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A majority of atmospheric aerosol in urban areas is attributed to transportation 

emissions, and particularly, gasoline vehicle emissions.  The particulate matter (PM) 

emitted directly from the tailpipe consists of primary organic aerosol (POA) and black 

carbon. In addition to the particulate emissions, common gaseous pollutants include, 

nitrogen oxides (NOx), and non-methane organic gases (NMOG), which can 

photochemically react in the atmosphere to produce secondary organic aerosol (SOA).     

SOA formation from gasoline vehicles has received considerable attention in recent 

years, with the majority of studies focusing on older technology port-fuel injection (PFI) 

engines.  There is limited information on the SOA formation from current technology 

gasoline direct injection (GDI) engines, despite the abundance of information on the 

primary emissions from these engines.  GDI technology is considered a major pathway to 

reduce greenhouse gas emissions.  However, GDI engines have been measured to emit 

increased PM mass when compared to similar PFI engines.  To counteract the increased 
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PM emissions, manufacturers and regulators may need to utilize various emission control 

strategies.  The goal of this work was to investigate the effects of select emission control 

strategies on the secondary aerosol potential of newer technology GDI vehicles. 

First, the effects of a catalyzed gasoline particulate filter (GPF) were explored.  The 

addition of a GPF has shown drastic reduction in tailpipe PM mass for GDI vehicles, 

however its effect on secondary emissions were unknown.  This study aided to understand 

if a catalyzed GPF is effective in the removal of secondary aerosol precursors, thus 

increasing the significance of the after-treatment technology.  Next, the impacts of high 

ethanol fuel blends, and varying driving conditions on secondary aerosol were assessed.  

This study analyzed the variations in composition and morphology of the emissions from 

vehicles operated on 10% to 78% ethanol fuels (% volume).  In addition to the effects of 

vehicle exhaust from high ethanol fuel blends, this study investigated how a controlled 

surrogate environment can affects the reaction potential of vehicle exhaust.  The effects of 

aromatic and ethanol content were further explored with lower ethanol blends (0%-20% by 

volume).  These fuels were more similar to current commercial fuel blends and focused on 

the effects of smaller variations in ethanol and aromatic content on the physicochemical 

properties of the secondary aerosol.  Finally, connections between the different vehicle 

certification standards, fuels, driving cycles, and reaction conditions were explored to form 

relationships between measured tailpipe emission concentrations and the resulting SOA 

formation potential from vehicles. 
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 1 

 Introduction & Motivation 

 Motivation: 

Clean air is fundamental for overall human and environmental health.  Since the 

industrial era, in the late 18th century, technological advancement has relied on the burning 

of various fuel sources to meet the power demands for new manufacturing processes (fossil 

fuel, coal, wood, etc.).  Burning these fuels increases atmospheric pollution and contributed 

to the illness and the death of people during significant pollution episodes; Donora, USA 

in 1948 (20 deaths) (Hamill, 2008), London, England in 1952 (4,000-12,000 deaths 

estimated) (Davis, 2002), and as recently as 2013 in Northeastern China.  These events 

were attributed to anthropogenic emissions (human-made)  paired with meteorological 

events, leading agencies like the Environmental Protection Agency (EPA) and the United 

Nations (UN), to regulate acceptable, ambient levels of pollutants.   

Even with regulations in place, in 2005 the World Health Organization (WHO) 

attributed seven million premature deaths each year to air pollution (World Health 

Organization, 2007).  Particulate matter (PM), in particular, is a key pollutant that has been 

found to cause a variety of cardiovascular and pulmonary diseases (Pope, Dockery, 2006). 

PM is classified in three criterions; PM10 (aerodynamic diameter <10 µm), and PM2.5 (<2.5 

µm), and ultrafine particles (<1.0 µm) (World Health Organization, 2007).   

Gasoline powered motor vehicles have been identified as the dominant PM 

contributor (ultrafine, secondary aerosol) surrounding heavily urbanized areas (Bahreini, 

et al, 2012).  Future scenarios indicate that the largest impact on premature mortality in 
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California will be attributed to transportation emissions, particularly vehicular exhaust 

(Lelieveld, et al, 2015). The PM that is emitted from gasoline vehicles is a complex mixture 

of black carbon (BC), and organic aerosol (POA) which varies with engine technology, 

age, and fuel used.   

