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Abstract: The characterization of vehicle exhaust emissions of volatile organic compounds (VOCs) 

is essential to estimate their impact on the formation of secondary organic aerosol (SOA) and, more 

generally, air quality. This paper revises and updates non-methane volatile organic compounds 

(NMVOCs) tailpipe emissions of three Euro 5 vehicles during Artemis cold urban (CU) and motor-

way (MW) cycles. Positive matrix factorization (PMF) analysis is carried out for the first time on 

proton transfer reaction time-of-flight mass spectrometer (PTR-ToF-MS) datasets of vehicular emis-

sion. Statistical analysis helped to associate the emitted VOCs to specific driving conditions, such 

as the start of the vehicles, the activation of the catalysts, or to specific engine combustion regimes. 

Merged PTR-ToF-MS and automated thermal desorption gas chromatography mass spectrometer 

(ATD-GC-MS) datasets provided an exhaustive description of the NMVOC emission factors (EFs) 

of the vehicles, thus helping to identify and quantify up to 147 individual compounds. In general, 

emissions during the CU cycle exceed those during the MW cycle. The gasoline direct injection 

(GDI) vehicle exhibits the highest EF during both CU and MW cycles (252 and 15 mg/km), followed 

by the port-fuel injection (PFI) vehicle (24 and 0.4 mg/km), and finally the diesel vehicle (15 and 3 

mg/km). For all vehicles, emissions are dominated by unburnt fuel and incomplete combustion 

products. Diesel emissions are mostly represented by oxygenated compounds (65%) and aliphatic 

hydrocarbons (23%) up to C22, while GDI and PFI exhaust emissions are largely composed of mon-

oaromatics (68%) and alkanes (15%). Intermediate volatility organic compounds (IVOCs) range 

from 2.7 to 13% of the emissions, comprising essentially linear alkanes for the diesel vehicle, while 

naphthalene accounts up to 42% of the IVOC fraction for the gasoline vehicles. This work demon-

strates that PMF analysis of PTR-ToF-MS datasets and GC-MS analysis of vehicular emissions pro-

vide a revised and deep characterization of vehicular emissions to enrich current emission i nvento-

ries. 

Keywords: Euro 5; emissions; PMF; NMVOCs; diesel; gasoline; PTR-ToF-MS; ATD-GC-MS;  

oxygenated compounds; BTEX; alkanes; alkenes; IVOCs 
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Ambient air pollution is a complex mixture of gaseous and particulate pollutants and 

represents the fifth major cause of disease and death in the world with an estimated 4.2 

million premature deaths and 103.1 million lost years of healthy life in 2015 [1]. Air pollu-

tants arise from a variety of sources, both biogenic and anthropogenic. Among them, ve-

hicle emissions represent about 52% of total nitrogen oxides (NOx), 38% of CO2, and 40% 

of black carbon (BC) in France during 2019 [2]. Moreover, source apportionment of VOCs 

in Paris identified vehicle exhaust emissions as a large VOC source, representing 15% of 

the total VOC mass [3]. Since 1992, to lower the impact of vehicle exhaust emissions on air 

quality, European instances have established standards labeled as Euro 1–6, introducing 

emission limits to critical pollutants such as carbon monoxide (CO), total hydrocarbon 

content (THC), non-methane hydrocarbons (NMHC), NOx, THC + NOx, particulate matter 

(PM), and particle number (PN). Over the years, stricter limitations have forced manufac-

turers to develop better formulations of fuel blends, more efficient engines, and better 

aftertreatment systems for both gasoline and diesel vehicles, leading to the implementa-

tion of various technologies such as diesel oxidation catalysts (DOCs) [4], three-way cata-

lysts (TWC) [5], and diesel particulate filters (DPFs) [6]. The Euro 5 standard, more par-

ticularly, generalises the DPF for diesel vehicles.0. Those improvements led to a decrease 

of 67% in NOx emissions and 72% of BC emissions from road transport between 1990 and 

2019 [2] in France. Moreover, the most recent diesel vehicles equipped with DPF emit less 

primary particles than their gasoline homologues [7–9]. 

In addition to these primary emissions, vehicle exhausts contribute to anthropogenic 

SOA (ASOA), which may become preponderant in urban areas [10] but also at the global 

scale [11]. Recent studies on the oxidative potential of PM have shown a  link between OA 

chemical composition and its potential health impact [12–15], highlighting the importance 

of understanding and controlling specific PM precursors, particularly the anthropogenic 

ones. Different approaches exist to understand SOA formation from diesel and gasoline 

vehicles, either based on bottom-up studies, using unburnt fuels or dilute vehicle exhaust 

emissions as emission surrogates in chamber experiments, or based on top-down studies, 

focusing on the chemical composition of ambient OA coupled with source apportionment 

techniques [16]. Recent advances in this field suggest the importance of a detailed specia-

tion of SOA precursors, since some categories of compounds such as IVOCs, despite their 

low fraction of the total VOC emissions (1–4% of the total NMHC emissions for gasoline 

vehicles [17–19] and 1.5% of the total NMHC emissions for diesel vehicles [20]), contribute 

at least as much to SOA formation than traditional precursors, i.e., single-ring aromatics 

[10,21].  

Nonetheless, a complete view on the VOC composition from diesel and gasoline ve-

hicles is a challenging task. Many factors, such as fuel composition (e.g., ethanol fraction 

[22,23]), injection technology (PFI or GDI [24]), engine capacity, aftertreatments systems 

[25,26], cold temperature [27,28], driving conditions (cold start [17] or load [29]), and mile-

age [30], can drastically influence the emissions, both quantitatively and qualitatively. 

Moreover, emissions due to rapid transient phenomena associated with vehicle driving 

patterns (starts and restarts [31], tip-in [32]), catalyst light-off [33,34], or particulate filter 

regenerations [35], which occur over time periods ranging from a few seconds to a few 

hundred seconds, are difficult to evaluate. Traditionally, the characterization of VOCs and 

IVOCs is carried out by offline measurements (e.g., gas chromatography [19,20,36,37] or 

two-dimensional gas chromatography [17,38]), and lacks of time-resolved information on 

the emissions. Online measurements, on the other hand, are often based on chemical ion-

ization mass spectrometry (CI-MS), focusing on compounds of interest, such as nitrogen-

containing compounds [39,40], carbonyls, benzene, toluene, ethylbenzene, and xylenes 

(BTEX) [41]. However, VOC identification and quantification by CI-MS techniques such 

as PTR-MS [42] are hindered by fragmentation reactions which occur in the drift tube, and 

by their limited mass resolution, which prevents the separation of isobaric signals. Erick-

son et al. [43] and Gueneron et al. [44] studied the fragmentation patterns of hydrocarbons  

families detected in diesel and gasoline exhaust emissions using a PTR-MS at two reduced 
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electric field conditions of 80 and 120 Townsend (Td). Fragmentation was drastically re-

duced at 80 Td compared to 120 Td, and most of the alkenes and aromatic compounds did 

not fragment at all or mostly yielded their molecular ions. On the contrary, alkanes, cy-

cloalkanes, and bicycloalkanes underwent extensive fragmentation even at 80 Td, compli-

cating the differentiation between small alkenes and alkane fragments. Erickson et al. [43] 

proposed a new method to measure IVOCs using a thermal desorption sampler integrated 

into a PTR-MS, providing quantitative information on the total abundance of long-chain 

alkanes and aromatics species in diesel exhausts. Although this method allows for the 

quantification of IVOCs, its time resolution (approximately 15 minutes) does not give in-

formation on the temporal variation of IVOC emissions. Other studies using instruments 

with a higher mass resolution could separate isobaric signals. Pieber et al. [45] measured 

the general gas phase composition of GDI vehicles using a PTR-ToF-MS (PTR-TOF-8000, 

Ionicon Analytik GnbH, Innsbruck, Austria; [46,47]) operated at 140 Td. They could meas-

ure 65% of the total NMVOC signal, including oxygenated species , such as carbonyls or 

acids, as well as nitrogen-containingcompounds. However, the intensive fragmentation 

of alkanes, alkenes, cycloalkanes, and substituted monoaromatics is expected at such a 

high reduced electric field (E/N) [44], complicating their identification. The potential of 

the high time resolution of the PTR-ToF-MS was not highlighted in this study. More gen-

erally, time-resolved studies on PTR-ToF-MS datasets of vehicle exhaust emissions are 

lacking. Yet, highly time-resolved measurements have recently shown their usefulness, 

not only for VOCs source apportionment in urban and rural aeras [48–51], but also for 

factor analysis of SOA formation [52]. They are generally conjugated with receptor mod-

els, particularly PMF [53]. To our knowledge, the present study is the first applying PMF 

analysis to PTR-ToF-MS datasets of gasoline and diesel vehicle exhaust emissions. 

The present work describes the results of the first PMF analysis applied to the highly 

time-resolved PTR-ToF-MS measurements (1s resolution) of three Euro 5 vehicles sam-

pled on a roll-bench chassis dynamometer during the Artemis driving cycles. This analy-

sis aims to untangle the multiple factors characterizing modern vehicle emissions. More-

over, the paper aims to provide an exhaustive inventory of the NMVOC EFs of one diesel, 

one PFI, and one GDI vehicle, achieved by merging datasets from online PTR-ToF-MS 

measurements with complementary offline GC-MS analysis. Monitored compounds in-

clude saturated and unsaturated hydrocarbons, as well as oxygen- and nitrogen-contain-

ing compounds. The combined techniques help to span a large range of compounds, start-

ing from C1-oxygenated compounds to IVOC pollutants. Up to 147 compounds have been 

identified and quantified. 

2. Materials and Methods 

2.1. Vehicle Characteristics 

Three Euro 5 passenger vehicles were tested: a diesel vehicle equipped with an oxi-

dation catalyst and a fuel-borne catalyst diesel particle filter (FBC-DPF), as well as a gas-

oline port fuel injection (PFI) vehicle and a GDI vehicle, both equipped with TWCs. Their 

detailed characteristics are described in Table 1. 

Table 1. Technical characteristics of the tested vehicles and experimental conditions. 

 Diesel Euro 5 Gasoline Euro 5 

Vehicle Name D PFI GDI 

Size class 2.0 HDI 1.0 VVTI 1.2 TCE 16 V 

Engine capacity (cm3) 1997 998 1149 

Weight (kg) 1515 1030 1100 

Odometer mileage (km) 103000 27712 97089 

Catalyst type  DOC TWC TWC 

Particulate filter type FBC-DPF - - 
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GC-MS dilution ratio 2.3 2.3 8.4 

PTR-ToF-MS dilution ratio 7.8–15 7.8–8.4 18.5–23.4 

Tests ambient temperature (°C) 25 ± 2  23 ± 2 20 ± 2 

Road loads 

a0 (N) 124.78 88.68 98.1 

a1 (N/(m/s)) 0 0 0 

a2 (N/(m/s)2) 0.515 0.381 0.429 

The diesel and the PFI vehicles were tested during a field campaign in 2018, while 

the GDI vehicle was tested in another field campaign in 2019. More details about the test 

procedure for each vehicle are given in Table S1. The passenger vehicles were either 

rented from a local car rental company or privately owned, and their mileage ranged from 

27,712 to 103,000 km. All three vehicles were fueled with commercial diesel and gasoline 

SP95-E10 purchased from the same gas station to minimize variability of the fuel compo-

sition during the tests. Diesel and gasoline fuel headspaces were analyzed by PTR-ToF-

MS and their compositions are presented in Figure S1 and Figure S2, respectively. All 

three vehicles were tested using the Artemis European driving cycle [54]. This choice was 

motivated by the need for us and also for modelers to separate emissions as a function of 

the driving conditions (cycle speed) and the geography (urban, rural, or motorway). 

