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Abstract

In this study, we present the impact of fuel additives (Fe, Al, and V) on the measured particulate organic matter (OM) fraction formed from the combustion of propane-heated diesel fuel (DF) in a DF Combustion Aerosol STandard (DF-CAST) burner prototype within the range of air-fuel-equivalence ratios (λDF) from 5.4 to 10.4. The OM fraction was measured by using high resolution time-of-flight aerosol mass spectrometry (HR-ToF-AMS) and unmixed into factor profiles by applying the SoFi program, a source apportionment tool using positive matrix factorization (PMF) /multilinear engine (ME-2) solvers. The separated factors were correlated with the particle light absorption properties at UV (370 nm) and IR (950 nm) wavelengths, NO3-, and NH4+ as well as exhaust gas (CO2, CO, NO, NH3, hydrocarbons (HC), and formaldehyde (HCHO)). Addition of Fe, Al, and V to the DF yielded apparent catalytic processes leading to the formation of nitrogen-containing particulate OM (CHN and CHON families). The separated factors were distinct in terms of their oxidation state, correlation with the measured particulate and gaseous emissions. Similarities in the separated factors based on temporal evolution were observed in DF and DF + additive experiments. This study gives a new insight in the modification of DF combustion particle properties in the presence of fuel additives.
Keywords: diesel fuel, particulate matter, carbonaceous emission, fuel additive, source apportionment

1. Introduction

Combustion processes of fossil fuels dominate energy-conversion methods that are necessary in sustaining a modern world (Chu & Majumdar, 2012; Renewables 2012 Global Status Report; Sims et al., 2007 

{Chu, 2012 #1}
). However, these processes deplete the limited fossil resources and emit pollutants that impact earth’s climate (Bartolomei et al., 2015; Scott et al., 2015), the environmental conditions and human health (Mills et al., 2011; Donaldson et al., 2005; Grigg, 2002). Significant efforts in public policy are thereby aimed at reducing energy demand via efficient and clean combustion processes (Sorell, 2015). Thus, the combustion processes are worthwhile studying to determine process-related emissions as well as the transformation of emissions in the presence of additives in the fuel.
Despite recent advances, the transformation of liquid fossil fuels into unwanted particulate matter exhaust during the combustion process poses major problems in energy conversion efficiency and clean emission (Fiebig et al., 2014). This arises basically from the incomplete reaction of O2 and hydrocarbon fuels to produce CO2 and H2O completely which is not usually achieved in many combustion systems due to the difficulties in achieving well mix reactants in the combustor. Depending on the quality (hydrocarbon chain length, organic functional groups, viscosity, presence of metal/inorganic additives), the liquid fuel must first be cracked into smaller entities and subsequently vaporize or be broken down to smaller molecules ideally under high temperature and pressure where the fuel spontaneously ignites upon collision with the O2 molecules forming a pool of gas phase radicals. The efficiency of the combustion process depends primarily on the rapid and ideal mixing of the reactants that propagates the combustion reaction at high temperature. The mole ratio of the reactants, turbulence of fuel and oxidant mixing, reaction time, and temperature of the combustion process determine the formation and subsequent oxidation of the fuel (Stanmore et al., 2001).
The O2 content and fuel composition in a combustion system impact the particulate matter formation. O2-rich combustion processes increased energy efficiency (Bělohradský et al., 2014; Wu et al., 2010, Chen & Axelbaum, 2005). Changes in unreacted O2 correlate with the temporal evolution of carbonaceous emissions (Mueller et al., 2015a). The formation of health-relevant compounds such as polycyclic aromatic hydrocarbons in a diffusion flame soot generator depended on the fuel-air equivalence ratio (Mueller et al., 2015b). The composition of the fuel affects as well the emission of critical pollutants (Wang et al., 2016; Karavalakis et al., 2013; Kweon et al., 2003).
Metals are also found in fossil fuels and the resulting combustion particles e.g. heavy fuel oil combustion which is widely used in the shipping industry (Mueller et al., 2015a). It has been shown that metals in the fuel can suppress the formation of soot particles via oxidation processes (Bladt et al., 2012) leading to the reduction of combustion particle mass, and black carbon content (Nash et al., 2013). However, this requires high concentration of metals in the gas phase such as Iron pentacarbonyl which is highly toxic (Bladt et al., 2012), as well as it impacts the environment (Nash et al., 2013). In flame combustion, cleavage of bonds of air molecules results into radicals whereas the fuels are pyrolyzed in smaller constituents (e.g. alkenes) at high temperature. Gaseous O and OH radicals (Von Gersum & Roth, 1990) and NOx  (Mueller et al., 2012; Shejbal et al., 2010; Shrivastava et al., 2010) enhanced oxidation processes at high temperature, e.g. flaming conditions. In the presence of oxygen, the smaller alkenes (e.g. propene) are oxidized to form CO2. In the lack of O2, H radicals attack the double bonds and addition of another alkene ensues which can lead to the formation of particulate. The most widely accepted mechanism is the hydrogen abstraction acetylene addition (HACA´) and PAH growth (Frenklach, 2002; Siegmann et. al., 1995). Gas precursors formed in the flame determines the subsequent precursor for the formation of the particulate matter (Skeen et al., 2013). A strategy to change the dynamics of the HACA would be to modify the fuel vapors/pyrolysis products prior to combustion to reduce the amount of the alkenes, and thus, suppressing the HACA mechanism. The use of metals as fuel additives can be explored to modify the fuel evaporation and subsequent combustion. Metals can enhance the proceeding of a chemical reaction by providing a surface of reaction and decreasing the activation energy (Stanmore et al., 2001) and by acting as starting nuclei during soot formation in the flame (Kasper et al., 1999). Metals can partially oxidize ethane to form oxygenated hydrocarbons (Forde et al., 2013). Aging of fuels to form oxygenated hydrocarbons can be accelerated by metals at a minimum concentration of 0.01 ppm shown for Cu (Vogel, 2008).
Source apportionment tools are conventionally used to determine the source of pollutants and quantify their contribution in the atmosphere. Positive matrix factorization (PMF) and chemical mass balance (CMB) have been widely applied in source apportionment studies using filter chemical analysis methods to identify and quantify pollutants within an integrated period of time. The development of online instruments such as the high resolution time-of-flight aerosol mass spectrometry (HR-ToF-AMS) led to the improvement of source apportionment due to the availability of high time resolution profiles resulting to process-apportionment of aerosol compositions and correlations with dynamic conditions. Source apportionment with HR-ToF-AMS using PMF has been applied to ambient measurements (e.g. Elsasser et al., 2012, Crippa et al., 2013) as well as to emission studies (e.g. Elsasser et al., 2013). The latter emission study led to the separation and assignment of combustion processes.
In this study, we aim to determine the impact of fuel additives (Fe, Al, V) in the formation of carbonaceous particulate matter from DF. We aim to produce DF and DF + fuel additive combustion aerosols from a DF-CAST and investigate the emitted carbonaceous particles by using the HR-ToF-AMS, aethalometer, and a FTIR-spectrometer for gas phase analysis. We further aim to determine the formation processes by using the source apportionment tool and correlate the factors with the gas phase and particulate phase emissions. 
2. Experimental methods
2.1. Flame generation

