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Abstract 

The main sources of particulate emissions from engines are fuel and lubricating oil. In this 

study, particles emitted by a medium speed diesel engine for locomotive use were 

characterized chemically by using a Soot Particle Aerosol Mass Spectrometer (SP-AMS). 

Additionally, positive matrix factorization (PMF) was applied to the SP-AMS data for the 

separation of fuel from lubricating oil and/or oil additives in diesel engine emissions. The 

mass spectra of refractory species, i.e. metals and rBC, were included in the PMF input 

matrix in addition to organics in order to utilize the benefit of the SP-AMS to measure non-

refractory and refractory species. In general, particulate matter emitted by the diesel engine 

was dominated by organics (51%) followed by refractory black carbon (rBC; 48%), trace 

metals and inorganic species (1%). Regarding the sources of particles, PMF indicated four 

factors for particle mass of which two were related to lubricating oil-like aerosol (LOA1, 

29% and LOA2, 24%) and two others to diesel-like fuel aerosol (DFA1, 35% and DFA2, 

12%). The main difference between LOA1 and LOA2 was the presence of soot in LOA1 

and metals in LOA2 factors. DFA factors represented burned (DFA1) and unburned fuel 

(DFA2). The results from the PMF analysis were completed with particle size distributions, 

volatility measurements and particle morphology analyses. 

 

1. Introduction 

Diesel-fuel-powered traffic is a substantial source of atmospheric fine particulate matter 

(PM) and it has implications on climate and human health (Ramanathan and Carmichael 

2008). The International Agency for Cancer Research (IARC - International Agency for 

Research on Cancer 2015) has classified  diesel  engine  exhaust  as carcinogenic  to  
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humans based  on  sufficient evidence that exposure is associated with an increased risk for 

lung cancer. Diesel exhaust contains particles of a wide size range. The size distribution of 

diesel particles consists of e.g. nonvolatile core at particle sizes smaller than 10 nm (De 

Filippo and Maricq 2008; Matti Maricq 2007; Rönkkö et al. 2007), nucleation mode at 

particle sizes smaller than 30 nm and soot mode with mean particle size between 30–100 

nm (e.g. De Filippo and Maricq 2008). In addition, a coarse mode may be present at larger 

particle sizes in the mass distribution. In general, the existence of each particle mode and 

their physical and chemical characteristics depends significantly on technologies used in 

engines and after-treatment systems, engine loading conditions, environmental conditions, 

and on the methods used in exhaust sampling, dilution and measurement. The main 

chemical components in diesel engine exhaust particles are organics, soot, sulfuric acid, 

water and trace metals (Matti Maricq 2007 and references therein). 

 

Diesel engines are widely used both in road transportation and in non-road applications, 

such as in mobile machines, locomotive use, ships, and power production.  Because the 

regulatory control programs to reduce non-road PM emissions were lagged behind, the on-

road vehicle emissions have reduced faster, which increases the relative importance of non-

road emissions (Dallman and Menon 2016). These non-road emission becomes significant 

in places where transportation of passengers and goods, e.g. by locomotives, are used. 

The use of aftertreatment systems by non-road diesel engines to control PM emission 

remains modest when compared to on-road vehicles. The use of diesel particulate filter 

(DPF), which is widely deployed by on-road diesel vehicles, is not common among 

locomotive engines (Walus et al. 2018). In fact, the European Commission has only 

recently approved stricter emission standards for non-road mobile machinery (EU stage V) 
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in order to reduce the PM emission by forcing the manufacturers to use DPF (ICCT 2016). 

In addition, the operation of locomotive engines is quite different from on-road heavy-duty 

vehicles. That is, locomotives have powerful engines designed to operate at low speeds 

without the frequent transients experienced in on-road applications (MECA 2009). Despite 

the differences, information on the particulate emissions generated by this type of engines 

remains poorly characterized (Walus et al. 2018; Park et al. 2012). 

It should be noted that the engine used in this study was a medium speed diesel engine for 

locomotive use operating without exhaust aftertreatment systems. Thus, the detailed results 

regarding the engine exhaust represent technologically this special application and, in some 

extent, engines used in power generation and ships. E.g. engines in new diesel cars and 

trucks are technologically significantly different and typically equipped with advanced 

exhaust aftertreatment systems, such as diesel particle filters (DPF) and thus the emissions 

of such vehicles are not comparable with results of this study in terms of loading. 

 

 

Efficient actions in particle emission control require knowledge of the origin and formation 

processes of the particles in combustion engines. It is known that diesel engine exhaust 

particles originate typically from fuel and lubricating oil. Particle emissions from 

lubricating oil has growing importance as lubricating oil contains additives, which are 

required to adjust oil properties and increase its lifetime. Such additives may have 

significant impact on metallic ash content of exhausts. The relative importance of 

lubricating oil in particle formation is also growing due to the increased use of low sulfur 

fuels and diesel particle filters. Lubricating oil has been observed to affect the nucleation 

mode particle emissions when the vehicle is equipped with a diesel particle filter 
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(Vaaraslahti et al. 2005; Kittelson 1998) and metallic nanoparticles when diesel engines 

were operated without exhaust particle filtration (Rönkkö et al. 2014). In contrast, 

particulate emissions from fuel combustion are dominated by elemental carbon (EC) 

fraction (Kleeman et al. 2008), that is typically seen in particle size distribution as a soot 

mode (see e.g. Harris and Maricq 2001; Kittelson 1998). It has been shown that lubricating 

oil is a dominant (Worton et al. 2014) source of primary organic aerosol (POA) in vehicle 

emissions (Kleeman et al. 2008; Brandenberger et al. 2005), but in addition to POA, 

lubricating oil contains cycloalkanes (with one or more rings and one or more branched 

alkyl side chains) and aromatic compounds that have important role in the atmospheric 

secondary organic aerosol formation (Worton et al. 2014; Tobias et al. 2001). 