Therefore, experiments focused on the CU and the MW cycles to account for the engine 

start during both cold and hot conditions and to measure the efficiency of the depollution 

technologies on a broad range of driving conditions.  

2.2. Experimental Setup 

A schematic of the experimental setup is described in Figure 1. Experiments were 

carried out at the Environment, Planning, Safety, and Eco-design Laboratory (EASE) of 

the Gustave Eiffel University. Vehicles were tested on a chassis dynamometer test bench. 

Road loads of the dynamometer are described in Table 1. The total exhaust flow was sam-

pled simultaneously using two dilution systems. The first method used filtered ambient 

air through a constant volume sampler (CVS) set at a total flowrate of 9–11 m3/min for the 

CU and MW cycles, respectively, and was dedicated to the analysis of regulated pollu-

tants, such as THC, NOx, CO, and also CO2. All these compounds were monitored in par-

allel by online analysis and bag collection. More details on the chassis dynamometer con-

figuration and the CVS are given elsewhere [55–57]. 

 

Figure 1. Schematic of the experimental setup. 

Secondly, a fraction of the exhaust flow was sampled through a 5–6 m-long stainless-

steel line with a 10 mm inner diameter heated at 120 °C using a Sapelem ejector (with hot 

air) of one stage, allowing us to sample a constant volume of exhaust gases. During this 

step, exhaust gases were diluted with dehumidified and filtered air (using HEPA filters  



Toxics 2022, 10, x FOR PEER REVIEW 5 of 22 
 

 

and activated carbon). Total dilution ratios selected for the different vehicles and instru-

ments are presented in Table 1. Online and offline measurements of both the gas - and 

particle-phase emissions were carried through this second sampling line using a suite of 

instrumentation. VOC and IVOC measurements were conducted using a PTR-ToF-MS 

completed by ATD-GC-MS offline measurements. The instrumentation used to analyze 

the particle phase is described elsewhere [9]. 

2.3. Measurement Techniques for Gaseous Pollutants 

2.3.1. PTR-ToF-MS 

VOC online measurements were carried out using a PTR-ToF-MS 8000 (Ionicon An-

alytik, Austria) [46,47] in H3O+ mode with a time resolution of 1 s. The instrument was 

sampled through a two-meter-long silcosteel line with a 1 mm inner diameter heated at 

120 °C with a flowrate of 400 cm3/min. The silcosteel line was directly connected to the 

stainless-steel heated line. Two additional dilution steps were applied to the sampling line 

before the PTR-ToF-MS inlet: the first one using clean air generated with a Sonimix zero 

air generator SX-3057, and the second one using dry nitrogen from the fast GC system of 

the instrument. The total dilution ratio for each vehicle is described in Table 1, while di-

lutions at each step are described in Table S1. These two dilution steps were useful to 

avoid saturation of the signal of the PTR-ToF-MS and minimize the relative humidity of 

the samples. The drift tube was kept under controlled conditions of pressure, temperature, 

and voltage (2.04 mbar, 383 K, and 395 V for the diesel and gasoline PFI vehicles, and 2.26 

mbar, 393 K, and 395 V for the gasoline GDI vehicles), resulting in E/N of 116 and 108 Td, 

respectively. 

Raw PTR-ToF-MS data were post-processed using the data analysis package “Tof-

ware” (version 2.5.10, [58]), running in the Igor Pro (Wavemetrics, OR, USA) environment. 

Tentative ion assignment was based on ATD-GC-MS offline measurements and on litera-

ture reports on vehicular emissions [36,37,43,44,59]. The identified ions were classified in 

13 ion families, including alkanes/alkenes, cycloalkanes, bicycloalkanes, monoaromatics, 

naphthenic monoaromatics, dihydronaphthalenes, naphthalenes, alcohols, carbonyls, un-

saturated carbonyls, acids, other oxygenated compounds, and nitrogen-containing com-

pounds. 

The post-process step resulted in a matrix containing the time series in count per 

second (cps) of each ion identified. Data in cps were then corrected for the background, 

which was measured before the beginning of each cycle. Background corrected data were 

finally converted into ppb using the transmission function of our PTR-ToF-MS. The VOC 

proton reaction rate constants with H3O+ were either directly obtained or interpolated by 

linear regression data from A. Wisthaler (personal communication) based on various pro-

ton reaction rate constants [60,61]. A proton reaction rate constant of 2 × 10−9 cm3/s was 

used for VOCs with no available data. 

2.3.2. ATD-GC-MS 

Off-line VOC and IVOC measurements were collected from the heated line by sam-

pling diluted exhaust gases through stainless steel tubes filled with Tenax TA at a flow 

rate of 45 cm3/min. The samples were collected during the entire driving cycle and =fur-

ther analyzed by automatic thermal desorption (Markes Unity Thermodesorber) coupled 

with a GC6890 gas chromatograph from Agilent fitted with the MS5973 mass spectrome-

ter from Agilent (ATD-GC-MS). The thermal desorption system consists of a two-stage 

desorption. During the first desorption step, the compounds were desorbed by heating 

the stainless steel tubes at 300 °C under a helium flowrate of 35 cm 3/min and were then 

condensed on a trap filled with adsorbent and maintained at 15 °C. During the second 

desorption, the second trap was flash-heated to 305 °C with an outlet split of 15 cm3/min 

for a rapid introduction of the compounds into the chromatographic column. The chro-

matographic column was an Agilent HP1MS (30 m, 0.25 mm, and 0.25 μm) used in 
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thermal gradient mode from 40 °C to 320 °C. The mass spectrometer operated in  the scan-

ning mode at an electron ionization of 70 eV. Mass spectral data were acquired over a 

mass range of 33–350 amu. The qualitative identification of compounds was based on the 

match of the retention time and confirmed by matching their mass spectra with those of 

standards and from the NIST mass spectral library. 

Quantification was conducted by the external standard method using different certi-

fied commercial mixtures from Sigma-Aldrich containing linear and branched alkanes, 

cyclo- and bicycloalkanes, and alkyl monoaromatics. Known amounts (1 μL) of standard 

solutions of VOCs and IVOCs were introduced into cleaned Tenax TA tubes using an au-

tomatic heated GC injector. The calibration tubes were analyzed under the same condi-

tions, as previously mentioned. 

The chromatograms obtained from the exhaust analysis showed an unresolved com-

plex mixture, mainly composed of coeluted hydrocarbons which cannot be further sepa-

rated by single-dimensional GC. Thus, the alkanes (linear and branched) were quantified 

by a SIR-based response factor of these compounds using the fragment m/z= 57. The frag-

ments m/z= 84 and m/z= 83 were used for the quantification of cyclohexane and for the 

other cycloalkanes, respectively. The fragment m/z=78 was used for the quantification of 

benzene and m/z 91 for toluene, ethylbenzene, and xylenes. The fragments m/z=105, 119, 

and 134 were used for the quantification of alkylaromatics. The fragment m/z = 128 was 

used for naphthalene. 

2.4. PMF Analysis 

PMF is an unmixing bilinear model used to investigate the source contributions and 

the temporal evolutions of environmental datasets [62]. Here, the PMF was performed on 

the PTR-ToF-MS data matrix from each type of vehicles and driving cycles separately. All 

the repetitions of a cycle were concatenated in a unique matrix to increase the number of 

samples used. The error matrix was calculated using Equation (1) ([63,64]) with 

∆(𝐼𝐶𝐶=𝑜𝑓𝑓 − 𝐼𝐶𝐶=𝑜𝑛) corresponding to the error on the background-corrected signal in cps, 

𝐼𝐶𝐶=𝑜𝑛  corresponding to the background signal in cps, 𝐼𝐶𝐶=𝑜𝑓𝑓  corresponding to the sam-

ple signal in cps, 𝜏𝐶𝐶 =𝑜𝑛  corresponding to the dwell time during the background meas-

urement, and 𝜏𝑐𝑐=𝑜𝑓𝑓  corresponding to the dwell time during the sample measurement: 

∆(𝐼𝐶𝐶=𝑜𝑓𝑓 − 𝐼𝐶𝐶=𝑜𝑛) =  √
𝐼𝐶𝐶=𝑜𝑛

𝜏𝐶𝐶 =𝑜𝑛

+
𝐼𝐶𝐶=𝑜𝑓𝑓

𝜏𝑐𝑐=𝑜𝑓𝑓

 (1) 

Data matrices were then filtered by rejecting each ion with an average signal-to-noise 

ratio lower than two. The PMF algorithm was solved with the multilinear engine 2 (ME -

2; [65]) using the software SoFi (Version 6.8, [66]) running in the Igor Pro (Wavemetrics , 

OR, USA) environment. PMF runs were carried in the robust mode with a number of fac-

tors ranging from 1 to 10. The down-weighting step was skipped as the dataset was pre-

viously filtered from signals with an averaged signal-to-noise (S/N) ratio lower than two. 

Most representative solutions were finally chosen based on theoretical and physical con-

siderations, as detailed in the Supplementary Information (SI).  

2.5. Calculation of EFs  

VOC emission factors (EFs) were calculated using both the PTR-ToF-MS and GC-MS 

datasets for the 3 tested vehicles. Neither PTR-ToF-MS nor GC-MS can measure alkanes < 

C5. PTR-ToF-MS can detect alkene signals, but ethylene measurement is not quantitative 

as the C2H4+ ion signal comes from the charge transfer between ethylene and residual O2+ 

[67]. Thus, EFs were only presented for alkanes > C6 and alkenes > C3. Methane and eth-

ylene, whose summed EFs were expected to reach 10 to 20 mg/km [68], were not measured 

by our techniques. Moreover, the analysis of branched alkanes by ATD-GC-MS was only 

carried in 2019 for the GDI vehicle.  
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EFs in mg/km for both PTR-ToF-MS and GC-MS data were calculated using Equation 

(2): 

𝐸𝐹 = 𝐶𝑥,𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ×
𝑇𝑐𝑦𝑐𝑙𝑒 × 𝑄𝑒𝑥ℎ𝑎𝑢𝑠𝑡 ,𝑎𝑣𝑒𝑟𝑎𝑔𝑒 × 𝐷𝑅

𝐷
 (2) 

where 𝑇𝑐𝑦𝑐𝑙𝑒  is the cycle duration in seconds (993 s for the UC and 1067 s for the MW  

cycle); 𝐶𝑥,𝑎𝑣𝑒𝑟𝑎𝑔𝑒  is the averaged mass concentration of pollutant x in mg/m 3; 

𝑄𝑒𝑥ℎ𝑎𝑢𝑠𝑡 ,𝑎𝑣𝑒𝑟𝑎𝑔𝑒  is the averaged exhaust flow rate at the tailpipe in m 3/s; DR is the total 

dilution ratio before the entrance of the instrumentation, as described in Table 1 ; and D is 

the distance travelled during the cycle in km (4.874 km for the Artemis UC and 29.547 km 

for the Artemis MW cycle). 

The EF uncertainty is mianly due to the error on 𝐶𝑥,𝑎𝑣𝑒𝑟𝑎𝑔𝑒 . Relative uncertainty on 

the concentration measured by the PTR-ToF-MS is approximately 25%, and it is consid-

ered as the square root of the sum of squared uncertainties on the transmission and the 

proton reaction rate constants [60,69]. On the other hand, relative uncertainty on the con-

centration measured by the ATD-GC-MS is approximately 20% [70].  