A prototype diesel fuel Combustion Aerosol STandard generator (DF-CAST, Jing mini Diesel CAST 5201D, Jing Ltd., Switzerland) was used to produce DF flame particles. The DF-CAST produced two flames from propane and DF combustion. The purpose of the propane flame is to provide heat for evaporation of the DF by heating up the capillary where the DF flows. The concept of the DF-CAST is to simulate the combustion of DF in the presence of O2 coexisting with other combustion products produced from a lean propane flame. This scenario would approximately simulate combustion systems where exhaust pollutants formed are mixed with the start of compression of O2 and liquid fuel vapors/spray except that in the case of the DF-CAST the combustion occurs through diffusion of the DF vapor into the propane flame exhaust and excess O2. The DF-CAST was originally fitted with a pressurized injection unit but this was modified due to the instability of the pressure obtained. Thus, we replaced the fuel injection system with an HPLC pump system. The DF was constantly mixed and supplied to the DF-CAST via HPLC pump (Model 420, USA) at a constant flow rate of 0.060ml min-1. A lean and stable propane flame located below the capillary tubing for the DF supply was used to evaporate the DF which then diffused into the air and propane exhaust mixture in the combustion chamber and ignited. The flame was quenched at a fixed height with constant N2 flow rate and the output aerosol was further diluted with constant flow of compressed air. The height at which quenching occurred was unknown. Fig.1. shows the schematic diagram of the DF-CAST flame flow pattern and the experimental setup. 
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Fig. 1. Schematic of DF-CAST, dilution set-up, instruments used, and parameters measured. The location of propane and DF flames are denoted by 1 and 2, respectively.
The combustion conditions were varied by varying the air flow rate. The fuel-air- equivalence ratio (Φ) and air-fuel-equivalence ratio (λ) for the propane flame were calculated by dividing the actual fuel-air/air-fuel ratio by the stoichiometric fuel-to-air ratio/air-to-fuel ratio. The actual Φ was calculated by using the mass flow rates of the fuel and oxidizing air converted to moles by using the ideal gas law equation. The % O2 excess combustion was determined theoretically from the consumed moles O2 by reacting with propane. The Φs and λs used in this study and the corresponding experimental parameters are summarized in Table 1.. The range of Φs and λs was determined by the highest and lowest flowrate of air that can be used in the DF-CAST at constant fuel flowrate of 0.060 ml min-1. The low values of propane Φ (Φpropane) mean that the propane flame was always lean in all the settings applied and only the unreacted air in the propane was varied in our settings. The DF λ (λDF) settings were calculated by using the mole O2 in the excess air. The description of the calculation can be found in the supporting information. Propane gas (quality 3.6), filtered compressed air, and laboratory-grade N2 (quality 5.0) were supplied to the DF-CAST. The output aerosol was diluted by filtered compressed air to 1:100 or 1:1000 by using ejector diluter/s (model VKL 27, Palas, Germany). A flow splitter (home-built 1:10) was installed to divide the flow between the low and high flow sampling lines. 
Table 1. Settings applied to the DF-CAST and the corresponding calculated parameters. Air-fuel-equivalence ratio (λ) and fuel-air-equivalence ratio (Φ) refer to combustion conditions for propane and DF. The % O2 excess refers to the % remaining O2 from propane combustion. The quenching gas, dilution air, propane, and DF flowrates were constantly set to 10 l min-1, 20 l min-1, 30 ml min-1, and 0.060 ml min-1, respectively.
	Propane flame
	DF flame
	Oxidation air, 
l min-1