 

 

Identification of particles originating from lubricating oil, or fuel, is very challenging due to 

the complicated nature of aerosol exhaust and divergent effects of engine or after-treatment 

technologies on particles and their precursors. New methodologies for the identification of 

the origin of compounds in exhaust particles are needed. Toner et al. (2006) associated a 

class of aerosol particles containing elemental carbon (EC), calcium (Ca), organic carbon 

(OC) and phosphate with lubricating oil and/or coagulation of lubricating oil in heavy-duty 

diesel vehicle exhaust measurements made with the Aerosol time-of-flight mass 

spectrometer (ATOFMS, Toner et al. 2006). Several studies have also utilized Aerosol 

Mass Spectrometer (AMS) to investigate the relative contributions of fuel and lubricating 

oil in diesel exhaust by using the mass spectra (MS) of organics (e.g. Tobias et al., 2001; 

Canagaratna et al., 2004). Recently, Dallmann et al. (2014) improved this separation by 
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combing organic MS with the trace elements, zinc and phosphorus, detected in particles by 

using the Soot Particle Aerosol Mass Spectrometer (SP-AMS). 

 

 

In addition to chemical composition, statistical methods can be utilized to examine the 

sources of particles. Positive matrix factorization (PMF) has been shown to be a powerful 

tool in ambient studies to separate particles originating from different sources (e.g. Lanz et 

al., 2010, Ng et al., 2010, Carbone et al., 2014). In ambient studies, organic aerosol can be 

typically split to fresh hydrocarbon-like organic aerosol (HOA), and more oxidized semi-

volatile and low-volatility organic aerosol (SV-OOA and LV-OOA, respectively) fractions. 

Also local sources such as biomass burning (BBOA) or cooking (CCOA) are quite often 

identified (Crippa et al. 2014; Timonen et al. 2013). PMF has also been utilized for data 

collected in emission measurements in order to distinguish sources or characteristics of 

particles. Tiitta et al. (2016) separated two POA and three SOA factors with the PMF 

analysis of logwood combustion emission. Concerning the coating, Lee et al. (2015) 

observed that only 28% of the small particles measured in Toronto were thinly coated by 

HOA, and that 90% of the HOA-rich particles did not contain detectable amounts of rBC. 

Regarding engine emissions, Timko et al. (2014) utilized PMF for analyzing AMS data 

from aircraft engines. They were able to identify six factors of which two were related to 

lubricating oil, two were aliphatic factors, and additionally there was an aromatic factor and 

a siloxane factor.  
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In this study, we demonstrate the separation of fuel and lubricating oil fragments from 

diesel engine exhaust emissions in laboratory conditions by applying PMF method on the 

data measured by the SP-AMS. This approach combines the advantage of the SP-AMS to 

measure non-refractory and refractory species with the well-known statistical data analysis 

method. Two different PMF analyses approaches were tested. In the first analysis mass 

spectra of refractory species, i.e. metals and rBC, were included in mass spectra of organics 

whereas in the second analysis only mass spectra of non-refractory organics were utilized. 

In addition, the results from the PMF analysis are compared with particle size distribution, 

volatility and morphology.  

 

2. Material and methods 

2.1. Measurement setup 

The measurements were performed in the emission laboratory of Wärtsilä Finland Oy in 

2011. The tested engine was a medium speed diesel engine (W6L20L; Output 880kW) 

deployed typically for locomotive use and the fuel used was ultra-low sulfur (8 ppm) diesel 

fuel. Six engine power conditions spanning highest power (notch 8) to lowest power (notch 

0), including high power with low load (8 0%, according to locomotive engine performance 

testing; Table 1) were measured in two consecutive days. The Notch value corresponds to a 

certain engine operating point (RPM and load). In normal engine operation, with increasing 

notch value both RPM and load increases. In addition to the normal operation points the 

point notch 8 0% was added, which corresponds to the RPM value of notch 8 (1000 RPM) 

but it is run without any external load. After each operating point, the new engine 

parameters were set and engine was let to run in order to stabilize it prior to starting the 

next measurement point. The RPM and load values corresponding to each notch value can 
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be found in Table 1. There was a minor modification in the engine configuration after the 

first test day and therefore day 1 and day 2 were kept separate when analyzing and 

presenting the results. Each power condition was tested for approximately 30 min. The 

engine exhaust was sampled using partial sampling with two-stage dilution, Figure S1. The 

primary diluter was situated in the exhaust transfer tube. It had an axial design so that the 

dilution air was led to the sampling point in the outer part of the sampling probe 

simultaneously reaching the exhaust temperature, and after the sampling and dilution point 

at the top of the sampling probe, the diluted air was led to the secondary diluter through the 

inner part of the probe. Nearly similar sampling method has been used e.g. in coal-

combustion studies made by Mylläri et al. (2017). The secondary diluter was an ejector 

type diluter operating with a constant dilution ratio of 8, and it decreased the sample 

temperature and concentrations into the measurement range of instruments. The sampling 

design was chosen to suppress the formation of nanoparticles in sampling system and thus 

to maximize the yield of semivolatile compounds to larger particle sizes. The final dilution 

ratios were calculated from CO2 and NOx concentrations before and after the dilution.  

 

2.2. Instruments 

A Soot Particle Aerosol Mass Spectrometer (Aerodyne Research Inc., USA; Onasch et al. 