As no Tenax cartridges were sampled during the diesel vehicle CU cycle, GC-MS 

data for alkanes were not available for this cycle. Moreover, it is usually not possible with 

a PTR-TOF-MS to distinguish alkane fragments from alkene as they both produce 

(CxHy)H+ ions. In this work, the part of the signal attributed to alkenes was discriminated 

based on the PMF results. The total alkane signal in cps was then calculated based on the 

remaining part of the (CxHy)H+ ion signals. The alkane profile was then reconstructed up 

to C16 (heaviest alkane signal detected by the PTR-ToF-MS during the CU cycle) using 

the GC-MS alkane profile measured during the MW cycle. Alkanes > C16 were not in-

cluded as their emissions were not repeatable. 

3. Results and Discussion 

3.1. PMF Analysis 

Figure 2 presents the solution factors derived by PMF analysis for (a) the diesel car 

during the CU cycle, (b) during the MW cycle, and (c) the GDI car during the CU cycle. 

Analysis were carried out for diesel CU (four cycles), diesel MW (two cycles) and PFI CU 

(six cycles).. PMF analysis for the PFI CU cycle was limited by the absence of repetition 

for this cycle, and the saturation of signals of interest, such as BTEX and alkenes at m/z 45, 

57, 93, 107, and 121. Still, these results are presented in Figure S3. Moreover, the low con-

centrations measured during the MW cycle for the PFI and GDI vehicles resulted in low 

S/N ratios that prevented statistical analysis for these cycles.  
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Figure 2. PMF factor temporal variations and contribution ratios for a typical (a) diesel CU cycle, 
(b) diesel MW cycle, and (c) GDI CU cycle. Time series of the factors are averaged over (a) 4 cycles, 

(b) 2 cycles, and (c) 6 cycles. For each factor, the bold line represents the averaged concentration 
corrected from the dilution, and the colored zone represents the associated standard deviation. The 
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gray zone represents the speed variations during CU and MW cycles. Factors to species contribution 
ratios are classified by the mean of carbon, oxygen, and nitrogen number. 

3.1.1. Diesel Vehicle 

• Diesel cold urban cycle 

The PMF analysis of the diesel car emissions during the CU cycle resulted in four 

distinct factors. Their temporal variation is presented on the left side of Figure 2a., while 

factors to species contribution ratios are presented on the right side of Figure 2a. These 

factors to species contribution ratios are meant to illustrate which factor mostly influences 

the temporal variations of each species, depending on its carbon, oxygen, and nitrogen 

number. The factors to species contribution ratios summarized in Figure 2a are listed in 

Table S2, Table S3, Table S4, and Table S5 for the factors 1, 2, 3, and 4, respectively. 

Factor 1 temporal variation is characterized by the highest VOC concentrations emit-

ted essentially during the first 400 seconds of the cycle. The main emission peaks reach 

20–30 ppm and are well correlated with the accelerations of the vehicle. These pollutants 

are emitted before the activation of the DOC, as their emissions coincide with CO meas-

ured inside the CVS, as presented in Figure S4. The major contributors to this factor are 

CxHy and CxHyO species with carbon numbers < C5. They are characteristic of unburnt fuel 

and incomplete combustion products. Long-chain alkanes, cycloalkanes, and bicycloal-

kanes, i.e., major components of diesel fuel [18], are absent of this factor, a lthough they 

were measured in the fuel headspace, as presented in Figure S1. This behavior is at-

tributed to condensation losses of lower volatility species on the cold engine manifold, 

aftertreatment systems, and exhaust line [29,35].  

Factor 2 exhibits persistent emission of VOCs along the whole cycle with an average 

concentration of 2 ppm, and emission peaks associated with the main accelerations 

around 5 ppm. A slight decrease in the concentrations is observed during the “free-flow 

urban” and the “flowing, stable” phases [54] between 300 to 500 seconds and from 900 

seconds to the end, respectively. This behavior suggests that the driving conditions have 

an impact on these emissions.. Some compounds such as ethylene, benzene, acetaldehyde, 

and acroleinare found in factor 1 but doalso contribute to factor 2. Their presence high-

lights that the DOC efficiency varies depending on compounds type and their concentra-

tion [4]. Nitromethane and formic acid are mostly present in factor 2 (with factors to spe-

cies contribution ratios of 75 and 53%, respectively), suggesting that aftertreatment sys-

tems have little or no impact on them during CU driving conditions. Nitromethane emis-

sions are indeed known to be associated with engine operation and do not depend on 

DOC activity [39]. 

Factor 3 is characterized by a spread-out peak reaching 10 ppm just before the 400th 

second of the cycle. Most of the emissions associated with this factor occur during the 

“free-flow urban” section of the Artemis CU [54] and, to a lesser extent, at the end of the 

cycle during the “flowing, stable” section. CxHy species such as alkanes, cycloalkanes, bi-

cycloalkanes, monoaromatics, and naphthenic monoaromatics contribute to this factor. 

These compounds are major components of diesel fuel [18,43] and are measured in the 

fuel headspace presented in Figure S1, but they are not emitted with other unburnt com-

pounds at the beginning of the cycle (factor 1). They are apparently desorbed during the 

warm-up of the engine manifold and aftertreatment systems [29,35]. This factor is associ-

ated with CxHyO species, such as saturated, unsaturated, and aromatic carbonyls, with 3 

to 8 carbon atoms. These oxidized compounds could be by-products of incomplete oxida-

tion by the DOC during its light-off [33,34]. 

Factor 4 is measured only during two of the four CU cycles. It appears after 400 sec-

onds from the start of the cycle with an emission peak around 10 ppm and continues until 

the end of the cycle. CxHyO2–4 species, such as acetic acid and maleic anhydride, highly 

contribute to this factor at 99 and 100%, respectively. These compounds are possible by-

products of incomplete oxidation by the DOC [33,34] and the DPF [71]. Thus, this factor 

highlights the impact of the aftertreatment systems on the emission of oxidized species. 
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Factor 4 also includes CxHy ion fragments, with contribution ratios which increase along-

side the carbon number. These compounds could be associated with the desorption of 

heavier hydrocarbons from the cold engine manifold and aftertreatment systems, possibly 

from lubricant oil droplets occasionally emitted at the start of the vehicle, and their partial 

treatment by the DOC and the DPF. These droplets are mostly composed of long-chain 

cycloalkanes [72] and their emission is not a repeatable phenomenon with no clear corre-

lation with engine load, cycle speed, or acceleration, as reported for the same vehicles by 

Kostenidou et al. [9]. 

 

• Diesel motorway cycle 

PMF analysis of the diesel car emissions during the MW cycle resulted in five distinct 

factors. As for the CU analysis, temporal variations of the five factors for the MW cycle 

are presented on the left of Figure 2b, while factors to species contribution ratios are pre-

sented on the right of Figure 2b. The factors to species contribution ratios summarized in 

Figure 2b are also listed in Table S6, Table S7, Table S8, Table S9, and Table S10 for factors 

1, 2, 3, 4, and 5, respectively. 

Factor 1 shares some features with CU’s factor 1, as it occurs only at the beginning of 

the cycle, during the first 100 seconds of the MW cycle, with concentration peaks reaching 

8 ppm. However, its composition appears to be a mixture of compounds from CU’s factors 

1 and 2. While these compounds are not efficiently converted during the CU cycle, they 

are fully removed during the MW cycle after the first 200 seconds. Factor 1 is observed 

during the first MW cycle, suggesting that the aftertreatment systems are not fully opera-

tional at this time. Nitromethane emissions are still present at the start of the MW cycle, 

but they are not observed anymore at speeds above 100 km/h. 

Factors 2 and 3 present similarities with respect to cold start’s factor 3 temporal var-

iation and its composition. They are emitted one after another at the beginning of the cy-

cle, with peaks at 10 and 2 ppm occurring at 150 and 200 seconds, respectively. Both fac-

tors contain CxHy species such as alkanes, cycloalkanes, and bicycloalkanes fragments. 

Incomplete combustion products such as C3 to C5 carbonyls are strongly correlated to 

MW’s factor 2, while MW’s factor 3 contributes to monoaromatics and oxidized species , 

such as maleic anhydride, a potential by-product of incomplete oxidation by the DOC 

[73]. 

Factor 4 is a small factor (1 ppm) which generally correlates to the cycle speed and 

appears at speeds higher than 80 km/h. This factor is highly repeatable, and it is strongly 

associated with oxidized species, such as unsaturated carbonyls, phthalic anhydride, ben-

zoquinone, maleic anhydride, and, to a lesser extent, some alkane fragments and mono-

aromatic compounds. The latter represent the fraction of the emissions that is not con-

verted by the aftertreatment systems, while oxidized species are potential by-products of 

incomplete oxidation by the DOC. 

Finally, factor 5 exhibits relatively high emissions around 2 ppm occurring during 

the last section of the MW cycle when the speed reaches 140 km/h, and also at the begin-

ning of the second MW cycle where it increases up to 6 ppm. Similar to CU’s factor 4 , 

MW’s factor 5 is mainly associated with acetic acid and its emission is not repeatable. 

Following our precedent hypothesis, it could be linked to particular operations of the af-

tertreatment systems.  

3.1.2. GDI Vehicle 

Figure 2c shows the averaged temporal variations and relative contributions of the 

six PMF factors calculated for six CU cycles with the Euro 5 GDI vehicle. Gasoline 

NMVOC emissions mostly occur at the beginning of the cycle, to such a degree that GDI 

cold start emission control has become a major issue in recent years [26,74]. All the six 

factors exhibit an emission peak during the first acceleration. This behavior can also be 

observed for the PFI vehicle, as presented in Figure S3. Factor 2 shows good correlation 
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with vehicle acceleration, while the other factors show similar evolution as the diesel ve-

hicle’s factors and seem to be correlated with the temperature rise in the engine and after-

treatment systems. Deconvolution of the emitted compounds in different factors seems to 

be closely related to the pollutants carbon and oxygen numbers. The factors to species 

contribution ratios, summarized in Figure 2c, are listed in Table S11, Table S12, Table S13, 

Table S14, Table S15, and Table S16 for factors 1, 2, 3, 4, 5, and 6, respectively. 

Factor 1 is characterized by a unique intense peak synchronized with the first accel-

eration reaching approximately 150 ppm. Small unsaturated hydrocarbons , such as al-

kenes from C2 to C6; dienes from C3 to C6; and signals from (C4H4)H+, (C5H6)H+, and 

(C6H8)H+ ions (which could also correspond to highly unsaturated hydrocarbons, such as 

alkynes and cycloalkadienes), are associated with this factor. These compounds are simi-

lar to those found in the most volatile fraction of the fuel [37,59], and are also measured 

in the headspace of the fuel (Figure S2); therefore, they are associated with unburnt fuel. 

Factor 2 is mainly emitted during strong accelerations and disappears after the first 

600 seconds of the cycle. Benzene, alkane, and cycloalkane fragments are associated with 

this factor. The predominance of benzene among other monoaromatics suggest that factor 

2 corresponds to fuel-rich combustion. Indeed, it has been shown that, in such regime, 

dealkylation of alkylbenzenes takes place, leading to the formation of benzene, toluene, 

and oxidized by-products [75,76]. Concomitant CO emissions during the same strong ac-

celerations (Figure S5), typically associated with fuel-rich combustion, corroborate this 

assumption. The oxygen deficiency also leads to lower conversion of hydrocarbon species 

[5], explaining the presence of alkane and cycloalkane fragments. 

Factor 3 presents a very similar pattern to factor 1 but exhibits a broader emission 

peak occurring a few seconds later. Ethanol is associated with this factor, followed by 

several cycloalkanes from C6 to C9, aldehydes from C1 to C5, and unsaturated aldehydes 

(such as acrolein). These oxidized compounds are associated with incomplete combustion 

products. 