	Φpropane
	λpropane
	% O2 excess
	ΦDF
	λDF
	

	0.40
	2.52
	60.2
	0.19
	5.4
	1.8

	0.38
	2.66
	62.3
	0.17
	5.9
	1.9

	0.36
	2.80
	64.2
	0.16
	6.4
	2.0

	0.32
	3.08
	67.5
	0.14
	7.4
	2.2

	0.30
	3.36
	70.2
	0.12
	8.4
	2.4

	0.27
	3.64
	72.5
	0.11
	8.9
	2.6

	0.26
	3.92
	74.4
	0.11
	9.4
	2.8

	0.24
	4.20
	76.1
	0.10
	10.4
	3.0


2.2. Fuel additives

Elemental additives (Al, Fe, and V) standards in diluted HNO3 were spiked to DF at a concentration of 1 ppm (for Al, Fe, and V) of the standard solution to the DF. These fuel additives were chosen because they are the commonly found elements in e.g. heavy fuel oil (HFO). The choice of the concentration level was based on actual concentration range found in fossil fuels. Details for the preparation of the additives standards can be found in the supporting information, Table S1. . The spiked DFs were continuously mixed by a magnetic stirrer during the measurements. 
Except for Al, the Fe and V additives may form metal nitrate in their respective matrix. A whole cycle consisting of 8 different DF λs was repeated at least twice except for V. Each λDF setting was measured from 15 to 30 minutes.
2.3. Gaseous emissions

Exhaust gas phase species were analyzed by a Fourier Transform-Infrared Gas Analyzer (FTIR, GASMETTM DX-4010, Temet Instruments, Finland). Detection of gas phase species (CO, CO2, NO, NH3, HCHO, HC) was done via measurement of the absorption of each gas phase analyte at a certain IR wavelength against reference spectra for each of the gas analyte. Absorbance at 2900-3000 wavenumber (cm-1) was summed up as HC. The IR absorbance specific to hydrocarbons was confirmed by vaporizing hexane in a calibration unit (LCU, IONICON, Germany). Filtered exhaust was sampled from the exhaust to the FT-IR at a flow rate of 2 l min-1 and heated to 180°C at the sample cell. The spectra were recorded every 20 s.
2.4. Particle number concentration


A condensation particle counter (CPC 3022A, TSI, USA) was used to measure the particle concentration in real time. The CPC samples in the same dilution as the HR-ToF-AMS, and SMPS.
2.5. Size distribution

The scanning mobility particle sizer (SMPS, TSI, USA) consists of a differential mobility analyzer (DMA 3080) and a condensation particle counter (CPC 3022A, TSI, USA) was used to determine the real time size distribution of submicrometer particles.
2.6. Optical properties
Optical absorption properties of generated soot particles were measured online using an Aethalometer (Model AE33-7, Magee Scientific, Slovenia, Drinovec et al., 2015) measuring at seven wavelengths ranging from Ultraviolet (UV) to Infrared (IR) (370, 470, 520, 590, 660, 880 and 950 nm). The Aethalometer records the light attenuation by particulate material continuously deposited on a Teflon-coated glass fiber filter tape. The absorbance at 880 nm corresponds to BC particles absorbing IR wavelength, and absorbance at 370 nm corresponds to the ultraviolet absorbing particulate matter (UVPM). The absorption cross-section values expressed in m2 g-1 used for the calculation of concentration were 18.47 and 7.19 for wavelength 370 and 880 nm, respectively. 
2.7. Chemical composition of non-refractory components 

