aromatic VOCs 99% of the total aromatic SOC potential results
only from toluene, xylene and trimethyl-benzene (TXTMB).
TXTMB follows the SOA/CO ratio displayed in Fig. 4B. This
implies that unburned fuel dominates SOA formation at lower
vehicle speeds, however at 100 km h−1 the SOA formation is
driven by incomplete combustion. It should be noted that
during incomplete combustion aromatic formation can occur
in the engine as a result of pyrosynthesis.51 PTR-MS was ana-
lysed, and the main components were found to be propyne and
butene (Table S12†). However, with emissions <9 mg kg−1, and
low SOA yields, these compounds' expected SOA formation
contribution are considered low. FTIR measured emissions of
hexane and pentane above 490 mg kg−1 during idling (Table
S13†). The highest emission of a single aliphatic NMHC was
hexane, regardless of vehicular speed. Due to the concentra-
tions in the PEAR, hexane could be a signicant SOA precursor.
Previous papers have reported similarly that TXTMB account for
the majority of reacted aromatics.11 During idling the SOC
potential from TXTMB was found to be much higher than the
SOC formed. This loss of carbon is expected as the potential
Environ. Sci.: Atmos., 2024, 4, 802–812 | 807
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Fig. 6 Emission factors in mg per kg fuel. Squares illustrate the particle
phase, circles the gas phase constituents. Each point is the average
value for each speedmeasured for 10min of each driving cycle (n= 12)
and error bars are the standard deviation.
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assumes a conversion of unity from the gas phase to the aerosol,
whilst the SOA yield likely is higher in the PEAR than would be
expected in the atmosphere due to higher concentrations of
organics and AN particle formation during driving. Addition-
ally, there are losses by photolysis at 254 nm (Table S8†), further
there is no AN formation during idling which likely decreases
the amount of VOCs that partition to the particle phase through
oxidation. During 50 and 80 km h−1, the levels of potential SOC
from TXTMB and the measured SOC are comparable. However,
there are likely other sources that contribute to the SOC
formation. This is evident in the 100 km h−1 driving phase
where the TXTMB SOC potential is only sufficient to explain
50% of the formed SOC. Other notable aromatics that may
affect SOC formation can be naphthalene and benzene. Whilst
naphthalene concentration was reduced aer aging as would be
expected from its high SOA yield52 the concentrations are too
low to have signicant impact on the potential SOC formation.
In contrast, benzene was the most abundant aromatic
compound in the exhaust. However, there is no observed
reduction in benzene concentration as a result of aging in the
PEAR, due to its slow reaction rate with OH (k(298 K) = 1.22 ×

10−12 cm3 per molecule per s).53 Similarly very low reduction in
benzene at a low atmospheric age was observed by Pieber et al.
2018.11 TMB was observed to impact the potential SOC primarily
during idling and 50 km h−1 where it accounts for 19–30%,
whereas during the 80 and 100 km h−1 driving conditions the
contribution was between 4 and 10% of the potential TXTMB
SOC. This trend is comparable to that of xylene which is the
main source of potential aromatic SOC during idling and 50 km
h−1 accounting for 45–50% of the potential SOC from TXTMB.
This decreased to 15–40% during 80 and 100 km h−1, at these
driving speeds toluene accounts for up to 80% of the total
aromatic potential SOC. These results indicate that as driving
speeds increase the share of aromatic SOC from toluene
increases, as well. However, the importance of aromatics on
SOC decreases as driving speed increases, suggesting that SOC
formed from other sources such as long chained alkanes or
polyaromatic hydrocarbons is more important at higher driving
speeds. Yang et al. 2018 suggested that there should still be
signicant PAHs in the gas-phase though it was found that the
GPF reduced the PAH emissions.15

However, with the online instrumentation used in this
experiment, it was not possible to observe any signicant
concentration of long chained alkanes or PAHs.
Emission factors

To compare the emissions observed with previous studies and
emission standard limits, emission factors (EFs) are calculated
based on eqn (4). The average aerosol EFs (Fig. 6) refer to steady
state driving dened as the condition reached aer cruising at
a speed for more than 5 minutes, which was chosen to avoid the
inuence of accelerations (Fig. 4B). Secondary organic aerosol
mass per kilogram fuel decreased with increasing vehicle speed
(Fig. 6), which suggests an increased engine combustion or
TWC conversion efficiency at higher driving speeds within the
range of 50 to 100 km h−1. Under faster steady state driving
808 | Environ. Sci.: Atmos., 2024, 4, 802–812
conditions, which are more relevant for highway cruising
emissions, the observed trend between speed and EFs may
change. Furthermore, slower driving conditions such as resi-
dential zone driving should not be directly compared with
steady state driving. The total aerosol mass formed is highest at
50 km h−1 reaching 131 ± 5 mg kg−1, compared to 68 ± 1 mg
kg−1 and 72 ± 2 mg kg−1 for speeds of 100 and 80 km h−1,
respectively. However, at a speed of 100 km h−1, SOA formation
accounted for 36 ± 1 mg kg−1, that is, 54% of the total aerosol
mass, in comparison to 50 ± 1 mg kg−1, that is, 69% of the total
aerosol mass, at a speed of 80 km h−1. Moreover, gas phase NH3

and NO emissions are the highest at 50 km h−1, but lowest when
driving 100 km h−1. For EFs of secondary nitrate, the trend with
speed differs from SOA as it slightly increases at 100 km h−1. It
is worth noting that the formation of AN aerosol might function
as an effective seed particle for the organics to condense on
increasing the SOA yield when AN is high.