Factors 4 and 5 both present a first peak at 37 and 45 seconds, respectively, followed 

by a second spread-out peak between 50 and 300 seconds. Although the two factors have 

similar temporal variations, their chemical composition is quite different. Factor 4 is asso-

ciated with C7–C9 aromatic compounds and factor 5 to C9–C11 aromatic compounds. The 

same trend is observed for the dihydronaphthalenes and naphthenic monoaromatic com-

pounds, for which the contribution to factor 4 decreases with increasing carbon number, 

to factor 5’s benefit. Oxidized compounds, such as oxalic acid, benzaldehyde, acetophe-

none, and other oxygenated compounds, are also associated with factor 4 and 5. As for 

the diesel vehicle, this behavior is supposedly due to the progressive desorption of lower 

volatility unburnt fuel components and particular operations of the TWC during engine 

and aftertreatment systems warm-up. 

Finally, factor 6 is characterized by relatively low and constant emissions, with a peak 

at 2 ppm occurring 20 seconds after the first acceleration. This factor is associated with 

lower volatility compounds, such as C10 and C11 aromatics, cycloalkanes, bicycloalkanes, 

indane, indene, styrene, tetraline, dihydronaphthalene, and naphthalene, but also to oxi-

dized species, such as oxalic acid, acetophenone, and acrolein. Although they represent a 

small fraction of the total emitted species during the whole cycle, their contribution be-

comes preponderant during the 400 last seconds, after the TWC warm-up, as presented in 

Figure 3. This factor is associated with species that are only partially converted to by-

products of incomplete oxidation by the TWC. 
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Figure 3. Temporal evolution of the PMF factor concentration ratios (ppm/ppm) during the GDI 

cold urban cycle. 

3.2. NMVOC EFs 

Figure 4 presents the NMVOC EF distributions for the three vehicles classified by 

carbon number and chemical families during the Artemis cold urban and motorway cy-

cles. Compounds C1 to C22 were lumped into 15 chemical families: unsaturated aliphatics, 

linear alkanes, branched alkanes, cycloalkanes, bicycloalkanes, monoaromatics, naph-

thenic monoaromatics, dihydronaphthalenes, naphthalenes, alcohols, carbonyls, unsatu-

rated carbonyls, acids, other oxygenated compounds, and nitrogen compounds. EFs of 

chemical families for each vehicle are presented in Table 2. Detailed EF lists for each fam-

ily, as shown in Figure 4, are presented in Table S17 and Table S18 for GDI CU and MW 

cycles; Table S19 and Table S20 for PFI CU and MW cycles; and Table S21 and Table S22 

for diesel CU and MW cycles.  

Table 2. Synthetic overview of the total NMVOC EFs and detailed chemical family EFs for the three 
Euro 5 vehicles during cold urban and motorway cycles. * EFs annotated with an asterisk are calcu-

lated from PTR-ToF-MS data, while other EFs are calculated from ATD-GC-MS data. 

  Emission Factors 
 Gasoline PFI + TWC Gasoline DI + TWC Diesel DOC + FBC DPF 

Compound Class 
Cold Start 

(mg/km) 

Motorway 

(µg/km) 

Cold Start 

(mg/km) 

Motorway 

(mg/km) 

Cold Start 

(mg/km) 

Motorway 

(µg/km) 

Total NMVOC 23.6 420 ± 25 251 ± 64 15.4 ± 8.2 14.9 ± 6.7 2230 ± 1050 

  Total aromatics 16.5 315 ± 9 155 ± 34 8.3 ± 4.8 0.6 ± 0.2 80 ± 45 

    Monoaromatics 16.0 290 150 ± 32 7.8 ± 4.6 0.6 ± 0.2 * 70 ± 40 

    Dihydronaphthalenes 0.01 * 2 ± 1 * 0.5 ± 0.2 * 0 * 0 * 0 * 

    Naphthenics monoaromatics 0.17 * 22 ± 7 * 3.7 ± 1.2 * 0.18 ± 0.08 * 0.012 ± 0.007 * 4 ± 2 * 

    Naphthalenes 0.30 1 ± 1 * 0.9 ± 0.7 * 0.3 ± 0.1 * 0 * 6 ± 3 

  Total aliphatics 4.6 76 88.2 ± 27.1 6.5 ± 3.1 3.4 ± 1.3 600 ± 290 

    Unsaturated aliphatics 0.56 0 15 ± 6 0 1.4 ± 0.4 * 90 ± 40 * 

    Alkanes 3.6 76 70 ± 20 6.4 ± 3.0 1.7 ± 0.8 * 470 ± 230 

    Cycloalkanes 0.42 0 3 ± 1 0.1 ± 0.1 0.28 ± 0.09 * 15 ± 5 * 

    Bicycloalkanes 0.04 * 0 * 0.2 ± 0.1 * 0 * 0.01 ± 0.04 * 25 ± 16 * 

  Total oxygenated 2.4 29 ± 16 7.7 ± 3.1 0.5 ± 0.3 10 ± 5 1450 ± 695 

    Alcohols 0.36 * 1 ± 2 * 2.4 ± 1.2 * 0.07 ± 0.05 * 0.5 ± 0.1 * 31 ± 15 * 

    Carbonyls 1.4 * 11 ± 8 * 2.6 ± 0.9 * 0.2 ± 0.1 * 6.2 ± 1.6 * 770 ± 370 * 
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    Unsaturated carbonyls 0.15 * 5 ± 2 * 0.6 ± 0.2 * 0 * 0.5 ± 0.2 * 80 ± 20 * 

    Acids 0.03 * 0 * 0 * 0 * 2.9 ± 2.9 * 460 ± 260 * 

    Others 0.49 * 12 ± 4 * 2.1 ± 0.8 * 0.2 ± 0.1 * 0.1 ± 0.1 * 110 ± 30 * 

  Total nitrogen 0.065 0 0.27 ± 0.12 0.06 ± 0.03 0.9 ± 0.2 98 ± 16 

    Nitroalkanes 0.02 * 0* 0.07 ± 0.02 * 0 * 0.9 ± 0.2 * 98 ± 16 * 

    Nitriles 0.04 * 0* 0.2 ± 0.1 * 0.06 ± 0.03 * 0.03 ± 0.01 * 0 * 
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Figure 4. NMVOC EFs in mg/km as a function of carbon numbers for a typical (a) GDI CU cycle, (b) 
GDI MW cycle, (c) PFI CU cycle, (d) PFI MW cycle, (e) diesel CU cycle, and (f) diesel MW cycle. The 

different colors correspond to the main chemical classes measured by PTR-ToF-MS and GC-MS. 

3.2.1. Gasoline vehicle EFs 

The GDI passenger car is the highest emitting vehicle with a total NMVOC EF of 252 

± 65 and 15 ± 8 mg/km for the CU and MW cycles, respectively. Gasoline emissions mostly 

occur during the cold start and decrease by a factor of 17 during the MW cycle. Previous  

studies on Euro 5 GDI generally show large discrepancies with NMHCs ranging from 22 

to 221 mg/km for Euro 5 GDI vehicles during NEDC cycles at 23 and −7 °C, respectively 

[68], while a recent work reports 250 mg/km [57], in good agreement with our data. The 

PFI vehicle is the second highest emitting vehicle, with a total NMVOC EF of 23.5 mg/km 

and 0.4 mg/km for the CU and MW cycles, respectively. Emissions from the PFI vehicle 

are relatively low compared to previous studies on Euro 5 PFI vehicles [77]. 

For both gasoline vehicles, monoaromatic compounds represent 60 and 68% of the 

total NMVOC EFs during the CU cycle, respectively, and 51 and 69% during the MW 

cycle. These results are in agreement with previous studies, where similar NMVOC spe-

ciation is found for a variety of PFI and GDI vehicles [24]. The high aromatic content re-

ported here can be partly explained by the lack of data for small alkanes < C5 and alkenes 

< C2 thatcan represent up to 50% of the NMVOC emissions for gasoline vehicles [24]. As 

shown in Figure 4a–d, the two gasoline vehicles exhibit different monoaromatic distribu-

tions. During CU cycles, the GDI emission of monoaromatics is dominated by C9 com-

pounds, mainly composed in descending order of propylbenzene, 1,2,4-trimethylbenzene, 

and 1-ethyl-3-methylbenzene. They are followed by C8 compounds  asm+p-xylenes, o-

xylene, and ethylbenzene; followed by toluene and benzene; and, finally, C10 to C11 mon-

oaromatics. Similar monoaromatic distribution is emitted during the MW cycles, apart 

from benzene, which outruns toluene, and 1,2,4-trimethylbenzene, the highest emitting 

C9 monoaromatic. For the PFI vehicle, the monoaromatic emissions are dominated by C8 

compounds in the order m+p-xylene > o-xylene > ethylbenzene. They are followed by C9 

compounds mainly composed in descending order of 1,2,4-trimethylbenzene, 1-ethyl-4-

methylbenzene, and 1-ethyl-2-methylbenzene; followed by toluene and benzene; and, fi-

nally, C10 to C16 compounds. Aromatics from C11 to C16 are only detected by the PTR-ToF-

MS and for the PFI vehicle. These results suggest that the introduction of GDI technology 

will not lower monoaromatic emissions, but rather increase their concentration  in urban 

environments.  

Alkanes are the second most emitted class of pollutants for both PFI and GDI vehi-

cles, representing 15 and 28% of the total NMVOCs during the CU cycle, respectively, and 

18 and 42% during the MW cycle, respectively. Alkanes are lower for the PFI than for the 

GDI vehicle, even though branched alkanes were measured for the GDI vehicle only, for 

which they represent 84 and 87% of the total alkanes for CU and MW cycles, respectively. 

During the CU cycle, the alkane distribution for the PFI vehicle is dominated by hexane, 

followed by a general decreasing pattern up to docosane. For the GDI vehicle, the alkane 

distribution is characterized by a peak around C9, mainly represented by C6 to C13 

branched alkanes, while linear alkanes distribution spans from C6 to C22 and presents a 

maximum at C8 (octane), followed by a tail distribution up to C22. Total oxygenated com-

pounds emitted by the PFI vehicle represent 10 and 7% of the NMVOC EFs during the CU 

and MW cycles, respectively. Contributions from oxygenated compounds are lower for 

the GDI vehicle, representing only 3% of the NMVOC EFs during both the CU and MW  

cycles. Carbonyl compounds are the most abundant species for both gasoline vehicles. For 

the PFI vehicle during the CU cycle, emissions are dominated by acetaldehyde followed 

by benzaldehyde, acetone, acetophenone, acrolein, methacrolein, and formaldehyde. Sim-

ilar compounds are observed for the GDI vehicle, as presented in Table S18. Alcohols such 

as ethanol, methanol, and phenol also represent an important fraction of the oxygenated 

compounds, essentially during the CU cycle. Ethanol is a component of the fuel and can 
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be up to 10% in volume (SP95-E10 fuel). Its presence in the emission is therefore linked to 

unburnt fuel. Here, ethanol EF accounts for 1 and 1.5% of the total NMVOC EFs for the 

GDI and the PFI vehicle, respectively. Finally, PFI emissions comprise traces of carboxylic 

acids from C2 to C5, as well as benzoic acid. 

3.2.2. Diesel Vehicle EFs 

NMVOC EFs for the diesel vehicle are 15.3 ± 6.7 and 2.1 ± 0.5 mg/km during the CU 

and MW cycles, respectively, making it the least emitting of the three tested vehicles. Most 

of the emissions occur during the cold start. This work confirms previous observations for  

Diesel Euro 5 vehicles, which reported EFs varying from 13.5 to 44.9 mg/km during cold 

start NEDC cycles [68], 13.6 to 70.3 mg/km during cold NEDC cycles [78], and 20 ± 10 

mg/km during Artemis CU cycles [55]. Our results for the MW cycle are also in agreement 

with previous works reporting 2.0 and 2.3 mg/km for two Euro 5 diesel vehicles [57].  