2012) was used to measure the chemical composition of diesel particles. The operation of 

the SP-AMS is introduced elsewhere (Onasch et al. 2012) and therefore only a short 

description is given here. The aerodynamic lens in the SP-AMS leads particles to the 

instrument and vacuum chambers to enable transmission of particles to the vaporizer. The 

SP-AMS has a dual vaporizer system, with an intracavity Nd:YAG laser vaporizer (1064 

nm) in addition to standard tungsten vaporizer. Tungsten vaporizer (600 °C) enables 
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detection of non-refractory particulate PM (typically organics, sulfate, nitrate, ammonium 

and chloride) while the laser enables vaporization of refractory particles, specifically laser-

light absorbing refractory black carbon (rBC) particles that are not detected in the standard 

AMS without the laser. The laser vaporizer does not interfere with the tungsten vaporizer or 

generate chemical ions. Therefore, the SP-AMS instrument can be operated with the laser 

vaporizer alone, with both the laser and tungsten vaporizers, or only with the tungsten 

vaporizer. In this study the SP-AMS was operated with both the vaporizers. The laser was 

modulated on and off in order to measure rBC and associated particulate material (e.g. 

metals and their salts) in addition to the standard AMS non-refractory particulate species. 

Vaporized compounds were ionized with electron ionization (70 eV) and ions were 

analyzed by time-of-flight chamber (V-mode) and multichannel plate detector. Acquisition 

mode was also switched between Particle-Time-of-Flight (pToF; size distributions PM<1 

µm, with 100% lens transmission in the size range of 60–600 nm, Liu et al. 2007) and MS 

(mass concentration without particle size information) mode every other minute. The 

collection efficiency used was 1, meaning that 100% of particles were assumed to be 

captured and measured by this instrument. Because the low-sulfur content, very small 

amounts of sulfates and nitrates were found in the composition of the fine PM. In addition, 

the relative humidity (RH) in the line was kept under 80%. For those reasons, no CE 

composition-dependence correction (Middlebrook et al. 2012) was needed to the data. 

 

 

C1
+
 ion was quantified as suggested by the literature (Onasch et al. 2012). The relative 

ionization efficiencies (RIE) for the trace elements Ca, Zn, Sr and Ba were taken from the 

previous studies (Carbone et al. 2015), and the  RIE value for rBC was obtained through 
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mass calibration with the Regal black (RIE=0.2). Because, the RIE of P was not available, 

this RIE was obtained from the literature (Freund et al. 1990). Due to mass-to-charge (m/z) 

overlap, Ca and Zn mass loadings were estimated based on the isotopic abundances of Ca
42

 

and Zn
68

, respectively, similar to proposed by Carbone et al., (2015). For the PMF matrices, 

only the isotopes Ca
42

 and Zn
68

 were used. 

 

 

The elemental ratios H:C, O:C and OM:OC were calculated for the organic fraction using 

the analytic procedure for elemental separation (APES, Aiken et al. 2007), version 1.06, 

further improved with calibration factors (Canagaratna et al. 2015). A slight difference in 

the calibration factors is possible due to the different vaporization scheme as in this study 

the laser and tungsten vaporizer were utilized. 

 

 

Two Scanning Mobility Particle Sizers (SMPS) were used to measure the number size 

distribution of exhaust particles. In the SMPS, a Differential Mobility Analyzer (DMA) 

classifies particles according to their electrical mobility by scanning the voltage and 

allowing only a narrow particle size range to penetrate the DMA after which the number of 

particles is subsequently detected by a Condensation Particle Counter (CPC). One SMPS 

(hereafter called Nano-SMPS) was equipped with DMA model 3085 (TSI Inc.) and CPC 

model 3025 (TSI Inc.) and the other SMPS (hereafter called long-SMPS) with DMA model 

3081 (TSI Inc.) and CPC model 3010 (TSI Inc.). The Nano-SMPS was used to measure 

particles in a size range of 3−64 nm (in mobility diameter) and the long-SMPS in a range of 

14.6–661 nm. 
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Exhaust particle volatility was investigated by using a thermodenuder (TD). In the TD the 

diluted sample was first heated to 265 °C and after that led into the denuder part where 

active charcoal collected evaporated compounds (Rönkkö et al. 2011). The mean residence 

time in the heated TD was approximately 1 s, but it should be noted that it depends on the 

temperature settings; lower temperature leads to longer residence time. In Rönkkö et al. 

(2011), the evaporation of sulfuric acid particles with particulate mass loading of 4.2 ng/s 

was studied, resulting to the complete evaporation of particles relatively close to the inlet of 

the TD. However, regarding the organic material the situation is different since the organic 

compounds have large spectrum of volatilities. It can be expected that some organic 

compounds have volatilities lower than it is for sulfuric acid, and e.g. EL-VOCs, if present 

in the exhaust, are not completely evaporated from particles (see e.g. Alanen et al. 2017). 

The size distributions measured after the TD were corrected for the solid particle losses in 

TD (see Figure 2 in Heikkilä et al. 2009). 

 

Additionally, particle samples were collected on holey-carbon grids (Agar Scientific) from 

the engine exhaust in order to get insight to particle morphology. Particles were collected 

during notch 4 onto the grids from the diluted exhaust sample by a flow-through sampler 

with 1 l/min flow and after that, analyzed using a transmission electron microscopy (TEM). 

Two samples were chosen for energy dispersive spectrometry (EDS) analysis to get 

information on elemental composition of particles. It should be noted that the presented 

samples were not collected simultaneously with other data, thus they can only be used 

qualitatively when interpreting other results. 
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2.3. Positive Matrix Factorization (PMF)  

In order to investigate the sources and/or characteristics of chemical species found in 

exhaust particles, the SP-AMS data was analyzed by using the Positive Matrix 

Factorization (PMF, Paatero and Tapper 1994) through the graphical user interface Source 

Finder (SoFi, Canonaco et al. 2013) within the software package Igor Pro (Wavemetrics, 

Inc., Portland, OR, USA). PMF is a multivariate factor analysis tool that decomposes a 

sample data matrix into two or more matrices with varying factor contributions (in this data 

the concentration at given time) and constant factor profiles (in this data the mass spectrum 

representing certain similar chemical composition or source). One feature in using SoFi is 

that the user can constrain the factors, however, this technique was not adopted here, so the 

factors were fully unconstrained. 