In addition to PM, gasoline vehicles emit a variety of volatile organic compounds 

(VOCs), NOx, CO, and CO2.  The VOC species that leave the tailpipe undergo an immense 

number of complex chemical reactions with a variety of atmospheric oxidants (Stephens, 

et al, 1969). Oxidation reactions of VOCs results in the addition of functional groups 

(alcohols, carbonyls, aldehydes) resulting in lower volatility gas phase products, and 

alternatively, increased volatilities via segmentation (Kroll, Seinfeld, 2008).  If a gas phase 

organic compound continues to accept additional functional groups, the compound will 

eventually partition to the particle phase either through condensation on existing aerosols, 

or nucleation (Seinfeld, Pandis, 2007).  Particles formed through oxidation are regarded as 

secondary organic aerosols or SOA. 

SOA formation through oxidation reactions requires NO and NO2 (NOx), to 

regenerate oxidant for continual reactions. NOx is primarily emitted from mobile sources 

due to its high temperature of formation (~1600 °C), and is typically formed in lean (25-

45% excess air) fuel-to-air combustion (Beychok, et al, 1973).  NOx also has a direct role 

in the formation of ozone (Ryerson, et al, 2003) which is known to be a respiratory irritant.   
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1.1.1 Chamber’s Role in Aerosol Studies: 

The overall impact of ultrafine PM on direct and indirect radiative climate forcing 

is currently unresolved.  Atmospheric studies utilizing mass spectrometry concluded that 

20% to 90% of ultrafine mass consists of OA (Jimenez, et al, 2009).   The highly variable 

compositions are directly related to the concentration and source of biogenic and 

anthropogenic pollutants.  Furthermore, the contribution of POA and SOA in the overall 

OA budget, is not fully understood (Robinson, et al, 2007).  Current models cannot account 

for, let alone predict, the bulk of SOA measured in the atmosphere (De Gouw et al., 2005).  

Models rely on robust, atmospherically relevant experiments, and resulting gaseous and 

particle phase data to accurately predict SOA formation.  Dynamic mixing effects make 

classification and isolation of chemical processes in the atmosphere impossible, however, 

researchers are able utilize atmospheric chambers to mimic these processes (Cocker, et al, 

2001).  

Complex and state-of-the-art chamber systems provide a controlled and 

comprehensive method to test and observe atmospheric reactions. Indoor environmental 

chambers allow researchers the ability to regulate light intensity, temperature, and 

humidity; all of which are variables that directly affect atmospheric reactions (Cocker, et 

al, 2001).   

Modelers attempting to predict the formation of secondary organic aerosol from 

specific emissions rely on experimental data from environmental chambers.  Typically, 

experiments simulate a wide range of reactant concentrations, and experimental conditions 
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for the single precursor to allow a range of yields for SOA formation.  Works investigating 

these yields typically focus on single precursor reactions due to the complexity of the 

photochemistry.  Yield (Y) is defined as the mass of the organic aerosol formed (Mo) 

divided by the amount of hydrocarbon consumed (ΔTHC) (Odum, et al, 1997).  The 

equation for yield is shown below. 

𝑌 =
∆𝑀𝑜

∆𝑇𝐻𝐶
 

1.1.2 Aged Vehicle Studies: 

Conventional environmental chambers are limited to adjacent combustion sources, 

or simple precursor experiments.  A chamber system with the ability to change location 

provides opportunities to maintain the unique capabilities of static chambers, while 

accessing more realistic-complex combustion sources.  A mobile chamber is especially 

useful when evaluating aged vehicle emissions over realistic driving conditions utilizing a 

chassis dynamometer. Previous research suggests that organic aerosol in highly urban areas 

are dominated by anthropogenic SOA (Zhang, et al, 2011) and as stated earlier, gasoline 

vehicles are considered to be major contributors of SOA in densely populated areas 

(Bahreini, et al, 2012).  These findings demonstrate the importance of investigating SOA 

forming potential from gasoline vehicles with controlled atmospheric chambers.   

Gasoline vehicles utilize one of two engines; port fuel injection (PFI) and gasoline 

direct injection (GDI) engines.  The relatively new direct injection technology has 

experienced a remarkably speedy adoption after its initial introduction to the American 



 5 

market.  Currently, GDI engines account for approximately 45%, and 60% of the North 

American and European market respectively (Whitaker, et al, 2015).  PFI vehicles have 

significant advantages (low PM), but are expected to struggle meeting future legislation 

and fuel economy regulations (Stone, et al, 1999).   