Contrary to gasoline vehicles, emissions from the diesel vehicle are dominated by 

oxygenated compounds which may reach 67 and 68% of the NMVOC EFs during CU and 

MW cycles, respectively. These compounds are represented by saturated carbonyls (36–

60%), carboxylic acids (28 and 21%), unsaturated carbonyls (4%), and alcohols (1–3%). 

During the CU cycle, acetaldehyde, acetone, and formaldehyde are the most abundant 

compounds followed by C4 to C7 carbonyls. Acetic acid accounts for 2.7 and 0.5 mg/km 

during the CU and MW cycles, respectively. Other acids such as C3 acids, formic acids, 

and C4 acids are only detected during the CU cycle. Unsaturated carbonyls from C3 to C6 

and C3 to C8 are measured during the CU and MW cycles, respectively. Alcohols are 

mainly represented by methanol and ethanol during the CU cycle only, and methanol was 

measured in the diesel fuel headspace (Figure S1). A variety of other oxygenated trace 

compounds are also detected in the diesel vehicle emissions, such as glyoxal, furan, pyran, 

and anhydrides (including maleic and phthalic anhydride). As previously shown, the ma-

jority of these other oxygenated compounds are emitted during the CU cycle after the 

catalyst activation (Figure 2a, factor 4) or during the MW cycle (Figure 2b, factor 4), and 

seem to be formed on the DOC.  

Aliphatic compounds are the second most emitted species, representing 23 and 28% 

of the total NMVOC EFs during the CU and MW cycles, respectively. During the CU cycle, 

linear alkanes (49%) and unsaturated aliphatics (40%) are the most abundant, followed by 

cycloalkanes (8%) and bicycloalkanes (3%). The alkane distribution for the CU cycle is 

comprised between C6 and C16, with a maximum at C10 with decane (372 µg/km). Cyclo-

alkanes distribution spans from C6 to C13 with a maximum at C8 (81 µg/km), while bicy-

loalkanes range from C8 to C15 with a maximum around C11 (21 µg/km). During the MW, 

ratios of linear alkanes and bicycloalkanes increase to 79 and 4% of the total aliphatic EF, 

respectively. On the other hand, ratios of unsaturated aliphatics, cycloalkanes , and bicy-

cloalkanes decrease to 15 and 3%, respectively. 

3.2.3. IVOC Characterization 

In light of Drozd et al.’s methodology [17], IVOCs are classified into three categories : 

aliphatic IVOCs comprising linear, branched, and unsaturated aliphatics; single-ring aro-

matic IVOCs comprising alkyl-substituted monoaromatics and bicyclic compounds with 

only one aromatic ring; and general IVOCs comprising all the compounds that do not fall 

in the two first categories. 

The IVOC fraction for the gasoline vehicles spans from 2.7% for the GDI UC to 13% 

for the PFI MW cycles. GDI and PFI IVOC composition is similar and mostly comprises 

aliphatic and general IVOCs. Aliphatic IVOCs, and, more specifically, linear alkanes, are 

the main contributors to gasoline vehicle IVOCs, representing from 46 to 80% of IVOC 

emissions. General IVOC emissions comprise essentially naphthalene and vary from 14% 

of total IVOCs for the GDI UC to 42% for the GDI MW cycles. These results are in line 

with those of previous studies on IVOCs from gasoline vehicles [17,19]. Based on the PMF 
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analysis results, the IVOC fraction is mainly associated with GDI UC’s factor 6 (Figure 2c) 

and is expected to become preponderant a few minutes after the start of the vehicles, as 

described in Figure 3. 

Diesel IVOC fractions range from 5.8% during the CU cycle to 9.5% during the MW 

cycle. It is essentially composed of aliphatic IVOCs. Linear alkanes represent 95 and 92% 

of the diesel IVOC fraction for the CU and MW cycles, respectively. These results are in 

agreement with previous studies on diesel vehicles [20]. The IVOC fraction is generally 

higher during the MW cycle, due to the lower removal efficiency of the DOC catalyst to-

ward IVOCs compared to other NMVOCs with higher volatility. This behavior was al-

ready observed for gasoline vehicles [19]. 

3.3. Comparison with COPERT Emission Inventories 

COPERT (EMISIA SA [79]) is one of the standard computational tools used to calcu-

late road transport emissions in the EU, as detailed in The EMEP/EEA Air Pollutant Emis-

sion Inventory Guidebook [80]. It is commonly used to estimate emission inventories [81]. 

COPERT provides vehicle fleet and activity road transport data, particularly emission fac-

tors for all major pollutants, heavy metals, particulate matter, and greenhouse gases for 

various vehicle categories. Concerning NMVOCs, COPERT provides a complete specia-

tion for gasoline and diesel vehicles. However, this speciation is old and was determined 

for Euro 1 vehicles. For that reason, COPERT cannot differentiate GDI from PFI cars, but 

only provides one general speciation for all gasoline vehicles. COPERT speciation lists 60 

compounds, against 147, 116, and 85 detected in this study for the GDI, PFI, and diesel 

vehicles, respectively. Figure S6 and Figure S7 illustrate the complete NMVOC speciation 

from COPERT emission inventory for gasoline passenger cars and diesel cars , respec-

tively. COPERT speciation does not detail alkanes > C12 and aromatics > C13, which are 

considered as relevant SOA precursors. Thus, 31% of COPERT diesel emissions are un-

speciated compounds > C12. The speciation provided here is much more detailed, with 

compounds up to C22, and differentiates the emissions from GDI and PFI vehicles. More-

over, this work provides updated EFs for some compounds of interest, such as naphtha-

lene and phenol, which are not well defined or listed in COPERT. Given the rapid changes 

in engine and aftertreatment systems technologies, detailed speciation for each Euro 

standards, including IVOCs, is essential to improve the urban air quality models. This 

speciation is necessary to enrich and upgrade the European road transport emission in-

ventories, such as COPERT. 

4. Conclusions 

This work is the first to present PMF analysis of highly time-resolved PTR-ToF-MS 

measurements (1s resolution) of vehicle emissions. Three Euro 5 vehicles (one diesel, one 

GDI, and one PFI vehicle) were tested on a roll-bench chassis dynamometer on Artemis  

driving cycles. PMF analysis was used to investigate the influence of the engine status and 

aftertreatment devices on the exhaust VOC emissions. During the first few hundred sec-

onds of the CU cycle, NMVOC emissions were mainly present due to unburnt fuel. The 

effect of the aftertreatment devices became evident during and after catalyst activation, 

which led to an overall decrease in exhaust pollutants. Concomitant emissions of incom-

plete oxidation products, produced by both the DOC and the TWC, as well as aliphatic 

and monoaromatic compounds in the C10–C16 range, probably desorbed from the engine 

manifold and aftertreatment systems, were observed during the warm-up of the catalysts. 

The diesel vehicle presented high and non-repeatable emissions of acetic acid occurring 

indifferently during the CU and MW cycles. Concerning the GDI vehicle, emissions of 

benzene, aliphatic fragments, and CO were observed simultaneously with strong acceler-

ations during the CU cycle. These emissions were associated with the low performances  

of the TWC toward NMVOCs during fuel-rich combustion conditions. 
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This study provides an updated inventory of NMVOC EFs calculated by merging 

datasets from online PTR-ToF-MS measurements and offline tenax cartridges (GC-MS) 

analysis. More than a hundred compounds have been identified and quantified for each 

vehicle, including oxygen- and nitrogen-containing VOCs, and aliphatic and aromatic 

compounds from C6 to C22 with their isomers. The current work indicates that the GDI 

vehicle can emit up to 10 and 16 times more than the PFI and diesel vehicles, respectively. 

The diesel vehicle mostly emits products of incomplete combustion, unburnt fuel compo-

nents, and heavy aliphatic and aromatic compounds. Gasoline emissions were dominated 

by C9 and C8 monoaromatics for the GDI and the PFI vehicles, respectively, and alkanes 

ranging from C6 to C22. Most of the gasoline emissions derived from unburnt fuel emitted 

during the first minutes of the CU cycle. These results clearly suggest that the introduction 

of the GDI technology may potentially increase monoaromatics concentration in urban 

environments. 

The IVOC fraction spans from 2.7% of the NMVOCs for the GDI, 9.5% for the diesel, 

and 13% for the PFI vehicle. Diesel IVOCs are essentially linear alkanes associated with 

unburnt fuel emissions. Concerning gasoline vehicles, the IVOC fraction is composed of 

linear alkanes and naphthalene, representing up to 42% of the total IVOC EFs. The IVOC 

fraction becomes preponderant after the start of the vehicles, as the removal efficiency of 

the catalysts seems to be better for volatile NMVOCs than for heavier IVOCs. 

Together with aromatic EFs, emission reports of IVOCs are a key issue to assess the 

SOA formation potential of Euro 5 vehicles and their impact on urban air quality. The 

exhaustive NMVOC speciation provided by this work represents an upgrade with respect 

to existing inventories in the COPERT database, which is based on older vehicles and does 

not differentiate PFI vehicles from GDI vehicles. Moreover, COPERT gives no information 

concerning the speciation of aliphatic and aromatic compounds >C13. Thus, this work 

should be considered for current emission inventories. 

Future research on vehicular emissions should broaden the variety of studied vehi-

cles and combine different analytical techniques. In doing so, chemistry models will have 

access to exhaustive NMVOC inventories, including oxygen- and nitrogen-containing 

VOCs and IVOCs. Moreover, PMF analysis of online VOCs data should be applied to 

more varied driving conditions, such as idle, creep, or real-world driving. These investi-

gations could provide useful information on specific emissions associated with the func-

tioning of vehicles, their origin, and hints about where to act specifically for their reduc-

tion.  

Abbreviations 

ASOA Anthropogenic secondary organic aerosol 

ATD-GC-MS 
Automated thermal desorption gas chromatog-

raphy mass spectrometer 

BC Black carbon 

BTEX Benzene, toluene, ethylbenzene, and xylenes 

CI-MS Chemical ionization mass spectrometry 

CO Carbon monoxide 

cps Count per second 

CU Artemis cold urban  

CVS Constant volume sampler 

DOC Diesel oxidation catalyst 

E/N Reduced electric field 

EASE 
Environment, Planning, Safety, and Eco-design 

Laboratory 

EFs Emission factors 

FBC-DPF Fuel-borne catalyst diesel particulate filter 

GDI Gasoline direct injection 

IVOCs Intermediate volatility organic compounds 

ME-2 Multilinear engine 2 
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MW Artemis motorway  

NMHCs Non-methane hydrocarbons 

NMVOCs Non-methane volatile organic compounds 

Nox Nitrogen oxides 

PFI Port fuel injection 

PM Particulate matter 

PMF Positive matrix factorization 

PN Particulate number 

PTR-ToF-MS 
Proton transfer reaction time-of-flight mass spec-

trometer 

S/N Signal-to-noise ratio 

SI Supplementary information 

SOA Secondary organic aerosol 

Td Townsend 

THC Total hydrocarbon content 

TWC Three-way catalyst 

VOCs Volatile organic compounds 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1. Table S1: 

Experimental schedule and dilutions. Table S2: Factor to species contribution ratios for the diesel 
cold urban cycle factor 1. Table S3: Factor to species contribution ratios for the diesel cold urban 
cycle factor 2. Table S4: Factor to species contribution ratios for the diesel cold urban cycle factor 3. 