 

 

Two different PMF analyses were tested. In the first analysis MS collected with both the 

tungsten and laser vaporizers were analyzed whereas in the second analysis MS obtained 

only with the tungsten vaporizer were utilized. In both cases the input matrices consisted of 

the mass concentrations of organics, rBC and trace metals, and the respective uncertainties 

or errors, all in g m
-3

. However, in the second configuration the signals corresponding to 

rBC and most of the trace metals were negligible (refractory material), since they require 

more than the tungsten vaporizer temperature (600 ºC) to evaporate. The PMF input 

matrices, where rows represent time series and the columns different ion mass-to-charge 

ratios, consisted of 203 different measurements of mass spectra (each containing 170 ions). 
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A pretreatment of the input matrices was recommended in previous publication (Ulbrich et 

al. 2008) and this procedure was followed here. The periods when the thermodenuder was 

on were used inside the matrices to generate the PMF solution. 

 

 

This article focuses on the PMF results obtained with both tungsten and laser vaporizer, and 

therefore the PMF results obtained only with tungsten vaporizer are discussed solely in 

Section 3.2.3. 

3. Results and discussions 

3.1. Characterization of diesel engine exhaust particles 

3.1.1. Chemical composition 

The chemical composition of diesel engine exhaust particles measured with the SP-AMS is 

depicted in Figure 1. On average particle mass was split between organics (~51%) and rBC 

(~48%) their relative fractions depending on engine conditions. The sum of inorganic 

species, sulfate, nitrate and trace metals, represented less than 1% of the total PM1 mass. 

With respect to different notches, the most abundant compounds (organics and rBC) 

decreased in mass concentration as the notches increased from 0 to 8, Figure S3. However, 

the organic to rBC ratio clearly increased for the higher notches, indicating better engine 

operational conditions at the notches 6–8, with less emission of rBC mass concentration. 

These findings differ from previous studies where the EC fraction increases and OC 

fraction decreases with the engine load (Shi et al. 2000). At the notch 8 0% much higher 

mass concentrations were achieved as typical of this point, however, the organics were still 

dominant, with the largest organic to rBC ratio (1.9). 
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Figure 1 

 

Organics presented a typical hydrocarbon-like mass spectrum where the main fragments 

were C3H5
+
, C3H7

+
, C4H7

+
, C4H9

+
, C5H7

+
, C5H9

+
, C5H11

+
, C6H9

+
, C6H11

+
, C6H13

+
, C7H11

+
, 

C7H13
+
 (m/z’s 41.039, 43.0547, 55.054, 57.070, 67.055, 69.070, 71.086, 81.070, 83.086, 

85.102, 95.086, 97.102, respectively; Figure S4). These hydrocarbon fragments represented 

on average 50% of organics, however, the other half was also mostly composed of 

hydrocarbons, followed by a small amount of oxygenated (C2H3O
+
, CO2

+
) and nitrogen-

containing (CHN
+
) fragments. 

 

 

Due to the large amount of hydrocarbons, the observed hydrogen to carbon ratio (H:C) of 

organic fraction ranged from 1.70 to 2.08 (average 1.94±0.1, Table 1). Similar H:C values 

have been observed for PM associated to traffic sources (e.g.(Carbone et al. 2014; Timonen 

et al. 2013). In terms of oxidation the aerosol presented low to moderate degree of 

oxidation, i.e. the oxygen to carbon ratio (O:C) ranged from 0.03 to 0.42 (average 

0.19±0.09). Organic matter to organic carbon ratio (OM:OC) ranged from 1.22 to 1.77 

(average 1.42±0.1), which was similar to strongly traffic-impacted sites. For example, 

Brown et al. (Brown et al. 2013) found average OM:OC to be 1.54±0.20 in ambient 

measurements close to a major roadway. Average OM:OC of 1.88 was found near a high-

diesel-impacted highway (DeWitt et al. 2015). Thus, the results obtained in this emission 

study are consistent with low to moderate oxidized aerosol, typical for fresh combustion 

fuel emissions. 
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Table 1 

 

 

Half of organics measured by the SP-AMS seemed to present a more volatile character. On 

average, a reduction of 50% of the organic fraction was observed during the periods when 

the thermodenuder was on, however, there was no significant difference in the volatility 

between the notches (Figure 2). 

 

The elevated rBC mass loadings are a typical product of incomplete combustion of diesel 

fuel emissions (Tiwari et al. 2016; Toner et al. 2006). In this study, the rBC mass fraction 

was the highest when the engine was operated at low power conditions (0–125 kW; notches 

2, 0 and 8 0%; Figure 1a). The generation of rBC is tightly related to factors, such as in-

cylinder temperature and poor air mixing ratio (Pignon 2005). Refractory BC was 

composed of carbon fragments with one to 9 carbon (called hereafter C1–C9). The largest 

signal was obtained for C3 followed by C1 and C2. The C1–C9 pattern was similar for all 

notches. However, the fullerenes (a C series around C60
+
, m/z 720, Fig. S3) were observed 

only for the 0–2 and 8 0% notches. Using the C60
+
 as a surrogate for fullerenes, the highest 

fraction was found at the notch 8 0%, followed by the notches 0 and 2. 