Roth et al. 2019 found a similar composition of the aerosol
with a Euro 5 retrotted with a GPF, with SOA forming roughly
50% of the secondary aerosol mass and ammonium nitrate
forming the remaining 50% of the total secondary aerosol.16

Pieber et al. 2018 (ref. 11) with retrotted GPF on Euro 5 found
that in SOA and nitrate SA was similar in concentrations and
thus that SOA accounted for less than 50% of total SOA when
operating in a smog chamber. However, in an OFR similar levels
were observed at low atmospheric ages with SOA accounting for
roughly 50% of total SA, with the share of SOA increasing with
© 2024 The Author(s). Published by the Royal Society of Chemistry
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increasing atmospheric age.11 Zhang et al. 2023 reported lower
SOA formation from China VI cars at cruising speeds between
30 and 60 km h−1, however they saw a signicant increase in
SOA as speeds increased beyond 60 km h−1. Additionally, the
idling SOA formation is comparable between China VI and Euro
6d.17

These results are comparable despite the clear differences in
driving cycle with cold started LA92 and WLTC used by Roth
et al. 2019 16 and Pieber et al. 2018 11 respectively compared to
the hot start steady state driving presented in this study and
Zhang et al. 2023.17

Emission standards for cars, such as the Euro 6, are given
in mg per km driven. The Euro 6 limits particulate matter to
4.5 mg km−1. With the introduction of the GPF emission of
primary aerosols is well below this limit. However, there is still
signicant aerosol formation aer aging, during 50 km h−1

secondary aerosols reach 5.1 mg km−1 during the steady state
(Table S4†).

Generally, more dynamic driving in the real world and more
dynamic driving cycles, such as WLTP, may lead to higher
emissions of SOA precursors,44 hence the results denote a lower
limit. Furthermore, NH3 enhances SOA yields and new particle
formation under high concentrations,20,25 and thus introducing
cars with increased NH3 emissions to urban centres would
enhance particle nucleation and thus the formation of
secondary ultrane particles, although the high surface area of
condensation sinks in an urban environment.54 Moreover, NH3

can further react with additional species nucleating into the
aerosol for SOA from other sources as well.55 It is well known
that idling conditions have large emissions of organics,25 which
may form large amounts of SOA. In this study, the mass of SOA
formed was lower during idling than at a speed of 50 km h−1.
This is likely linked to the NO emissions, during 50 km h−1

forming AN particles. The AN particles function as seed parti-
cles for organic compounds allowing condensation of organic
matter. Thus, the SOA from idlingmight be underestimated due
to low AN formation during this phase.

Conclusions

The results demonstrate the efficiency of the GPF, reducing
primary aerosol mass to close to zero. However, the removal of
primary aerosol does not limit the formation of secondary
aerosol from the remaining VOCs in the exhaust of gasoline
cars. Particularly, aromatic VOCs, TXTMB, originating either
from unburned fuel or pyro synthesis via radical reactions, and
NOx are potent precursors of secondary aerosols. Once released
to the atmosphere, oxidative gas-to-particle photochemical
conversion leads to SOA and secondary nitrate formation. The
observed SOA formation cannot be completely explained by the
TXTMB and thus an additional VOC precursor must exist.
However, PTR-MS and FTIR-MS were unable to identify species
that would give closure to the SOA formation. Only during idling
could the TXTMB account for the total observed SOA, this
further suggests that these compounds are linked to unburned
fuel. Moreover, gasoline cars equipped with a TWC may be
a signicant source of NH3. Furthermore, with the incomplete
© 2024 The Author(s). Published by the Royal Society of Chemistry
conversion of NOx emissions in the TWC along with the high
NH3 emissions, the TWC equipped cars also become a source of
secondary inorganic aerosol due to the production of ammo-
nium nitrates in the atmosphere. Therefore, attempts to reduce
aromatic VOC, NOx and NH3 are most promising to further
reduce tailpipe emissions from gasoline cars which lead to
signicant secondary aerosol formation.

Current regulation standards in the European union, Euro
6d, have no restrictions for aromatic VOCs or NH3. Even though
the aromatic VOCs are indirectly restricted through total
NMHCs, it could be possible to reduce NMHC without affecting
the SOA formation as the composition of the NMHC has
a signicant impact on SOA formation. The proposed Euro 7
would restrict NH3 emissions, and thus the implementation of
such legislation would likely improve air quality.
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D. Stolzenburg, Y. J. Tham, A. Tomé, A. C. Wagner,
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