Table S5: Factor to species contribution ratios for the diesel cold urban cycle factor 4. Table S6: Factor 
to species contribution ratios for the diesel motorway cycle factor 1. Table S7: Factor to species con-

tribution ratios for the diesel motorway cycle factor 2. Table S8: Factor to species contribution ratios 
for the diesel motorway cycle factor 3. Table S9: Factor to species contribution ratios for the diesel 
motorway cycle factor 4. Table S10: Factor to species contribution ratios for the diesel motorway 

cycle factor 5. Table S11: Factor to species contribution ratios for the GDI cold urban cycle factor 1. 
Table S12: Factor to species contribution ratios for the GDI cold urban cycle factor 2. Table S13: 
Factor to species contribution ratios for the GDI cold urban cycle factor 3. Table S14: Factor to species 

contribution ratios for the GDI cold urban cycle factor 4. Table S15: Factor to species contribution 
ratios for the GDI cold urban cycle factor 5. Table S16: Factor to species contribution ratios for the 

GDI cold urban cycle factor 6. Table S17: Detailed emission factors for individual NMVOCs for the 
GDI vehicle cold urban cycle. Table S18: Detailed emission factors for individual NMVOCs for the 
GDI vehicle motorway cycle. Table S19: Detailed emission factors for individual NMVOCs for the 

PFI vehicle cold urban cycle. Table S20: Detailed emission factors for individual NMVOCs for the 
PFII vehicle motorway cycle. Table S21: Detailed emission factors for individual NMVOCs for the 
diesel vehicle cold urban cycle. Table S22: Detailed emission factors for individual NMVOCs for the 

diesel vehicle motorway cycle. Figure S1: Fraction of total mixing ratio (ppb/ppb) by mean of the 
carbon number for the diesel fuel headspace. Colors correspond to the main chemical classes meas-

ured by PTR-ToF-MS. Figure S2: Fraction of total mixing ratio (ppb/ppb) by mean of the carbon 
number for the gasoline SP95-E10 fuel headspace. Colors correspond to the main chemical classes 
measured by PTR-ToF-MS. Figure S3: PMF factors temporal variations and contribution ratios for a 

typical PFI vehicle cold urban cycle. The gray zone represents speed variations during the cold ur-
ban cycle. Factors to species contribution ratios are classified by mean of carbon, oxygen, and nitro-

gen numbers. Figure S4: CO variations (ppm) during a diesel cold urban cycle. Figure S5: CO vari-
ations (ppm) during a GDI cold urban cycle. The black line represents the CO concentration and the 
gray zone represents the cycle speed in km/h. Figure S6: Complete NMVOC speciation from 

COPERT emission inventory for Euro 1–6 gasoline passenger cars. Figure S7: Complete NMVOC 
speciation from COPERT emission inventory for Euro1–6 diesel IDI and DI cars 

Author Contributions: Conceptualization, Y.L., K.S., C.F., and B.D.; data curation, B.M., E.K., 

A.M.V., B.V., and T.S.; formal analysis, B.M., T.S., L.F., and C.F.; funding acquisition, Y.L., K.S., C.F., 
and B.D.; investigation, B.M., E.K., A.M.V., B.V., B.T.-R., P.T., P.P., Y.L., and B.D.; methodology, 

B.M.; project administration, Y.L., K.S., C.F., and B.D.; resources, L.F., B.T.-R., P.T., and P.P.; soft-
ware, T.S.; supervision, B.D.; validation, B.M.; visualization, B.M.; writing—original draft, B.M., 
C.F., and B.D.; writing—review and editing, B.M., E.K., A.M.V., B.V., T.S., L.F., B.T.-R., P.T., P.P., 

Y.L., K.S., C.F., and B.D. All authors have read and agreed to the published version of the manu-
script. 



Toxics 2022, 10, x FOR PEER REVIEW 19 of 22 
 

 

Funding: This research was funded by the ADEME CORTEA program with the project MAESTRO 
(contract no: 1766C001). 

Institutional Review Board Statement: Not applicable 

Informed Consent Statement: Not applicable 

Acknowledgments: We gratefully acknowledge the MASSALYA instrumental platform (Aix Mar-
seille Université, lce.univ-amu.fr, accessed on 06 April 2022) for the analysis and measurements 
used in this publication. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. Cohen, A.J.; Brauer, M.; Burnett, R.; Anderson, H.R.; Frostad, J.; Estep, K.; Balakrishnan, K.; Brunekreef, B.; Dandona, L.; Dan-

dona, R.; et al. Estimates and 25-Year Trends of the Global Burden of Disease Attributable to Ambient Air Pollution: An Analysis 
of Data from the Global Burden of Diseases Study 2015. Lancet 2017, 389, 1907–1918. https://doi.org/10.1016/S0140-
6736(17)30505-6. 

2. Citepa, Juillet 2021. Inventaire Des Émissions de Polluants Atmosphériques et de Gaz à Effet de Serre En France—Format Secten. 
Avalaible online: https://www.citepa.org/wp-content/uploads/publications/secten/Citepa_Rapport-
Secten_ed2021_v1_30072021.pdf (accessed on 06 April 2022) 

3. Baudic, A.; Gros, V.; Sauvage, S.; Locoge, N.; Sanchez, O.; Sarda-Estève, R.; Kalogridis, C.; Petit, J.-E.; Bonnaire, N.; Baisnée, D.; 
et al. Seasonal Variability and Source Apportionment of Volatile Organic Compounds (VOCs) in the Paris Megacity (France). 

Atmos. Chem. Phys. 2016, 16, 11961–11989. https://doi.org/10.5194/acp-16-11961-2016. 
4. Russell, A.; Epling, W.S. Diesel Oxidation Catalysts. Catal. Rev. 2011, 53, 337–423. https://doi.org/10.1080/01614940.2011.596429. 
5. Wang, J.; Chen, H.; Hu, Z.; Yao, M.; Li, Y. A Review on the Pd-Based Three-Way Catalyst. Catal. Rev. 2015, 57, 79–144. 

https://doi.org/10.1080/01614940.2014.977059. 
6. Guan, B.; Zhan, R.; Lin, H.; Huang, Z. Review of the State-of-the-Art of Exhaust Particulate Filter Technology in Internal Com-

bustion Engines. J. Environ. Manag. 2015, 154, 225–258. https://doi.org/10.1016/j.jenvman.2015.02.027. 
7. Platt, S.M.; El Haddad, I.; Pieber, S.M.; Zardini, A.A.; Suarez-Bertoa, R.; Clairotte, M.; Daellenbach, K.R.; Huang, R.-J.; Slowik, 

J.G.; Hellebust, S.; et al. Gasoline Cars Produce More Carbonaceous Particulate Matter than Modern Filter -Equipped Diesel 

Cars. Scientific Reports 2017, 7, doi:10.1038/s41598-017-03714-9.;  
8. Giechaskiel, B.; Joshi, A.; Ntziachristos, L.; Dilara, P. European Regulatory Framework and Particulate Matter Emissions of 

Gasoline Light-Duty Vehicles: A Review. Catalysts 2019, 9, 586. https://doi.org/10.3390/catal9070586. 

9. Kostenidou, E.; Martinez-Valiente, A.; R’Mili, B.; Marques, B.; Temime-Roussel, B.; Durand, A.; André, M.; Liu, Y.; Louis, C.; 
Vansevenant, B.; et al. Technical Note: Emission Factors, Chemical Composition, and Morphology of Particles Emitted from 

Euro 5 Diesel and Gasoline Light-Duty Vehicles during Transient Cycles. Atmos. Chem. Phys. 2021, 21, 4779–4796. 
https://doi.org/10.5194/acp-21-4779-2021. 

10. Sartelet, K.; Zhu, S.; Moukhtar, S.; André, M.; André, J.M.; Gros, V.; Favez, O.; Brasseur, A.; Redaelli, M. Emission of Interme-

diate, Semi and Low Volatile Organic Compounds from Traffic and Their Impact on Secondary Organic Aerosol Concentrations 
over Greater Paris. Atmos. Environ. 2018, 180, 126–137. https://doi.org/10.1016/j.atmosenv.2018.02.031. 

11. Farina, S.C.; Adams, P.J.; Pandis, S.N. Modeling Global Secondary Organic Aerosol Formation and Processing with the Volatil-

ity Basis Set: Implications for Anthropogenic Secondary Organic Aerosol. J. Geophys. Res. 2010, 115, D09202. 
https://doi.org/10.1029/2009JD013046. 

12. Daellenbach, K.R.; Uzu, G.; Jiang, J.; Cassagnes, L.-E.; Leni, Z.; Vlachou, A.; Stefenelli, G.; Canonaco, F.; Weber, S.; Segers, A.; et 
al. Sources of Particulate-Matter Air Pollution and Its Oxidative Potential in Europe. Nature 2020, 587, 414–419. 
https://doi.org/10.1038/s41586-020-2902-8. 

13. Tuet, W.Y.; Chen, Y.; Xu, L.; Fok, S.; Gao, D.; Weber, R.J.; Ng, N.L. Chemical Oxidative Potential of Secondary Organic Aerosol 
(SOA) Generated from the Photooxidation of Biogenic and Anthropogenic Volatile Organic Compounds. Atmos. Chem. Phys. 
2017, 17, 839–853. https://doi.org/10.5194/acp-17-839-2017. 

14. Lovett, C.; Baasiri, M.; Atwi, K.; Sowlat, M.H.; Shirmohammadi, F.; Shihadeh, A.L.; Sioutas, C. Comparison of the Oxidative 
Potential of Primary (POA) and Secondary (SOA) Organic Aerosols Derived from α-Pinene and Gasoline Engine Exhaust Pre-

cursors. F1000Res 2018, 7, 1031. https://doi.org/10.12688/f1000research.15445.1. 
15. Wang, S.; Ye, J.; Soong, R.; Wu, B.; Yu, L.; Simpson, A.J.; Chan, A.W.H. Relationship between Chemical Composition and Oxi-

dative Potential of Secondary Organic Aerosol from Polycyclic Aromatic Hydrocarbons. Atmos. Chem. Phys. 2018, 18, 3987–4003. 

https://doi.org/10.5194/acp-18-3987-2018. 
16. Gentner, D.R.; Jathar, S.H.; Gordon, T.D.; Bahreini, R.; Day, D.A.; El Haddad, I.; Hayes, P.L.; Pieber, S.M.; Platt, S.M.; de Gouw, 

J.; et al. Review of Urban Secondary Organic Aerosol Formation from Gasoline and Diesel Motor Vehicle Emissions. Environ. 
Sci. Technol. 2017, 51, 1074–1093. https://doi.org/10.1021/acs.est.6b04509. 

17. Drozd, G.T.; Zhao, Y.; Saliba, G.; Frodin, B.; Maddox, C.; Oliver Chang, M.-C.; Maldonado, H.; Sardar, S.; Weber, R.J.; Robinson, 

A.L.; et al. Detailed Speciation of Intermediate Volatility and Semivolatile Organic Compound Emissions from Gasoline 



Toxics 2022, 10, x FOR PEER REVIEW 20 of 22 
 

 

Vehicles: Effects of Cold-Starts and Implications for Secondary Organic Aerosol Formation. Environ. Sci. Technol. 2019, 53, 1706–
1714. https://doi.org/10.1021/acs.est.8b05600. 