 

Figure 2 

 

 

The contribution of inorganic ions and metals was low (< 1%) in all measured conditions 

(Figure 1). The observed low sulfate content in particle phase is due to the reduced amount 
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of sulfur in the fuel, which was also confirmed by the fuel laboratory analyses (S <0.05% 

m/m). Due to the extreme low concentrations of ammonium in the measured aerosol, 

sulfate was likely in the form of sulfuric acid or metal-sulfate salts. Regarding sulfate salts, 

the fragments KSO
+
, KSO2

+
, CaS

+
, CaSO2

+
, CaSO3

+
 were identified in the mass spectrum 

(Figure S5) with the laser vaporizer. In addition to calcium and potassium, the trace amount 

of the elements Na, P, Zn, Sr and Ba were identified by the SP-AMS (Figure 1b). However, 

the trace elements fraction was dominated by Ca (~0.28% in PM1). 

 

 

3.1.2. Physical properties 

Number size distribution of exhaust particles was investigated by using nano- and long-

SMPS. The number size distribution for diesel engine exhaust particles consisted generally 

of three partially overlapping modes. There was a mode at very small particle sizes (3–5 

nm, later called as particle mode 1), another mode between 5 nm and 30 nm (later called as 

particle mode 2) and the third mode between 30 nm and 660 nm (later called as particle 

mode 3; Figure 3). 

 

 

Particle mode 1 consisted of very volatile compounds suggested by the TD measurement 

that eliminated totally the smallest particles. It seems that mode 1 particles were formed in 

sampling system during the cooling and dilution of exhaust sample, similar to the other 

diesel engine exhaust studies (Vaaraslahti et al. 2005; Kittelson 1998). 

 

 

Acc
ep

te
d 

M
an

us
cr

ipt



 
 

The particle mode 2 clearly dominated the total particle number; compared e.g. to the 

particle mode 3 its number concentration was even 2–3 orders of magnitude higher. TD 

treatment affected the particle mode 2 by diminishing its mean particle size few nanometers 

and by decreasing its concentration, however, the particle mode 2 still existed in particle 

size distribution and kept its dominating role in total particle number. The largest change in 

the mode 2 due to the TD was observed for notch 4 whereas for notch 1 there was only a 

small difference between the TD on and off (Figure S6). In general the results showed that 

the particles in the particle mode 2 consisted of some amount of semi-volatile material but 

also of non-volatile compounds. 

 

 

Particle mode 3 represents soot mode typical for all diesel engines without filtration in 

tailpipe system. The TD did not affect the particle mode 3 significantly. However, it should 

be kept in mind that the SMPS measures the mobility particle size distribution of exhaust 

particles. Soot particles are typically carbonaceous agglomerates formed in combustion 

process and their complicated fractal-like structure allows the evaporation of semi-volatile 

compounds from the particles without change in mobility size (Sorensen 2001). Thus, the 

reduction of organics in the SP-AMS due to the TD was clearly related to the changes in 

the mode 2 but likely also to the changes in the mode 3.  

 

 

All three modes seen in number size distributions can be seen also in volume size 

distributions (Figure 3b). However, the relative contributions of modes are significantly 

different for particle volume (and thus also for mass). The particle mode 3 clearly 
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dominates the volume size distribution with smaller contribution of the particle mode 2. 

Particle number size distributions for all engine power conditions are given in 

Supplementary Information (Figure S6). 

 

 

TEM and EDS analyses shows that the collected particles in different size modes had 

different morphologies (Figure 3 c–e). Soot particles (Fig 3 c, d) with agglomerated fractal-

like morphology were observed. These particles had large size range varying from 

approximately 100 nm to several hundred nanometers. Additionally, the grids contained 

large amounts of small, approximately 10 nm spherical particles, which were difficult to 

distinguish from TEM grids (Figure 3 e, contrast compared to grid was low). Also clearly 

distinguishable spherical particles existed on the grids (Figure 3 e). The EDS analyses 

indicated that these spherical particles contained zinc, sulfur, calcium and oxygen. 

 

Figure 3 

 

3.2. Separation of lubricating oil and diesel fuel contribution in particulate emission 

Sources and characteristics of chemical species found in exhaust particles were investigated 

by analyzing the SP-AMS data with the PMF. PMF solutions from two to five factors were 

examined. PMF solution with only two factors separated clearly the emissions originated 

from lubricating oil (called hereafter lubricating oil-like aerosol, LOA) and fuel (called 

hereafter diesel like-fuel aerosol, DFA; Fig. S1). In the MS of LOA, long chain alkanes and 

cycloalkanes fragments are found, similar to Canagaratna et al., (2010). In contrast, in the 

MS of DFA fragments have a series of n-alkanes similar to diesel MS as well as clear 
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correlation with rBC (Dallmann et al. 2014; Canagaratna et al. 2004). For the data collected 

only with the tungsten vaporizer, the PMF solution with two factors was most reasonable. 

However, for the data collected with both tungsten and laser vaporizer four factor solution 

was found to provide more information than two factor solution. In four factor solution, 

two of the PMF factors were interpreted to be related to lubricating oil-like aerosol (LOA1 

and LOA2) and other two to diesel-like fuel aerosol (DFA1 and DFA2). The four factor 

solution was chosen here for the further analysis, Figure 4. 

Table 1 represents the average contributions of LOA1, LOA2, DFA1 and DFA2 (% of 

organic+rBC+elements) for each measurement point. On average, LOA1 and LOA2 

presented rather similar contributions to the measured mass (29 and 24%, respectively) 

whereas DFA1 had significantly larger contribution (35%) than DFA2 (12%). The total 

contribution of lubricating oil obtained in this study (53% of mass) is slightly larger than 

that of fuel (47%). However LOA importance in mass fraction enhances from the lower 

(8%, notch 0) to higher (67%, notch 6) notches, Figure S2, with larger contribution at the 

notch 8 0% (LOA=89%). 