The non-refractory components of the particles were investigated using the HR-ToF-AMS (Aerodyne Research Inc., USA, Drewnick et al., 2005; De Carlo et al., 2007). The HR-ToF-AMS consists of an aerodynamic lens inlet, capable of efficiently transmitting particles within the size range from 50 nm to 700nm to a vaporizer surface. A chopper modulates the transmission of the particle beam to the vaporizer into blocked, open, or chopped corresponding to the acquisition of background, particle, and particle-time-of flight (PToF) mass spectra. In the PToF mode, the chopper partially blocks the particles allowing only a few particles to be transmitted and detected. Non-refractory components from transmitted particles were vaporized at 600 oC and the resulting products were ionized by electron impact ionization at 70 eV. The ions were extracted and focused through the ion optics and separated according to their mass to charge ratio in an orthogonal time-of-flight unit. Data were recorded every 60 seconds. For further details on calibration methods, the reader is directed to (Mueller et al., 2015a and b).
2.8. Combustion process apportionment of carbonaceous components
The high resolution mass spectra of OM obtained from the HR-ToF-AMS measurements were used for the process apportionment data analysis. Post processing of the HR-ToF-AMS raw data was done by using the Igor-based SQUIRREL and PIKA programs. The matrix of the high resolution OM time-series, mass spectra, and corresponding HR exact masses were cleaned up for bad m/z and NAN variables. The HR-exact mass variables were assigned to corresponding family depending on their functional groups. The matrix was imported to the Igor-based Source Finder (SoFi, Canonaco et al., 2013), a source apportionment tool using PMF/ME-2 solvers (Paatero, 1999; Paatero & Tapper, 1994). PMF/ME-2 was performed on the matrix to minimize the residuals and obtain reasonable factor profiles and corresponding time-series. The number of factors and iterations for the PMF/ME-2 operation were provided before running the PMF on the matrix. PMF/ME-2 analysis was done on data sets for each different combustion conditions as well as for the combined data to check the robustness of the factor profiles obtained. Validation of the Sofi analysis can be found in the supporting information.
2.9. Statistical analysis

Statistical data analyses were performed using R software (GNU Public License) on the high time resolution data for each of the combustion settings applied for the CO, CO2, HCHO, HC, NO, NH3, UVPM, BC, NH4+, NO3-, OM and OM factors from PMF analysis. The time resolved data for the gas and optical properties were interpolated to the HR-ToF-AM time-series using an Igor code. The Pearson correlation (R) and coefficient of determination (R2) were determined for the variables using an R-code.
3. Results and discussion

3.1. Formation of carbonaceous particulates 
The formation of emissions during the DF combustion is influenced both by the DF, unreacted air, and propane flame combustion processes. The emissions from the propane flame mixed with the formed DF vapors and participated in the combustion process contributing to more gas phase radicals present in the flame region. High gas phase radical and aliphatic concentrations in the flame lead to enrichment of the HACA mechanism. The combustion of the DF vapor coexisting with the propane emissions depend primarily on the excess O2. In this study, this effect was initially seen from the changes in particle # concentration shown in Fig. 2. The particle # concentration increased with decrease in λDF but decreased substantially at λDF = 5.4 settings. The BC, UVPM, and OM had the same time trace with respect to the λDF. The emission factor of BC, UVPM, and OM has the following trend with λDF: 5.4<5.9<10.4<6.4<9.4<8.9<8.4<7.4. The drop in particulate emissions that occurred at the lowest λDF = 5.4 settings could be due to the insufficient air-flow and low temperature to propagate the flame and facilitate oxidation processes. Note that λDF = 5.9 and 5.4 are outside of the range recommended by the manufacturer but it was still used to map the operation of the DF-CAST. Enhanced emission of carbonaceous particulates with the intermediate λDF settings is due to the incomplete oxidation of the DF vapors in the propagated flame leading to high emission of BC and OM. This can also happen as a result of quenching where flame chemistry is stopped preventing the further oxidation of the combustion products. It should be noted that the flame quenching height is unknown. Since the flame was formed via diffusion, the rate of collision of the reactants (fuel vapor and O2) is mainly affected by the flow rate of the air since the fuel flow rate is constant. The bulk time-resolved O:C and H:C  did not change significantly with changing the λDF except at the lowest λDF =5.4 which showed increase of O:C and decrease in H:C. The CO and NO contribution exhibits an opposite trend throughout the experiment. The CO decrease is accompanied by an increase in NO with the progression of the flaming independent of the λDF setting. This can happen when the flame temperature increases with continuous combustion leading to enhanced oxidation processes. 
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Fig. 2. Time-series of particulate emission, O:C and H:C ratios, NO, and CO shown for DF under stepwise varying λDF experiment. 
3.2. Compositions of the organic fraction