18. Gentner, D.R.; Isaacman, G.; Worton, D.R.; Chan, A.W.H.; Dallmann, T.R.; Davis, L.; Liu, S.; Day, D.A.; Russell, L.M.; Wilson, 
K.R.; et al. Elucidating Secondary Organic Aerosol from Diesel and Gasoline Vehicles through Detailed Characterization of 

Organic Carbon Emissions. Proc. Natl. Acad. Sci. USA 2012, 109, 18318–18323. https://doi.org/10.1073/pnas.1212272109. 
19. Zhao, Y.; Nguyen, N.T.; Presto, A.A.; Hennigan, C.J.; May, A.A.; Robinson, A.L. Intermediate Volatility Organic Compound 

Emissions from On-Road Gasoline Vehicles and Small Off-Road Gasoline Engines. Environ. Sci. Technol. 2016, 50, 4554–4563. 

https://doi.org/10.1021/acs.est.5b06247. 
20. Zhao, Y.; Nguyen, N.T.; Presto, A.A.; Hennigan, C.J.; May, A.A.; Robinson, A.L. Intermediate Volatility Organic Compound 

Emissions from On-Road Diesel Vehicles: Chemical Composition, Emission Factors, and Estimated Secondary Organic Aerosol 

Production. Environ. Sci. Technol. 2015, 49, 11516–11526. https://doi.org/10.1021/acs.est.5b02841. 
21. Lu, Q.; Murphy, B.N.; Qin, M.; Adams, P.J.; Zhao, Y.; Pye, H.O.T.; Efstathiou, C.; Allen, C.; Robinson, A.L. Simulation of Organic 

Aerosol Formation during the CalNex Study: Updated Mobile Emissions and Secondary Organic Aerosol Parameterization for 
Intermediate-Volatility Organic Compounds. Atmos. Chem. Phys. 2020, 20, 4313–4332. https://doi.org/10.5194/acp-20-4313-2020. 

22. Ratcliff, M.A.; Windom, B.; Fioroni, G.M.; St. John, P.; Burke, S.; Burton, J.; Christensen, E.D.; Sindler, P.; McCormick, R.L. Impact 

of Ethanol Blending into Gasoline on Aromatic Compound Evaporation and Particle Emissions from a Gasoline Direct Injection 
Engine. Appl. Energy 2019, 250, 1618–1631. https://doi.org/10.1016/j.apenergy.2019.05.030. 

23. Suarez-Bertoa, R.; Zardini, A.A.; Keuken, H.; Astorga, C. Impact of Ethanol Containing Gasoline Blends on Emissions from a 
Flex-Fuel Vehicle Tested over the Worldwide Harmonized Light Duty Test Cycle (WLTC). Fuel 2015, 143, 173–182. 
https://doi.org/10.1016/j.fuel.2014.10.076. 

24. Saliba, G.; Saleh, R.; Zhao, Y.; Presto, A.A.; Lambe, A.T.; Frodin, B.; Sardar, S.; Maldonado, H.; Maddox, C.; May, A.A.; et al. 
Comparison of Gasoline Direct-Injection (GDI) and Port Fuel Injection (PFI) Vehicle Emissions: Emission Certification Stand-
ards, Cold-Start, Secondary Organic Aerosol Formation Potential, and Potential Climate Impacts. Environ. Sci. Technol. 2017, 51, 

6542–6552. https://doi.org/10.1021/acs.est.6b06509. 
25. Martinet, S.; Liu, Y.; Louis, C.; Tassel, P.; Perret, P.; Chaumond, A.; André, M. Euro 6 Unregulated Pollutant Characterization 

and Statistical Analysis of After-Treatment Device and Driving-Condition Impact on Recent Passenger-Car Emissions. Environ. 
Sci. Technol. 2017, 51, 5847–5855. https://doi.org/10.1021/acs.est.7b00481. 

26. Bogarra, M.; Herreros, J.M.; Hergueta, C.; Tsolakis, A.; York, A.P.E.; Millington, P.J. Influence of Three-Way Catalyst on Gaseous 

and Particulate Matter Emissions During Gasoline Direct Injection Engine Cold-Start. Johns Matthey Technol. Rev. 2017, 61, 329–
341. https://doi.org/10.1595/205651317X696315. 

27. Weber, C.; Sundvor, I.; Figenbaum, E. Comparison of Regulated Emission Factors of Euro 6 LDV in Nordic Temperatures and 

Cold Start Conditions: Diesel- and Gasoline Direct-Injection. Atmos. Environ. 2019, 206, 208–217. https://doi.org/10.1016/j.at-
mosenv.2019.02.031. 

28. Suarez-Bertoa, R.; Astorga, C. Impact of Cold Temperature on Euro 6 Passenger Car Emissions. Environmental Pollution 2018, 
234, 318–329, doi:10.1016/j.envpol.2017.10.096. 

29. Cross, E.S.; Sappok, A.G.; Wong, V.W.; Kroll, J.H. Load-Dependent Emission Factors and Chemical Characteristics of IVOCs 

from a Medium-Duty Diesel Engine. Environ. Sci. Technol. 2015, 49, 13483–13491. https://doi.org/10.1021/acs.est.5b03954. 
30. Jang, J.; Lee, Y.; Kwon, O. Comparison of Fuel Efficiency and Exhaust Emissions between the Aged and New DPF Systems of 

Euro 5 Diesel Passenger Car. Int. J. Automot. Technol. 2017, 18, 751–758. https://doi.org/10.1007/s12239-017-0074-9. 

31. Ko, J.; Son, J.; Myung, C.-L.; Park, S. Comparative Study on Low Ambient Temperature Regulated/Unregulated Emissions 
Characteristics of Idling Light-Duty Diesel Vehicles at Cold Start and Hot Restart. Fuel 2018, 233, 620–631. 

https://doi.org/10.1016/j.fuel.2018.05.144. 
32. Hagena, J.R.; Filipi, Z.; Assanis, D.N. Transient Diesel Emissions: Analysis of Engine Operation during a Tip-In. In Proceedings 

of the 2006 SAE World Congress, Detroit, MI, USA, 3–6 April 2006; pp. 2006-01–1151. 

33. Brunet, J.; Genty, E.; Landkocz, Y.; Zallouha, M.A.; Billet, S.; Courcot, D.; Siffert, S.; Thomas, D.; De Weireld, G.; Cousin, R. 
Identification of By-Products Issued from the Catalytic Oxidation of Toluene by Chemical and Biological Methods. Comptes 

Rendus Chim. 2015, 18, 1084–1093. https://doi.org/10.1016/j.crci.2015.09.001. 
34. Zhong, J.; Zeng, Y.; Chen, D.; Mo, S.; Zhang, M.; Fu, M.; Wu, J.; Su, Z.; Chen, P.; Ye, D. Toluene Oxidation over Co3+-Rich Spinel 

Co3O4: Evaluation of Chemical and by-Product Species Identified by in Situ DRIFTS Combined with PTR-TOF-MS. J. Hazard. 

Mater. 2020, 386, 121957. https://doi.org/10.1016/j.jhazmat.2019.121957. 
35. Yanagisawa, N.; Shibata, K.; Enya, K.; Satou, K. Transient Behavior of VOCs Emission and Particle Size Distribution during 

Active Regeneration of Diesel Particulate Filter Equipped Diesel Engine; Society of Automotive Engineers of Japan, Inc.: Tokyo, 

Japan, 2011; pp. 2011-01–2087. 
36. Schauer, J.J.; Kleeman, M.J.; Cass, G.R.; Simoneit, B.R.T. Measurement of Emissions from Air Pollution Sources. 2. C1 through 

C30 Organic Compounds from Medium Duty Diesel Trucks. Environ. Sci. Technol. 1999, 33, 1578–1587. 
https://doi.org/10.1021/es980081n. 

37. Schauer, J.J.; Kleeman, M.J.; Cass, G.R.; Simoneit, B.R.T. Measurement of Emissions from Air Pollution Sources. 5. C1−C32 Or-

ganic Compounds from Gasoline-Powered Motor Vehicles. Environ. Sci. Technol. 2002, 36, 1169–1180. 
https://doi.org/10.1021/es0108077. 



Toxics 2022, 10, x FOR PEER REVIEW 21 of 22 
 

 

38. Alam, M.S.; Zeraati-Rezaei, S.; Xu, H.; Harrison, R.M. Characterization of Gas and Particulate Phase Organic Emissions (C9–C 
37) from a Diesel Engine and the Effect of Abatement Devices. Environ. Sci. Technol. 2019, 53, 11345–11352. 

https://doi.org/10.1021/acs.est.9b03053. 
39. Sekimoto, K.; Inomata, S.; Tanimoto, H.; Fushimi, A.; Fujitani, Y.; Sato, K.; Yamada, H. Characterization of Nitromethane Emis-

sion from Automotive Exhaust. Atmos. Environ. 2013, 81, 523–531. https://doi.org/10.1016/j.atmosenv.2013.09.031. 
40. Inomata, S.; Fujitani, Y.; Fushimi, A.; Tanimoto, H.; Sekimoto, K.; Yamada, H. Field Measurement of Nitromethane from Auto-

motive Emissions at a Busy Intersection Using Proton-Transfer-Reaction Mass Spectrometry. Atmos. Environ. 2014, 96, 301–309. 

https://doi.org/10.1016/j.atmosenv.2014.07.058. 
41. Inomata, S.; Yamada, H.; Tanimoto, H. Investigation on VOC Emissions from Automobile Sources by Means of Online Mass 

Spectrometry. Curr. Pollut. Rep. 2016, 2, 188–199. https://doi.org/10.1007/s40726-016-0032-6. 

42. Lindinger, W.; Jordan, A. Proton-Transfer-Reaction Mass Spectrometry (PTR–MS): On-Line Monitoring of Volatile Organic 
Compounds at Pptv Levels. Chem. Soc. Rev. 1998, 27, 347. https://doi.org/10.1039/a827347z. 

43. Erickson, M.H.; Gueneron, M.; Jobson, B.T. Measuring Long Chain Alkanes in Diesel Engine Exhaust by Thermal Desorption 
PTR-MS. Atmos. Meas. Tech. 2014, 7, 225–239. https://doi.org/10.5194/amt-7-225-2014. 

44. Gueneron, M.; Erickson, M.H.; VanderSchelden, G.S.; Jobson, B.T. PTR-MS Fragmentation Patterns of Gasoline Hydrocarbons. 

Int. J. Mass Spectrom. 2015, 379, 97–109. https://doi.org/10.1016/j.ijms.2015.01.001. 
45. Pieber, S.M.; Kumar, N.K.; Klein, F.; Comte, P.; Bhattu, D.; Dommen, J.; Bruns, E.A.; Kılıç, D.; El Haddad, I.; Keller, A.; e t al. 

Gas-Phase Composition and Secondary Organic Aerosol Formation from Standard and Particle Filter-Retrofitted Gasoline Di-
rect Injection Vehicles Investigated in a Batch and Flow Reactor. Atmospheric Chemistry and Physics 2018, 18, 9929–9954, 
doi:10.5194/acp-18-9929-2018. 

46. Jordan, A.; Haidacher, S.; Hanel, G.; Hartungen, E.; Märk, L.; Seehauser, H.; Schottkowsky, R.; Sulzer, P.; Märk, T.D. A High 
Resolution and High Sensitivity Proton-Transfer-Reaction Time-of-Flight Mass Spectrometer (PTR-TOF-MS). Int. J. Mass Spec-
trom. 2009, 286, 122–128. https://doi.org/10.1016/j.ijms.2009.07.005. 

47. Graus, M.; Müller, M.; Hansel, A. High Resolution PTR-TOF: Quantification and Formula Confirmation of VOC in Real Time. 
J. Am. Soc. Mass Spectrom 2010, 21, 1037–1044. https://doi.org/10.1016/j.jasms.2010.02.006. 

48. Wang, L.; Slowik, J.G.; Tripathi, N.; Bhattu, D.; Rai, P.; Kumar, V.; Vats, P.; Satish, R.; Baltensperger, U.; Ganguly, D.; et al. 
Source Characterization of Volatile Organic Compounds Measured by Proton-Transfer-Reaction Time-of-Flight Mass Spec-
trometers in Delhi, India. Atmos. Chem. Phys. 2020, 20, 9753–9770, doi:10.5194/acp-20-9753-2020. 