GDI engines, on the other hand, have improved fuel economy through an increased 

compression ratio and better air/fuel ratio accuracy (Celik, et al, 2010). In GDI engines, 

liquid fuel is sprayed directly into the combustion chamber leading to increased cooling as 

the fuel volatilizes, allowing for a higher compression ratio and greater efficiency.  

Imperfect mixing due to incomplete fuel evaporation, however, results in increased soot 

emission for GDI engines when compared to traditional port fuel injection (PFI) engines 

(Karavalakis, et al, 2015; Chen, et al, 2017).  Poor mixing creates pockets with high 

temperatures, but insufficient oxygen, leading to pyrolysis reactions and soot formation. 

Additionally, as the fuel comes directly into contact with the cold cylinder walls and piston, 

a small amount of fuel may impinge on the piston, which may lead to diffusion combustion 

and tailpipe PM formation (Stevens, et al, 2001; Karlsson, et al, 2001; Piock, et al, 2011).  

Previous studies have concluded that approximately 31% of gasoline related VOC’s 

in Riverside can be attributed to fuel vapor emissions (Gentner, et al, 2009).  One of the 

earliest chamber studies examining evaporated fuel, determined the SOA produced could 

explained solely by the aromatic content of the fuel (Odum, et al, 1997).  However, 

atmospheric chemists are now realizing that the SOA mass that would form due to the 

oxidation reaction of aromatic compounds doesn’t fully explain masses formed in 

laboratory experiments (Zhao, et al, 2016).  The unexplained mass in evaporative emissions 
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is predicted to come from various IVOCs which fall into an unresolved complex mixture 

which cannot be separated with traditional GC/MS (Zhao, et al, 2016).  Because of this, 

more detailed gaseous analysis is needed to try to tighten the predicted and observed SOA 

formation mass.  

1.1.3 Potential Emission Controls: 

One strategy to reduce PM emissions from GDI vehicles is through the use of a 

gasoline particulate filter (GPF) (Yang, et al, 2018; Mamakos, et al, 2013).  The use of 

GPFs in GDI vehicles have been shown to dramatically reduce PM mass, black carbon, 

and particle number (PN) emissions, as well as toxic pollutants such as polycyclic aromatic 

hydrocarbons (PAHs) and nitrated PAHs (Yang, et al, 2018; Chan, et al, 2014).  Previous 

studies have displayed PM removal efficiencies from 10%-91% (Chan, et al, 2014; Xia, et 

al, 2017).  Currently, there is no previous work on how a catalyzed GPF (in place of stock 

TWC) will affect SOA formation. 

Altering fuel composition has also been shown to effectively reduce particulate 

emissions.  Fuel composition has remained relatively consistent (average toluene to 

benzene ratios: 1.5 in 2013 vs 1.2-1.4 in mid-90’s) since the initial evaporative fuel 

chamber tests.  One major difference is the transition from methyl tert-butyl ether (MTBE) 

to ethanol as an oxygenate; due to ground water contamination associated with MTBE 

(Getner, et al, 2013). Ethanol at increased levels has been shown to improve vehicle 

emission by lowering carbon emissions, and sulfur content, while also acting as a clean 

octane replacement (Karavalakis, et al, 2012).  Currently conventional gasoline has 10% 
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ethanol content but it has been found that higher ethanol blends could possibly lead to 

greater fuel efficiencies and lower greenhouse gas emissions.  As a result of the increase 

in ethanol content, the amount of aromatics in the fuel would decrease, which could directly 

decrease the overall SOA potential from these vehicles (EESI, 2015). 

 Outline of Dissertation: 

This thesis seeks to quantify and characterize the secondary potential from stock 

GDI vehicles representative of the current fleet.  Furthermore, the focus is explore how 

emission control strategies will affect the secondary aerosol formation potential from new 

technology GDI vehicles, and attempt to quantify the effect of the controls.  First, in chapter 

2, the effect of a catalyzed GPF are tested.  To the best of our knowledge, only Pieber et al 

(2018) evaluated the SOA production from GDI vehicles equipped with prototype GPFs 

using a batch and flow reactor.  The authors found no difference in SOA formation with 

the non-catalyzed and catalytically coated GPFs, they suggested that future work with 

catalyzed GPFs installed in the position of the underfloor TWC is necessary.  Here, for the 

first time, we report results on SOA formation with catalyzed GPFs or 4-way catalysts 

when exercising the GDI vehicles over a cold-start LA92 test cycle.  