The organic fraction measured with the AMS represents the condensed materials on the carbonaceous particles. This fraction normally consists of hydrocarbons and oxygenated hydrocarbons from gas phase precursors that nucleated but did not form solid particulate, or soot. Chemisorption is also possible for C-NOx in the presence of H2O (Stanmore et al., 2001). The activation energy of such synthesis decreases in the presence of a metal surface. The general result and emission factors for the different DF + additive experiments can be found in the supporting information, Fig. S2 which shows that contribution of the propane flame to the particulate emissions was insignificant. Figs. S3 and S4, in the supporting information, show the impact of the different λDF settings on the size distribution and particle number concentration, respectively for DF and DF + additive experiments. The characteristics of the OM produced by using the different λDF settings depend upon the evaporation of the DF at the heated capillary. In Fig. 3, the evidence of the impact of λDF, and fuel additives on the OM fraction is shown. 
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Fig. 3. The contributions of the different organic HR families for the different fuel additives and excess air settings. 
The high resolution variables corresponded to exact masses grouped into families according to the functional groups were used from the AMS. For instance, CH, CHO, CHN, and so on corresponds to hydrocarbons, oxygenated hydrocarbons and nitrogen-containing organic compounds, and so on, respectively. CHOgt1 corresponds to hydrocarbons containing more than 1 oxygen atom. 
For DF, the OM was contributed mainly by the CH family, CHO, and CHOgt1 families. The λDF did not impact the contribution of each major family to the OM except at the lowest λDF setting where a higher contribution of the CHO and CHOgt1 to the OM was observed compared to other λDF settings. This could be due to the insufficient air and low combustion temperature conditions at the lowest λDF setting. The contributions of N-containing hydrocarbons (CHN, CHO1N, CHOgt1N) increased with the addition of fuel additive in the DF. For DF + Fe, the sum of N-containing organic compounds increased by a factor of 19, 18, 19, 20, 21, 21, 26, and 210 relative to the sum of N-containing OM for the pure DF for 10.4, 9.4, 8.9, 8.4, 7.4, 6.4, 5.9, and 5.4 λDF setting respectively. Also, the contribution of the highly oxygenated hydrocarbons CHOgt1 increased slightly. For DF with Al additive, the sum of N-containing organics increased relative to the pure DF concentration by a factor of 35, 39, 42, 42, 44, 44, 45, and 175 for 10.4, 9.4, 8.9, 8.4, 7.4, 6.4, 5.9, and 5.4 λDF setting respectively. The CHN fraction had the highest contribution for all the N-containing organics. The CHOgt1 and CH families decreased slightly with the addition of Al in the fuel. The DF + V, yielded similar trend in terms of N-containing compounds and CH as the DF + Al, but like with Fe addition the CHOgt1 contributions increased slightly. The N-containing compound measured in the DF + additives yielded the highest difference relative to the pure DF at the lowest λDF setting. This could be due to the slower diffusion of the air into the surrounding DF vapors leading to higher residence time of combustion reaction. The differences of the fuel additives’ catalytic action can be seen from the trend of the highly oxidized hydrocarbons and N-containing compounds. The Al and V additives constituted the higher catalytic conversion of the organics to N-containing compounds than the Fe additive at equivalent spike concentration.
3.3.DF OM factor profiles and relationships with exhaust emissions

The evolution of OM emissions from the DF-CAST is contributed by different combustion reactions mainly by oxidation processes which could impact the formation of OM. To unmix the processes, we need to know the trend of the OM variables or the families. To investigate the synergistic combustion processes that might have led to the formation of the carbonaceous particulates, we used the PMF/ME-2 source apportionment tool. The main hypothesis for doing this is that we can separate the processes through the high resolution mass spectra grouped into families. One can imagine different gas-to-particle formation routes which can be diagnosed from the functional groups present in the combustion particles. For example, incomplete oxidation of alkane vapors would result to CO, CH, and CHO radicals which will survive in the exhaust as gas phase or condensed on the formed particulate. Therefore, processes contributed to the formation of the particulate phase can be separated. The selection for the so-called number of reasonable factor solutions is based mainly on the criteria that the correlation of the factors with particulate and gas phase differ from each other as well as the time series should have a distinct pattern and the mass spectra inspected based on their OM:OC and O:C ratios, and family fragments are different. The coefficient of determination R2 of the linear regression and Pearson correlation r were used to determine the consistency of the statistical linear model fit and to examine the relationships between the variables. The p-values of the correlation matrices are given in the supporting information Tables S2-S5. In the following results, we differentiate the qualitative description of the correlations based on R2. We assigned the quality of the correlation as following: 0.75< R² ≤ 1.0, 0.50< R² ≤ 0.75, 0.25< R² ≤ 0.50, and 0< R² ≤ 0.25 as well-correlated, correlated, slightly correlated, and uncorrelated, respectively. The degree of correlation suggests the appropriateness of fitting a linear model between the high time resolved variables. Fig. 4 shows the separated factors with corresponding profiles and time-series for DF. The DF factors consisted primarily of CH and CHO families. Factor 4 contributed 41% percent of the OM and consisted of relatively unoxidized OM mainly CH and CHO families with OM:OC and O:C, ratios of 1.34 and 0.20, respectively. The pattern of the time-series of factor 4 is like a jagged hill with progression of the λDF that may convey non-equilibrium gas-to-particle processes. Factor 3 contributed 27% percent of the OM and with opposite time-series trend but similar mass spectra with factor 4 as well as OM:OC and O:C,. Factor 4 has a higher degree of correlation to OM than factor 3. The evolution pattern of factor 3 is spiky which can be the case if the contributing processes are not stable. Similar to CO and NO trend discussed above, factors 1 and 2 have an opposite temporal evolution pattern, that is, as factor 1 decreases, factor 2 increases with time. Factor 2 is more oxidized than factor 1 with OM:OC (organic matter to organic carbon ratio) and O:C of 1.44 and 0.33 respectively compared to 1.38 and 0.25respectively for factor 1. The gas phase measured by FT-IR including CO2, CO, NO and HCHO are correlated with each other. OM is correlated with UVPM, BC and factor 4. Factors 1 and 2 are correlated with some of the gas phase species in contrast to non-correlation for factors 3 and 4. Factor 1 has a higher correlation with CO2 than factor 2. Factor 2, on other hand has a better correlation with NO than factor 1. Factor 1 and 2 resemble the trend for CO and NO, respectively. Factors 3 and 4 are slightly correlated with NO3-. The combustion processes for pure DF is contributed mainly by the formation of hydrocarbons and partially by formation of oxidized hydrocarbons. 
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Fig. 4. Scatter plot between the time-resolved data of exhaust gases and particles in DF (left). F1, F2, F3, and F4 refer to abbreviation for factor 1, 2, 3, and 4, respectively. The coefficient of determination is given by the color legend from violet to red. The linear regression corresponds to the median of each of the λDF. Factor time-series (top right), factor profiles (bottom right) and pie chart of the OM factors (inset).
3.4.Effect of Fe additive