 

 

Regarding the notches it was possible to observe that although the rBC and organic mass 

concentrations decrease as the notches increase, the individual PMF factors responded 

differently. For instance, DFAs mass concentration clearly decreases as the notches 

increase, while the LOAs were rather stable, especially the LOA2. In addition, the LOAs 

were dominant at the notch 8 0%. It is important to note that the particle size distributions 

were different at the notch 8 0% and 0. In notch 0 there was a dominant mode 2 between 

~10–20 nm whereas mode 1 was very small (Figure S5). Similarly in notch 8 0%, mode 1 
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was small, however, there were two modes for the size range of mode 2. First mode had a 

maximum at ~10 nm while the second mode peaked at ~20 nm. Mode 3 had a larger 

maximum concentration for notch 8 0% but the mode was located at larger particle size for 

notch 0. The SP-AMS measures particles with 100% lens transmission in the size range of 

60–600 nm in vacuum aerodynamic diameter. Therefore the SP-AMS results are mostly 

affected by the behavior of particle mode 3, however, the changes in the mode 2 can also 

partially be seen in the SP-AMS results. 

 

    

 

Figure 4 

 

 

3.2.1 Chemical characterization of Diesel-fuel like aerosol (DFA) 

The DFA factors present organic MS with the series of n-alkanes being very similar to that 

of diesel fuel. The following fragments of saturated alkanes are the most pronounced in the 

diesel fuel and the DFA factors mass spectra C4H9
+
 (57.070), C5H11

+
 (71.086), C6H13

+
 

(85.102) and C7H13
+ 

(97.103) (Canagaratna et al. 2004; Tobias et al. 2001), where the 

numbers in parenthesis represent the exact mass-to-charge ratios of the respective 

fragments. 

DFA differed from LOA especially for the signal intensity of the fragments C5H7
+
 (67.055), 

C5H9
+
 (69.07), C5H11

+
 (71.086), C6H9

+
 (81.07), C6H11

+
 (83.086), C6H13

+
 (85.102), C7H11

+
 

(95.086) and C7H13
+
 (97.103), of which C5H9

+
 (69.07) signal is smaller than C5H11

+
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(71.086), and C6H11
+
 (83.086) is smaller than C6H13

+
 (85.102) for LOA. That applies for 

both DFA1 and DFA2 factors. 

 

 

Both DFA factors presented excellent correlation with rBC (Pearson correlation, R=0.84 

and 0.93 for DFA1 and DFA2). These results are in line with the literature, which indicates 

that most of the soot is expected to be related to the incomplete combustion process of fuel 

especially in lower engine power conditions (Karjalainen et al. 2016). However, DFA1 and 

DFA2 differed in rBC contribution and mass spectra. DFA1 had large mass faction of rBC 

(88%) with the dominant fragments of C3
+
 (m/z 36), followed by C1

+
, C4

+
, C5

+
, C6

+
, C7

+
 and 

C8
+
 (m/z’s 24, 60, 12, 48, 84 and 72) and respective isotopes, with C1

+
 to C3

+
 ratio value 

defined as described by previous studies (0.63, Carbone et al. 2015; Onasch et al. 2012). In 

addition, the fullerenes correlated with the DFA1 factor (Pearson correlation, R=0.91) (see 

the average MS in Figure S3). Fullerenes are very relevant in toxicology and nanomaterials 

studies (Baker et al. 2007) and they are often observed in diesel exhaust emissions (Tiwari 

et al. 2016; Su and Mu 2004). In addition, the oxidized soot fragments C2O
+
 (39.995), C3O

+
 

(51.995) and C3O2
+
 (67.989) were observed in DFA1 factor. They originated most likely 

from the oxidation of C2
+
 and C3

+
 rBC fragments. Oxidized soot fragments presented a 

good agreement with rBC and they were only present when the laser was on, indicating 

their refractory nature. The presence of CO2
+
 in this factor suggests that this fragment could 

be due to oxidation of C
+
 from rBC, instead of decomposition of organic dicarboxylic 

acids, which is typical in ambient datasets. The DFA1 contained also small amount of Ca 

(0.03%). Laboratory analyses of fuel indicated that the Ca content of fuel was low 

(<11mg/Kg). 
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DFA2 had very low concentrations of rBC (~2%) but similar hydrocarbon pattern to the 

DFA1 factor. The presence of hydrocarbon fragments and absence of rBC suggests that 

DFA2 could be related to unburned fuel, i.e. diesel that came from the engine without 

burning. The MS of DFA2 had a prominent signal for CO2
+ 

(11% of the DFA2 mass 

concentration) representing the most oxidized fuel fraction. DFA2 factor also showed a 

good agreement with sulfate (Pearson correlation, R=0.85), probably related to the sulfur 

content in the fuel. 

 

 

DFA1 and DFA2 had clearly different volatilities. DFA1 factor, that was mostly comprised 

of soot, had no change in the mass when the TD was added indicating that DFA1 was 

totally non-volatile (Figure 2b). In contrast, the low soot content in the DFA2 factor was 

the main responsible for its large volatility character (80%). In addition, the latter factor 

presented larger H:C (2.0) and smaller O:C (0.1) ratio values than the DFA1 (H:C=1.5 and 

O:C=0.3). 

 

3.2.2 Chemical characterization of Lubricating oil-like aerosol (LOA)  

LOA1 and LOA2 had similar mass spectrum to lubricating oil (Canagaratna et al. 2004; 

Tobias et al. 2001) that has long chain alkanes and cycloalkanes fragments in its mass 

spectrum. Different from DFAs, in the LOA factors the C5H9
+
 (69.07), C6H11

+
 (83.086) 

fragments were prominent. The LOA hydrocarbon-like character was also confirmed by 

elevated H:C (LOA1=1.96 and LOA2=1.97) and low O:C (LOA1=0.01 and LOA2=0.02) 
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ratio values. The MS of LOA1 contained significant amount of rBC fragments rBC 

representing 40% of the total mass of LOA1 (Figure 4). The presence of rBC in this factor 

is likely due to the condensation of lubricating oil originated compounds onto the surfaces 

of soot particles. The condensation could occur due to exhaust temperature decrease in the 

tailpipe or in the sampling system. In addition to rBC, some trace elements were present in 

LOA1, such as Ca (0.06% of mass) and Zn (0.03% of mass). This factor also showed good 

agreement with P (Pearson correlation, R=0.85). Ca, Zn and P are well-known constituents, 

of lubricating oils (Jung et al. 2003). Moreover, there was a modest agreement between 

LOA1 and sulfate (R=0.73) and LOA1 and CaS
+
 fragment (R=0.74) explained by calcium 

sulfonate that is an additive used in lubricating oils. 