Chapter 3 focuses on the evaluation of high ethanol fuel blends on the secondary 

aerosol potential from FFV-GDI vehicles.  The vehicles were tested on four fuels varying 

from 10% to 78% ethanol content by volume, and contributes to the growing body of 

literature examining the use of ethanol fuel s in current GDI technology.  In addition the 

effects of the driving conditions, and the SOA formation potential of vehicular exhaust to 
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different oxidation environments are investigated.  To the best of our knowledge, no 

researchers have studied the reactivity of vehicle exhaust with the addition of a surrogate 

mixture and NOx with the intent of creating consistency between tests. 

Chapter 4 is also focused on the secondary aerosol effects from varying fuel 

content, however focuses on lower ethanol fuels (0% to 20% ethanol by volume).  The fuel 

parameters studied as part of this program included ethanol, aromatics, vapor pressure, 

T50, and T90 as well as interactions between these parameters that were thought to be 

important in understanding the impacts of widespread blending of ethanol.   The attempt 

of the study was to relate the SOA formation measured in chamber studies, along with a 

complex analysis of the gas phase compounds. 

Chapter 5 includes an aggregation of all data collected from the vehicles tested thus 

far utilizing UCR’s Mobile Atmospheric Chamber (MACh), and attempt to relate to 

previously peer reviewed works, and find trends in the SOA formation potential (including 

all vehicles in this dissertation, and four additional vehicles).  This chapter will focus on 

SOA formation and only touch on the inorganic secondary aerosol.  Specifically, the trends 

in the SOA formation potential for gasoline vehicle exhaust which may ultimately allow 

modelers to more accurately predict atmospheric SOA concentrations from anthropogenic 

vehicular exhaust will be explored. 
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  Abstract: 

This study investigated the aged gaseous, and particulate emissions from two low 

mileage gasoline direct injection (GDI) vehicles tested in the stock configuration on E10 

California gasoline. A catalyzed gasoline particulate filter (GPF) was installed in place of 

the original three-way catalyst (TWC) and the aged emissions were compared to the stock 

configuration.  Primary emissions were collected into a 30 m3 Mobile Atmospheric 

Chamber (MACh) and were subsequently aged for 7-10 hours.  The potential secondary 

aerosol mass and composition were measured and the stock and GPF configurations were 

compared.   

The use of a catalyzed GPF drastically reduced the tailpipe mass and particle 

number and considerably changed the average aerosol chemical composition of primary 

and secondary pollutants. The addition of the GPF reduced the total carbonaceous aerosol 

(black carbon, primary organic aerosol, and secondary organic aerosol) by 73% and 59% 

for GDI_1 and GDI_2, respectively. The total secondary aerosol mass formed was vehicle 

dependent; the secondary inorganic ammonium nitrate formed varied with vehicle NOx 

reduction technology. The GPF was the most efficient in the removal of aerosol with 

electrical mobility diameters >200nm, (99.0% ± 0.9% average removal for both vehicles).  

The GPF was least efficient (88.7% ± 1.8%) in the 18 -30 nm range.   

The catalyzed GPF efficiently removed reactive gaseous pollutants, specifically 

NMHCs and NOx.  This reduction in reactive gases was found to drive the differences in 

the potential secondary aerosol (SA) formed with the GPF and without the catalyzed GPF 

in stock configuration.  A 41% and 65% reduction in NMHCs, for GDI_1 and GDI_2 
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reduced SOA formation by 39% and a 35%, respectively.  Specifically, reducing PAH 

emissions with the catalyzed GPF may also reduce SOA formation from GDI vehicle 

technology.  Ultimately, our findings indicate that SOA production from GDI vehicles with 

be significantly reduced with the application of catalyzed GPFs through the mitigation of 

reactive hydrocarbon precursors.  