From the elemental form of the spike solution, it can be inferred that Fe is present as aqueous Fe(NO3)2 or as Fe2O3 upon reaching the outlet of the heated capillary tubing. Nitration of alkanes can occur under oxidizing conditions such as during combustion in the presence of Fe which acts as a catalyst for the gas phase reactions of hydrocarbons and NOx. We checked for the matrix effect on the formation of N-containing organic compounds by adding only diluted HNO3 without any fuel additive to the DF as shown in the supporting information Fig. S3. We found that there were very low contribution of CHN or CHON masses present in the combustion products. Three factors can be separated from the DF + Fe organic fraction as shown in Fig. S5. Similarities of the factor temporal evolution trends with the DF factors are found. Factor 1 found in DF + Fe resembles factor 4 in the DF experiment but with higher OM:OC contributed by N and O containing hydrocarbons than the latter. Factor 3 found in DF + Fe is comparable to factor 2 in DF experiment but the mass spectra showed a more oxidized OM contributed by N and O containing hydrocarbons as well as higher contribution to the total OM for the former. A more oxidized factor 2 found in DF + Fe is similar to factor 3 in the DF experiment in terms of the time series trend. Factor 1 in the DF experiment cannot be found in the DF + Fe experiment. Association of gas phase is retained with the addition of Fe to the DF, however, correlations between the factors, particulate phase, and gas phase changed. OM is also correlated with UVPM and BC and slightly correlated with NO3-. Factor 1 is correlated with OM and slightly correlated with UVPM and BC. Factor 2 is slightly correlated with OM, UVPM, and BC. Factor 3 is slightly correlated with CO2, CO, NO, HC, and HCHO. Factors 1, 2, and 3 contributed to 49%, 32%, and 19% to the total OM, respectively. The OM:OC ratios show that factor 3 was more oxidized than factors 1 and 2. All factors consist of N-containing organics which was not found in the DF experiment. The diminished association between the gas and particulate phase could be attributed to the heterogeneous catalysis effect in the presence of Fe involving gas phase NO, O, and fuel vapors. The presence of N-containing compounds in the OM factors is attributed to the catalytic amination and nitration of the hydrocarbons formed from the combustion. The plausibility of Fe catalysis for the amination and nitration of organics had been shown in past study (Enthaler et al., 2008). This could only be attributed from the presence of Fe since the DF + HNO3 did not produce such effects.
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Fig. 5. Scatter plot between the time-resolved data of of exhaust gases and particles in DF + Fe (left). F1, F2, and F3 refer to abbreviation for factor 1, 2, and 3, respectively. The coefficient of determination is given by the color legend from violet to red. The data points correspond to the median of each of the excess air. Factor time-series (top right), factor profiles (bottom right) and pie chart of the OM factors (inset).
3.5.Effect of Al additive
Three factors were separated by the SoFi program for the DF + Al as shown in Fig. 6. All 3 factors found are relatively different from the DF factors but similar to the DF + Fe factors. For the discussion of the results here, we traced back the factors obtained for DF and DF + Fe and compared them to the DF + Al factors. Factor 1 resembles the temporal evolution of factor 2 in DF and factor 3 in DF + Fe. The mass spectra of factor 1 shows resemblance to factor 3 in DF + Fe but more oxidized than factor 2 in DF. The percent contribution of the abovementioned PMF factor increased by 2.5 in the DF + Al relative to the DF experiment, and compared to 0.4 increase in the DF + Fe experiment. Factor 2 time trace resembles factor 3 in DF and factor 2 in DF + Fe experiments. The mass spectra of factor 2 is more oxidized than that of factor 2 in DF + Fe and factor 3 in DF. The contribution of this factor is higher by 0.05 relative to the DF and lower by 0.12 than the DF + Fe corresponding factor. Factor 3 is similar to factor 1 in DF but did not resemble any of the factors obtained from the DF + Fe experiment. The mas spectra of the said factor is more oxidized than the corresponding factors from