 

 

LOA2 was dominated by organics and was slightly more oxidized than LOA1 with a 

notable CO2
+
 signal (2.5% of mass). Similar to LOA1, LOA2 also contained trace metals, 

however, there was less Ca (0.01% of mass) and more Zn (0.04% of mass) in LOA2 than in 

LOA1. Different from LOA1, there was no significant agreement between LOA2 and P or 

sulfate. Since the rBC fragments were not found in the MS of LOA2, this factor could 

represent unburned lubricating oil originated particles formed e.g. during such phases of 

combustion cycles when the fuel burning and related soot formation does not take place in 

the cylinder (Karjalainen et al. 2016). In this study, the detection of non-soot containing 

particles by the SP-AMS was possible because the tungsten vaporizer was embedded. 
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In terms of volatility character, the LOA2 was more volatile than LOA1 (76 and 53%, 

respectively; Figure 2b) that can be explained by the larger fraction of rBC in LOA1. The 

LOA2 volatility was comparable to that observed for the DFA2 (80%), probably because 

both factors presented similar soot content. 

 

 

Also the TEM/EDS analyses performed for the individual particles indicated the presence 

of lubricating oil particles. Zn, S, Ca and O were found in clearly distinguishable spherical 

particles that most likely originated from lubricating oil. Based on TEM analysis, the 

morphology of these particles significantly differed from soot that is typically seen as 

agglomerated structures on TEM grids. 

 

 

3.2.3 Separation of LOA and DFA from the data measured only with tungsten 

vaporizer 

In order to investigate the effect of trace elements and rBC on PMF solution, PMF analysis 

was also applied to the data collected only with the tungsten vaporizer. For the tungsten 

vaporizer, the input matrices consisted of the same variables (m/z’s) as for dual vaporizer 

system, however, the observed refractory fragments (rBC, metals) were close to zero. For 

the data obtained with only tungsten vaporizer two main factors were identified, one related 

to lubricating oil and another to diesel fuel. These factors are named here as LOAT and 

DFAT, T in subscript referring to tungsten vaporizer. 
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For the comparison with the PMF results obtained with both laser and tungsten vaporizer 

described in the previous section, the LOA1, LOA2, DFA1 and DFA2 were grouped into 

two factors LOAL+T =(LOA1+LOA2) and DFAL+T =(DFA1+DFA2), where L+T is 

referring to the dual vaporizer system with laser and tungsten vaporizers. The time series of 

LOAT and LOAL+T and DFAT and DFAL+T were very similar (R=0.95 and 0.93, 

respectively), and also the mass spectra of hydrocarbon fragments were similar (R=0.98 

and 0.92 for LOAT/LOAL+T and DFAT/DFAL+T, respectively; Figure S2). However, some 

difference were found in the mass fractions of DFA and LOA. With the dual vaporizer, the 

fraction of organics originating from lubricating oil (LOAL+T) was slightly smaller (71%) 

than that obtained with the tungsten vaporizer (LOAT; 79%). 

 

3.2.4 Comparison with ambient HOA 

In the ambient studies hydrocarbon-like organic aerosol (HOA) is often considered to be 

strongly related to vehicular emissions (e.g. Carbone et al. 2014; Timonen et al. 2013; Lanz 

et al. 2010). In situations when heavy-duty vehicles dominate, the combination of LOA and 

DFA factors obtained in this study could have resemblance to the ambient HOA. However, 

it is important to take into account that LOA and DFA found in this study represent fresh, 

unprocessed emissions, while the ambient HOA might have also other sources than traffic 

(e.g. biomass burning, cooking) and it is likely processed in the atmosphere to some degree 

(Chirico et al. 2010). For example, the emissions from a high-diesel-impacted road 

measured with an AMS in Grenoble, France (DeWitt et al. 2015) presented an HOA with 

larger C4H7
+
 than C4H9

+
, which is opposite to this study, and several oxidized fragments 

(CHO
+
, C2H3O

+
, C3HO

+
, C4H3O

+
, C4H5O

+
, C4H7O

+
). However, similar to us their HOA 

had elevated H:C value.  
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Bus emission measurements conducted in Helsinki for the Euro III type of emission level 

using the SP-AMS (Saarikoski et al. 2016), with both vaporizers embedded, show very 

similar hydrocarbon and rBC pattern with the factors obtained in this study, especially for 

the factors dominated by organics, LOA1, LOA2 and DFA2 (Figure S7). For example, the 

comparison for CH fragments between the Euro III type of emissions and the LOA1, LOA2 

and DFA2 factors presented Pearson correlations of 0.98, 0.98 and 0.97, respectively. 

 

The HOA reported in ambient studies is most likely a combination of the 4 PMF factors 

found in this study. However, in addition to lubricating oils and diesel fuel (both burned 

and unburned), the ambient HOA also contains gasoline fuel (burned and unburned). The 

presence of gasoline as a fuel implies the presence of more branched alkanes in the mass 

spectra (Gentner and Isaacman 2012), mostly because of the gasoline octane rating. 