  



 16 

 Introduction: 

Mobile sources are major contributors of emissions, especially in urban areas (Heal, 

et al 2012).  On-road vehicles equipped with internal combustion engines are known to 

emit nitrogen oxides (NOx), carbon monoxide (CO), particulate matter (PM), and volatile 

organic compounds (VOCs) (Dallmann, et al 2014).  While vehicular NOx, CO, and VOC 

emissions have been reduced considerably over the past years as a result of the imposed 

environmental regulations (McDonald, et al, 2012 & 2013), some urban regions still 

struggle to meet atmospheric regulatory standards (CARB).  PM directly emitted from the 

vehicle’s exhaust is comprised of a complex mixture of constituents, including black 

carbon, sulfate, metals, and organic materials referred to as primary organic aerosol (POA) 

(May, et al, 2013).  Studies have shown that PM emissions can be deposited deep into the 

lungs, inducing oxidative stress and respiratory diseases (Samet, et al, 2000; Lelieveld, et 

al, 2015). Other studies have shown that PM emissions influence the cardiovascular system 

(Pope, et al 2002). 

Furthermore, after emission, NOx, and VOCs can undergo atmospheric photo-

oxidation, resulting in the formation of secondary lower volatility organic gases.  As the 

gases continue to react, the volatility of the gases decrease until ultimately condensing onto 

existing particles, thus increasing the atmospheric organic aerosol mass.  The formation of 

organic mass as a result of VOC oxidation is classified as secondary organic aerosol or 

SOA (Odum, et al, 1997; Gentner, et al, 2017) 

Studies have reported that SOA accounts for the largest fraction of atmospheric 

organic aerosol (OA), accounting for approximately 30-90% of total OA in megacities 
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(Jimenez, et al, 2009; Zhang, et al, 2007; Hu, et al, 2016). The contribution of SOA from 

anthropogenic and biogenic sources is not entirely clear as it involves complex processes, 

with the number of organic compounds participating in SOA formation being unknown 

(Hallquist, et al, 2009; Jimenez, et al 2009).  Recent studies have shown that United States 

(US) gasoline vehicles are a major source of VOC emissions (compared to the diesel 

vehicle fleet) and dominate the production of SOA in US urban areas (Bahreini, et al, 

2012). This phenomenon is amplified by the domination in market share of gasoline 

vehicles in the US compared to the European Union, and also by the fact that gasoline 

engines typically emit higher concentrations of VOCs (McDonald, et al, 2015). 

The significant contribution of gasoline vehicles to the SOA budget has been shown 

in several studies (Saliba, et al, 2017; Ma, et al, 2018; Zhao, et al, 2017). Gordon et al. 

(2014) tested pre-LEV and newer gasoline vehicles and they concluded that SOA 

formation exceeds primary PM emissions. They also found lower SOA production from 

the newer vehicles compare to the pre-LEV gasoline vehicles and less SOA production 

during the hot-start testing compared to cold-start cycles. In another study, when a gasoline 

vehicle was tested over the New European Driving Cycle (NEDC), the authors confirmed 

the production of 15 times higher SOA production compared to POA (Platt, et al, 2013). 

Nordin et al. (2013) showed that C6-C9 light aromatic hydrocarbons contributed up to 60% 

of the formed SOA when they tested Euro 1 and Euro 4 compliant passenger cars under 

idling conditions. Liu et al. (2015) tested Euro 1 and Euro 4 gasoline vehicles under idling 

conditions and found that single-ring aromatics and naphthalene were responsible for 51-

90% of the formed SOA. 
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Driven by stringent legislative measures on vehicle fuel efficiency and greenhouse 

gas emissions, the transportation sector has changed significantly in the past decade with 

the introduction of gasoline direct injection (GDI) engines.  In GDI engines, liquid fuel is 

sprayed directly into the combustion chamber leading to increased cooling as the fuel 

volatilizes, allowing for a higher compression ratio and greater efficiency.  Imperfect 

mixing due to incomplete fuel evaporation, however, results in increased soot emission for 

GDI engines when compared to traditional port fuel injection (PFI) engines (Karavalakis, 

et al, 2015; Chen, et al, 2017).  Poor mixing creates pockets with high temperatures, but 

insufficient oxygen, leading to pyrolysis reactions and soot formation. Additionally, as the 

fuel comes directly into contact with the cold cylinder walls and piston, a small amount of 

fuel may impinge on the piston, which may lead to diffusion combustion and tailpipe PM 

formation (Stevens, et al, 2001; Karlsson, et al, 2001; Piock, et al, 2011).  