DF and DF + Fe. This factor is higher by 0.35 than the DF factor 1 contribution. The correlation between the gaseous species changed with Al as an additive. Strikingly, the correlation of CO2 with other gaseous species disappeared. CO and HCHO and NO and HC are well correlated. The correlations of the factors with the particulate phase showed enhanced correlations compared to the DF + Fe experiments. Factor 1 is well correlated with OM, UVPM, BC, and NO3-. Factor 2 is well correlated with OM, UVPM, BC, and NO3- and slightly correlated with NH4+. The correlation of factor 3 with the particulate phase diminished to slight correlation with OM, UVPM, BC, NO3-, and NH4+. Factor 1 is slightly correlated with CO2. Factor 2 is uncorrelated with the gas phase species. Factor 3 is correlated with CO, NO, HC, and HCHO. The combustion processes for DF with Al additive is contributed mainly by the formation of oxidized hydrocarbons and nitrogen-containing organic compounds. The temporal evolution of all the factors obtained can be traced from the DF experiment whereas one factor was not present in the DF + Al experiment. Higher production of the highly oxygenated N-organic compounds supports earlier observation of the catalytic oxidation of amines in the presence of alumina (Yamaguchi and Mizuno, 2003). The correlations observed for the OM with NO3- suggest the fragmentation of organo-nitrates under thermal decomposition and hard electron impact ionization (Farmer et al., 2010). 
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Fig. 6. Scatter plot between the time-resolved data of of exhaust gases and particles in DF + Al (HNO3) (left). F1, F2, and F3 refer to abbreviation for factor 1, 2, and 3, respectively. The coefficient of determination is given by the color legend from violet to red. The data points correspond to the median of each of the excess air. Factor time-series (top right), factor profiles (bottom right) and pie chart of the OM factors (inset).
3.6.Effect of V additive
V is present as aqueous VO2(NO3) from the spike solution. VO2(NO3) is transformed to V2O5 upon heating which may occur already at the capillary where the DF mixture was heated by the propane flame. V2O5 can catalyze oxidation of organic compounds in the presence of air. Four factors can be separated from the DF + V experiment. Fig. 7 shows the OM factor profiles and correlations for DF spiked with V. The time series are traceable from the DF experiment and factor profiles are similar to the profiles obtained for DF + Fe and DF + Al experiments. The temporal evolution and characteristics of factor 1 is similar to factor 4 in DF and factor1 in DF + Fe. Factor 2 resembles factor 3 in DF, factor 2 in DF + Fe, and factor 2 in DF + Al. Factor 3 has the same progression as factor 1 in DF, and factor 3 in DF + Al. Factor 4 is similar in terms of time trace with factor 2 in DF, factor 3 in DF + Fe, and factor 1 in DF + Al.  All 4 factor profiles’ mass spectra are different from the DF factors but similar to the DF + fuel additive factors presented in the previous sections. The most striking difference from the previously discussed results is the enhanced correlations between the particulate phase and the gaseous phase species. Correlations between gaseous phase species were sustained. Factor 1 is well correlated with OM, UVPM, BC, NO3-, and CO as well as correlated with CO2, NO, and HCHO. It is slightly correlated with HC. Factor 2 is slightly correlated with NO3-. Factors 3 and 4 are not correlated to any of the exhaust gases or particulates measured. Factors 1 and 2 contributed 48% and 7% of the OM, respectively mainly CH, CHO, CHN, and CHON families with OM:OC and O:C of 1.41 and 0.22 for factor 1 and 1.40 and 0.22, respectively for factor 2. Factor 3 contributed 34% of the OM consisting mainly of CH, CHO, CHN, and CHON families with corresponding OM:OC and O:C of 1.48 and 0.21, respectively. Factor 4 is highly oxidized consisting of CH, CHO, CHN, and CHON families with OM:OC and O:C of 2.1 and 0.26, respectively and a contribution to OM of 7%. The combustion processes for DF with V additive yielded significant N-containing OM. However, the correlations of the emissions are different from that of the Fe and Al additives. This may suggest that the V also oxidized the components into gaseous species.
[image: image7.png]0.50