49. Liu, Y.; Song, M.; Liu, X.; Zhang, Y.; Hui, L.; Kong, L.; Zhang, Y.; Zhang, C.; Qu, Y.; An, J.; et al. Characterization and Sources 
of Volatile Organic Compounds (VOCs) and Their Related Changes during Ozone Pollution Days in 2016 in Beijing, China. 
Environ. Pollut. 2020, 257, 113599. https://doi.org/10.1016/j.envpol.2019.113599. 

50. Kari, E.; Faiola, C.L.; Isokääntä, S.; Miettinen, P.; Yli-Pirilä, P.; Buchholz, A.; Kivimäenpää, M.; Mikkonen, S.; Holopainen, J.K.; 
Virtanen, A. Time-Resolved Characterization of Biotic Stress Emissions from Scots Pines Being Fed upon by Pine Weevil by 

Means of PTR-ToF-MS. 24, 26. 
51. Li, H.; Canagaratna, M.R.; Riva, M.; Rantala, P.; Zhang, Y.; Thomas, S.; Heikkinen, L.; Flaud, P.-M.; Villenave, E.; Perraudin, E.; 

et al. Atmospheric Organic Vapors in Two European Pine Forests Measured by a Vocus PTR-TOF: Insights into Monoterpene 

and Sesquiterpene Oxidation Processes. Atmos. Chem. Phys. 2021, 21, 4123–4147, doi:10.5194/acp-21-4123-2021. 
52. Rosati, B.; Teiwes, R.; Kristensen, K.; Bossi, R.; Skov, H.; Glasius, M.; Pedersen, H.B.; Bilde, M. Factor Analysis of Chemical 

Ionization Experiments: Numerical Simulations and an Experimental Case Study of the Ozonolysis of α-Pinene Using a PTR-

ToF-MS. Atmos. Environ. 2019, 199, 15–31. https://doi.org/10.1016/j.atmosenv.2018.11.012. 
53. Paatero, P.; Tapper, U. Positive Matrix Factorization: A Non-Negative Factor Model with Optimal Utilization of Error Estimates 

of Data Values. Environmetrics 1994, 5, 111–126. https://doi.org/10.1002/env.3170050203. 
54. André, M. The ARTEMIS European Driving Cycles for Measuring Car Pollutant Emissions. Sci. Total Environ. 2004, 334–335, 

73–84. https://doi.org/10.1016/j.scitotenv.2004.04.070. 

55. Alves, C.A.; Lopes, D.J.; Calvo, A.I.; Evtyugina, M.; Rocha, S.; Nunes, T. Emissions from Light-Duty Diesel and Gasoline in-Use 
Vehicles Measured on Chassis Dynamometer Test Cycles. Aerosol Air Qual. Res. 2015, 15, 99–116. 

https://doi.org/10.4209/aaqr.2014.01.0006. 
56. Alves, C.A.; Calvo, A.I.; Lopes, D.J.; Nunes, T.; Charron, A.; Goriaux, M.; Tassel, P.; Perret, P. Emissions of Euro 3–5 Passenger 

Cars Measured Over Different Driving Cycles. Int. J. Environ. Chem. Ecol. Geol. Geophys. Eng. 2013, 7, 4. 

57. Liu, Y.; Martinet, S.; Louis, C.; Pasquier, A.; Tassel, P.; Perret, P. Emission Characterization of In-Use Diesel and Gasoline Euro 
4 to Euro 6 Passenger Cars Tested on Chassis Dynamometer Bench and Emission Model Assessment. Aerosol Air Qual. Res. 2017, 
17, 2289–2299. https://doi.org/10.4209/aaqr.2017.02.0080. 

58. Tofware. Available online: https://www.tofwerk.com/software/tofware/ (accessed on 30 March 2022). 
59. Gentner, D.R.; Worton, D.R.; Isaacman, G.; Davis, L.C.; Dallmann, T.R.; Wood, E.C.; Herndon, S.C.; Goldstein, A.H.; Harley, 

R.A. Chemical Composition of Gas-Phase Organic Carbon Emissions from Motor Vehicles and Implications for Ozone Produc-
tion. Environ. Sci. Technol. 2013, 47, 11837–11848. https://doi.org/10.1021/es401470e. 

60. Cappellin, L.; Karl, T.; Probst, M.; Ismailova, O.; Winkler, P.M.; Soukoulis, C.; Aprea, E.; Märk, T.D.; Gasperi, F.; Biasioli, F. On 

Quantitative Determination of Volatile Organic Compound Concentrations Using Proton Transfer Reaction Time-of-Flight 
Mass Spectrometry. Environ. Sci. Technol. 2012, 46, 2283–2290. https://doi.org/10.1021/es203985t. 



Toxics 2022, 10, x FOR PEER REVIEW 22 of 22 
 

 

61. Pagonis, D.; Sekimoto, K.; de Gouw, J. A Library of Proton-Transfer Reactions of H 3 O + Ions Used for Trace Gas Detection. J. 
Am. Soc. Mass Spectrom. 2019, 30, 1330–1335. https://doi.org/10.1007/s13361-019-02209-3. 

62. Paatero, P.; Tapper, U. Positive Matrix Factorization: A Non-Negative Factor Model with Optimal Utilization of Error Estimates 
of Data Values. Environmetrics 1994, 5, 111–126. https://doi.org/10.1002/env.3170050203. 

63. Crippa, M.; Canonaco, F.; Slowik, J.G.; El Haddad, I.; DeCarlo, P.F.; Mohr, C.; Heringa, M.F.; Chirico, R.; Marchand, N.; Temime-
Roussel, B.; et al. Primary and Secondary Organic Aerosol Origin by Combined Gas-Particle Phase Source Apportionment. 
Atmos. Chem. Phys. 2013, 13, 8411–8426. https://doi.org/10.5194/acp-13-8411-2013. 

64. de Gouw, J.; Warneke, C. Measurements of Volatile Organic Compounds in the Earth’s Atmosphere Using Proton-Transfer-
Reaction Mass Spectrometry. Mass Spectrom. Rev. 2007, 26, 223–257. https://doi.org/10.1002/mas.20119. 

65. Paatero, P. The Multilinear Engine—A Table-Driven, Least Squares Program for Solving Multilinear Problems, Including the n 

-Way Parallel Factor Analysis Model. J. Comput. Graph. Stat. 1999, 8, 854–888. https://doi.org/10.1080/10618600.1999.10474853. 
66. Datalystica. Available online: https://datalystica.com (accessed on 30 March 2022). 

67. Soukoulis, C.; Cappellin, L.; Aprea, E.; Costa, F.; Viola, R.; Märk, T.D.; Gasperi, F.; Biasioli, F. PTR-ToF-MS, A Novel, Rapid, 
High Sensitivity and Non-Invasive Tool to Monitor Volatile Compound Release During Fruit Post-Harvest Storage: The Case 
Study of Apple Ripening. Food Bioprocess Technol. 2013, 6, 2831–2843. https://doi.org/10.1007/s11947-012-0930-6. 

68. Roslund, P.; Aakko-Saksa, P.; Koponen, P.; Nuottimaki, J. Unregulated Emissions from Euro 5 Emission Level Cars. VTT Tech-
nical Research Centre of Finland. VTT Research Report No. VTT-R-04308-14, 2014. http://transsmart.fi/files/179/Unregu-

lated_Emissions_from_Euro_5_Emission_Level_Cars_VTT-R-04308-14.pdf (accessed on 06 April 2022) 
69. Hayeck, N.; Temime-Roussel, B.; Gligorovski, S.; Mizzi, A.; Gemayel, R.; Tlili, S.; Maillot, P.; Pic, N.; Vitrani, T.; Poulet, I.; et al. 

Monitoring of Organic Contamination in the Ambient Air of Microelectronic Clean Room by Proton-Transfer Reaction/Time-

of-Flight/Mass Spectrometry (PTR–ToF–MS). Int. J. Mass Spectrom. 2015, 392, 102–110. https://doi.org/10.1016/j.ijms.2015.09.017. 
70. Louis, C.; Liu, Y.; Tassel, P.; Perret, P.; Chaumond, A.; André, M. PAH, BTEX, Carbonyl Compound, Black-Carbon, NO2 and 

Ultrafine Particle Dynamometer Bench Emissions for Euro 4 and Euro 5 Diesel and Gasoline Passenger Cars. Atmos. Environ. 

2016, 141, 80–95. https://doi.org/10.1016/j.atmosenv.2016.06.055. 
71. Bock, N.; Baum, M.M.; Anderson, M.B.; Pesta, A.; Northrop, W.F. Dicarboxylic Acid Emissions from Aftertreatment Equipped 

Diesel Engines. Environ. Sci. Technol. 2017, 51, 13036–13043. 
72. Liang, Z.; Chen, L.; Alam, M.S.; Zeraati Rezaei, S.; Stark, C.; Xu, H.; Harrison, R.M. Comprehensive Chemical Characterization 

of Lubricating Oils Used in Modern Vehicular Engines Utilizing GC × GC-TOFMS. Fuel 2018, 220, 792–799. 

https://doi.org/10.1016/j.fuel.2017.11.142. 
73. Wang, Z.; Yang, H.; Liu, R.; Xie, S.; Liu, Y.; Dai, H.; Huang, H.; Deng, J. Probing Toluene Catalytic Removal Mechanism over 

Supported Pt Nano- and Single-Atom-Catalyst. J. Hazard. Mater. 2020, 392, 122258. https://doi.org/10.1016/j.jhaz-

mat.2020.122258. 
74. Reiter, M.S.; Kockelman, K.M. The Problem of Cold Starts: A Closer Look at Mobile Source Emissions Levels. Transp. Res. Part 

D Transp. Environ. 2016, 43, 123–132. https://doi.org/10.1016/j.trd.2015.12.012. 
75. Bruehlmann, S.; Novak, P.; Lienemann, P.; Trottmann, M.; Gfeller, U.; Zwicky, C.N.; Bommer, B.; Huber, H.; Wolfensberger, 

M.; Heeb, N.V. Three-Way-Catalyst Induced Benzene Formation: A Precursor Study. Appl. Catal. B Environ. 2007, 70, 276–283. 

https://doi.org/10.1016/j.apcatb.2006.02.026. 
76. Zervas, E.; Montagne, X.; Lahaye, J. Influence of Fuel and Air/Fuel Equivalence Ratio on the Emission of Hydrocarbons from a 

SI Engine. 2. Formation Pathways and Modelling of Combustion Processes. Fuel 2004, 83, 2313–2321. 

https://doi.org/10.1016/j.fuel.2004.06.028. 
77. Zhu, R. Tailpipe Emissions from Gasoline Direct Injection (GDI) and Port Fuel Injection (PFI) Vehicles at Both Low and High 

Ambient Temperatures. Environ. Pollut. 2016, 216, 223–234. 
78. Angelos, Z. Impact of Diesel Fuel Properties on Fuel Consumption and Exhaust Emissions of a Euro 5 Compliance Passenger 

Car. Ph.D. Thesis, Aristotle University of Thessaloniki, Thessaloniki, Greece, 2015; p. 142. 

79. Copert, the industry standard emissions calculator. Available online: https://www.emisia.com/utilities/copert/ (Accessed on 30 
March 2022). 

80. European Environment Agency. EMEP/EEA Air Pollutant Emission Inventory Guidebook 2019: Technical Guidance to Prepare 
National Emission Inventories; Publications Office: Luxembourg, 2019. 

81. Andre, M.; Sartelet, K.; Moukhtar, S.; Andre, J.M.; Redaelli, M. Diesel, Petrol or Electric Vehicles: What Choices to Improve 

Urban Air Quality in the Ile-de-France Region? A Simulation Platform and Case Study. Atmos. Environ. 2020, 241, 117752. 
https://doi.org/10.1016/j.atmosenv.2020.117752. 

 