One strategy to reduce PM emissions from GDI vehicles is through the use of a 

gasoline particulate filter (GPF) (Yang, et al, 2018; Mamakos, et al, 2013).  The use of 

GPFs in GDI vehicles have been shown to dramatically reduce PM mass, black carbon, 

and particle number (PN) emissions, as well as toxic pollutants such as polycyclic aromatic 

hydrocarbons (PAHs) and nitrated PAHs (Yang, et al, 2018; Chan, et al, 2014).  Previous 

studies have displayed PM removal efficiencies from 10%-91% (Chan, et al, 2014; Xia, et 

al, 2017), however, the GPFs used in these studies were not catalyzed with the intent to 

replace the stock TWC.   

Despite the increased popularity of GDI engines in the light-duty vehicle sector 

across the US and Europe, there is limited information on the SOA production from current 
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technology GDI vehicles (Vu, et al; Saliba, et al, 2017; Pieber, et al, 2018) and no 

information on how a catalyzed GPF (in place of stock TWC) will affect SOA formation. 

In a recent study, Du et al (2018) tested both a PFI and GDI vehicle over the NEDC and 

reported much higher SOA production for the GDI vehicle compared to the PFI vehicle. In 

a different study, on the other hand, Zhao et al (2018) showed no differences in SOA 

production between PFI and GDI vehicles. Finally, Karjalainen et al (2016) tested a GDI 

vehicle over the NEDC and showed reduced SOA formation when the engine was warm 

and higher SOA formation during the cold-start phase when the three-was catalyst (TWC) 

was below its light-off temperature. 

In this study, we investigate the SOA production from two low mileage GDI 

vehicles with and without a catalyzed GPF. To the best of our knowledge, only Pieber et 

al (2018) evaluated SOA production from GDI vehicles equipped with prototype GPFs 

using a batch and a flow reactor. While the authors did not find differences in SOA 

formation with the tested non-catalyzed and catalytically coated GPFs, they suggested that 

future work with catalyzed GPFs installed in the position of the underfloor TWC is 

necessary. Here, for the first time, we report results on SOA formation with catalyzed GPFs 

or 4-way catalysts when exercising the GDI vehicles over a cold-start LA92 test cycle. This 

work is also a companion study to Yang et al (2018), in which detailed tailpipe (primary) 

toxic pollutants, and criteria gaseous, and particulate emissions are reported. 
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 Experimental: 

2.3.1 Facilities: 

All testing was conducted at the Center for Environmental Research and 

Technology (CE-CERT) in Riverside, CA.  Emissions testing was conducted at the Ford 

Motor Vehicle Emissions Research Laboratory (VERL).  Vehicles were operated on a 48” 

Burke E. Porter single roller chassis dynamometer.  Exhaust was directed into a Pierburg 

positive displacement pump-constant volume sampler (PDP-CVS) where standard bag 

measurements for total hydrocarbon (THC), carbon monoxide (CO), nitrogen oxides 

(NOx), non-methane hydrocarbons (NMHC), and carbon dioxide (CO2) were analyzed 

with a Pierburg AMA-400 bench.  More details for the measurement methods and analysis 

of the tailpipe emissions can be found elsewhere (Yang, et al, 2018).   

The photochemical portion of the experimental procedure utilized the Atmospheric 

Processes Laboratory (APL).  All photochemical experiments were conducted in 

University of California Riverside’s 30 m3 Mobile Atmospheric Chamber (MACh) (2 mil 

fluorinated ethylene propylene Teflon film reactor). The reactor is enclosed in a segmented, 

lightweight aluminum frame fitted with wheels and a static resistant/UV blackout tarp to 

aid in the movement between labs.  In APL, the chamber is surrounded by 600 15 W, 18”, 

T8 black light fluorescent bulbs to act as the controlled UV source.  Extended details on 

the construction and characterization of MACh can be found in Vu, et al, 2018. 
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2.3.2 Test Vehicles & Drive Cycle: 

The experiments included two 2016 GDI vehicles which will be referred to as 

GDI_1 and GDI_2 for the duration of the chapter.  GDI_1 was equipped with a 2.0 liter 

(L), wall guided DI SI Atkinson cycle engine and was certified to meet the LEV III 

SULEV30 (PZEV) standard.  GDI_2 was LEV II certified and equipped with a 1.5 L 

downsized turbocharged centrally mounted direct injection engine.  Both vehicles were 

equipped with three way catalysts (TWC) and were operated stoichiometrically.  The 

vehicles had 14,780 and 24,600 miles at the start of testing respectively.  