 

4. Summary and conclusions 

This study showed that PMF combined with detailed chemical composition analysis 

provides a powerful tool for separating emissions initially originated from fuel and 

lubricating oil. On average, diesel fuel and lubricating oil produced similar amount of PM, 

however, diesel fuel produced slightly more rBC and less organics than lubricating oil. 

Both diesel fuel and lubricating oil related exhaust emissions include burned and unburned 

fractions. The volatilities of burned and unburned fractions were different as the volatility 

was mostly associated with the contribution of rBC and hydrocarbon fragment type. 
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The relative impact of burned and unburned diesel fuel and lubricating oil depended 

strongly on engine loading conditions (notches). The influence of both burned and 

unburned diesel fuel was larger for smaller notches (0–4 and 8 0%). The contribution of 

lubricating oil was rather stable over the notches, in mass concentration, except for the 

notch 8 0%, at which the lubricating oil contribution was the highest.  

The diesel fuel and lubricating oil mass spectra obtained in this study are similar to those 

measured by on-road vehicles (Saarikoski et al. 2017; Canagaratna et al. 2004; Tobias et al. 

2001). In this study a medium size diesel engine was deployed (for locomotive application), 

although this type of engine differs in terms of operation conditions to on-road engines, 

both  depend on fuel, lubricating oil and additives to operate. This is why similar results, 

i.e. distinction between fuel and lubricating oil in PM exhaust, could be achieved by 

experiments conducted for other diesel engines, using same method as proposed by the 

current study. In fact, it was found that the separation between the two distinct particle 

sources in combustion engine (fuel and lubricating oil) can also be achieved by an HR-

AMS without the laser, however, the inclusion of metals and rBC to PMF (using the SP-

AMS) enabled the separation and identification of the different fractions of diesel fuel and 

lubricating oil; burned and unburned fractions. 

 

Results from studies performed using on-road diesel vehicles, suggest that most of the soot 

come from the diesel fuel, instead of the lubricating oil (Kleeman et al. 2008), which is 

similar to what was found in this study. Conversely, the highest soot contribution took 

place under the lowest operation conditions in this study. In addition, the organic fraction 

measured here was larger for the lubricating oil factors, whereas OC was evenly 

apportioned between fuel and lubricating oil on heavy-duty vehicles (Kleeman et al. 2008). 
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Overall, the detailed data on chemical composition and physical properties e.g. volatility 

and morphology of PM produced by diesel engine improves our understanding on burning 

and exhaust emission formation process. Information provided by this study will be 

beneficial for further studies including health, climate effect studies and it can be used in 

the development of improved emission reduction and exhaust aftertreatment systems. 
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Table 1 – Tested engine power conditions, and the average concentrations of Organics 

(Org) and rBC, the average contributions of LOA1, LOA2, DFA1 and DFAs (% of 

organic+rBC+ elements) and the elemental ratios of OM:OC, H:C and O:C in each 

point at two test days. 

 Notch 

# 

Power 

kW 

RPM Org 

(µg m
-3

) 

rBC 

(µg m
-3

) 

% of                                      

Org+rBC+elements 

OM:OC H:C O:C DR 

 DFA1 DFA2 LOA1 LOA2     

Day 1 8 882 1000 256.7 248.3 39.0 14.6 2.8 43.4 1.57 1.88 0.31 106 

 6 643 850 124.7 105.9 37.4 6.4 22.6 33.6 1.71 1.70 0.42 308 

 4 351 630 344.7 509.8 47.8 10.2 24.4 17.6 1.27 1.92 0.09 603 

 2 125 445 346.0 888.4 60.1 11.9 20.1 7.8 1.41 1.95 0.19 168 

 0 0 350 503.8 1921.0 74.4 18.5 5.3 1.8 1.27 2.08 0.08 38 

 8 0% 88 1000 1489.1 1067.3 1.9 13.1 62.4 22.6 1.23 2.03 0.04 73 

Day 2 8 882 1000 194.9 121.2 29.9 6.7 8.6 54.8 1.56 1.86 0.30 98 

 6 643 850 149.8 98.8 21.8 0.2 31.7 46.3 1.66 1.78 0.38 141 

 4 351 630 357 310.0 36.2 13.7 10.8 39.3 1.43 1.97 0.19 89 

 2 125 445 430 734.9 55.0 16.2 13.3 15.5 1.40 1.99 0.17 97 

 0 0 350 720.6 1897.9 72.5 18.1 1.5 7.9 1.29 2.07 0.09 61 

 8 0% 88 1000 2358.1 973.9 1.8 5.8 42.8 49.6 1.22 2.04 0.03 72 
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Figure 1. Average chemical composition of diesel engine exhaust particles (others =sum of 

inorganic species + metals) (a), and inorganic species and metals (=others left side figure) 

(b) for each engine  power condition (notch 8, notch 6, notch 4, notch 2, notch 0 and notch 

8 with 0% load; Table 1) for the two measurement days measured with the SP-AMS. 

 

Figure 2.  Average mass concentrations of volatile (diagonal filling) and non-volatile 

(solid) organics for each notch in day 1 (D1) and day 2 (D2) (a), and TD on (volatile, 

diagonal filling) and TD off (non-volatile, solid) PMF factors (organics, rBC, metals) for 

the day 1 (b). The numbers on the top of the bars represent the reduction in mass due to the 

thermodenuder (at 265 ºC).  
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Figure 3. Particle number size distributions (a) and particle volume size distributions (b) at 

notch 2 measured with Nano-SMPS and Long-SMPS. Size distributions measured with the 

thermodenuder are indicated by “dry” and without the thermodenuder by “all”. Examples 

of individual particles analyzed with TEM and EDS (c-e). 

 

Figure 4.  HR mass spectra (left) and time series (right) of the four factors LOA1, LOA2, 

DFA1 and DFA2 obtained with the SP-AMS using PMF analysis and both vaporizers 

embedded. 
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