0.75

4
&

3 >
'|;-’.:.'/"
4 4
gf X X dg " s X p
L] L ] 9 e L]

1.0

DF +V

X <X b X
L] L] .
‘s o ] 0 3
o o < 3

m factorl

X ° FAN & 7 o s ® —
] @ factor2
Me 54 5964 74 84 8994104 i @ factor3
| A m factord4
1 MW
" -
q) -
=
2 -
>
>
©
5 _
11.39% < -
| | | |
47.76% 10:00 11:00 12:00 13:00
Time
Factor 1 I | IOM:0C=1.41,0:C=0.22
W'
Factor 2| IOM:0C=1.44,0:C=0.22| § Cx
§ I 1 CH
3 I CHO1
= - o I CHN
£ IOM:0C=1.48,0:C=0.21| Y GHON
Z I CHOgt1N

_LLLL;L Moo 1 CS

T
’r——}F-—'}rl-_

-Fact_o 4
I IOM:0C=2.1,0:C=0.26|
L= = =l _;li = | | | |
20 40 60 80 100 120

lP
5 s o
k> ﬂw





Fig. 7. Scatter plot between the time-resolved data of exhaust gases and particles in DF + V(HNO3) (left). F1, F2, F3, and F4 refer to abbreviation for factor 1, 2, 3, and 4, respectively. The coefficient of determination is given by the color legend from violet to red. The data points correspond to the median of each of the excess air. Factor time-series (top right), factor profiles (bottom right) and pie chart of the OM factors (inset).
4.Conclusions

In this study, we produced different DF combustion processes by varying the excess air available for the DF vapor combustion in DF with or without fuel additives (Fe, Al, V). The settings for λDF were between 5.4 – 10.4 which is similar to real world scenario. We determined the time-resolved concentration of the non-refractory fraction including OM, NO3-, and NH4+ by means of HR-ToF-AMS and optical properties such as UVPM and BC by applying the aethalometer, and gas phase species such as CO2, CO, NO, NH3, HC, and HCHO by using the FT-IR gas analyzer. The OM fraction was separated into factors for each fuel experiment and the mass spectra were grouped based on high resolution ions into families by applying the SoFi program, a source apportionment tool. Four factors could be separated with DF and DF +V whereas 3 factors were separated for DF + Fe and DF + Al. Differences in the factors time-series were distinct as well as the average OM:OC, O:C, and H:C for each mass spectra. To classify the factors into processes, the correlation between the particulate and gaseous products were determined. The DF processes consisted mainly of CH and CHO families. The DF + Fe and DF + Al showed significant contributions of CHN and CHON families and correlation between gas and particulate diminished with only 1 factor having association with the gas phase. Those processes were apparently catalyzed by the added metals since it was not detected without Fe, Al, and V. For DF + V, apparent catalysis also occurred but the correlations between the factors and the emissions were enhanced. Factor similarities in terms of the temporal evolution for DF and DF + additive were observed. The major OM contributor factor in DF which is less oxidized, was found to be more oxidized in all the DF + additive experiments. Another factor in DF with a decreasing trend with time, was not found in DF + Fe, but was present in more oxidized form in DF + Al, and DF + V. The factor with increasing trend, appeared also in more oxidized form in all the additive experiments. In retrospect, the combustion processes of carbonaceous emissions can be studied using a source apportionment tool. Adding a metal to the fuel changes the combustion processes yielding more oxidized products. The injection of a fuel using a heated capillary is also promising in studying the impact of different fuel processing prior to combustion. However, this study opens up more possibilities and questions. Particularly, the burner could be improved by having an adjustable N2 supply for the premix gas of the propane flame. This would allow for constant flame flow pattern. The mechanism of the catalysis of the additives in this study should be explored further. A detailed quantification of the organic matter could also be improved via determination of the ionization of efficiency of the aerosol particle containing metal, soots, and different organic functional groups in the AMS. Ambiguity in the interaction of the AMS heater with metal containing soot particles should also be investigated. The finding in this study that particulate formation process can be diminished with metals can be applied in decarbonizing combustion processes. More oxidized OM particulates also has a wide implication in terms of the aerosol hygroscopicity, volatility, and optical properties which is important in the formation of secondary organic aerosols as well as toxicological impacts (Claxton 2015; Shepson et al., 2012; Lewtas 2007; Kleindienst et al., 2009; DeMarini, 2004). This study may have an impact in the toxicology of diesel exhaust particles via modification of the bulk OM chemical properties and their resulting bioactivity in the biological interphase For example, the presence of N-containing functional groups in the aerosol particles may mean changes in the solubility and activity of the diesel exhaust particles when exposed into the biological interphase. We recommend further studies on the toxicological effects of the aerosol particles produced by the DF-CAST. 
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