The vehicles were tested in duplicate over a cold-start LA92 with commercial 

California E10 fuel.  The LA92 test cycle (Unified Cycle) was developed for light-duty 

vehicles by California Air Resources Board (CARB) to represent the more aggressive 

driving style observed in California.  The cycle has higher speeds, higher accelerations, 

fewer stops per mile, and less idle time than the traditional FTP cycle.  The LA92 cycle 

has three phases (i.e., cold-start, urban, and hot-start phase) with a similar three-bag 

structure to the FTP cycle (Figure 2-12).   

GDI_1 and GDI_2 were tested on the same E10 California commercial fuel in the 

stock configuration to obtain baseline measurements.  The primary emissions were 

analyzed to certification standards (Yang, et al, 2018). 

After completing the baseline testing, both vehicles were retrofitted with a 

catalyzed GPF on the underfloor of the vehicle, replacing the stock TWC.  The catalyzed 

GPFs were provided by the Manufacturers of Emissions Controls Association (MECA).  
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The GPFs were sized and fitted in relation to the engine displacement (4.66” diameter, 4.5” 

length, 8 mm wall thickness, 300 cpsi), and the precious metal loadings were matched to 

the certification levels of the two vehicles.  The GPFs were covered with a wash coat with 

approximately 1.0 g/L loading of palladium (Pd) and rhodium (Rh) (4:1 ratio) to act as a 

in place of the TWC.   

2.3.3 Irradiation Experiments: 

Prior to each chamber experiment, MACh was cleaned by injecting O3, H2O2, and 

purified air (AADCO 737 air purifier) and was irradiated with UV light.  The AADCO air 

consists of no detectable reactive compounds (H2O, NOx, CO, O3, Hydrocarbons) to 

minimize background reactions in experiments. The chamber was then subsequently 

emptied and filled repeatedly until all gases and particles were measured to be below 

detection limit (H20 < -50°C dew point, {NOx, CO, HC, O3}~0 ppb, PM=0 µg m-3) then 

flushed with purified air overnight.  Prior to the injection of vehicle exhaust, the chamber 

was half-filled with the AADCO air, and transported to VERL. 

The dilute exhaust was injected from the PDP-CVS into MACh during the LA92 

test cycle (excluding the hot soak).  The exhaust was injected with two Ejector Dilutors 

(Air-Vac TD11OH) in parallel, connected to a house built clean air system with filters and 

desiccants to remove the PM (HEPA Filters), water (silica gel columns), NOx (Purafil), 

CO (Carulite canister), and hydrocarbons (activated charcoal) from the house compressed 

air.  The injection lines consisted of 8.5 m of ½” stainless steel tubing.  The dilution setup 

was designed to allow a variation of dilution from 50:1 up to 200:1 by varying the dilution 
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air and CVS flow.  A detailed schematic of the UC, Riverside APL and VERL facilities 

that were utilized can be found in Figure 2-1.  

MACh utilized gravitational forces to ensure a positive pressure inside the reactor, 

such that potential holes in the Teflon surface of the chamber will force air to flow out of 

the reactor.  This minimized the contamination and dilution of the exhaust throughout the 

experiment (average measured dilution of 1.3% ± 1.2% throughout 7 hour experiments 

(Equation 2-2) which is within the measurement error of the instrument).   

 

Figure 2-1: Experimental setup (not to scale) for testing.  Vehicle was operated in 

VERL, where the criteria pollutants were measured, and MACh was injected with 

vehicle emissions.  Irradiation testing of the exhaust was then conducted in APL. 

2.3.4 Stock Experiments:   

After the exhaust was collected, the chamber was filled to maximum volume with 

purified air. 1.0 ppm of H2O2 was also injected utilizing an oven (60° C) to act as an initial 
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hydroxyl radical source. Prior to irradiation, the diluted primary exhaust was evaluated for 

about 30 min to characterize initial tailpipe composition.  The emissions were then photo-

oxidized continuously for 7-10 hours. The exhaust was carefully monitored during photo-

oxidation, utilizing a host of gaseous and particulate instruments allowing for real time 

evaluation of the aging exhaust (See Section 2.3.6. Instrumentation).  All chamber 

experiments were concluded when the wall-loss corrected aerosol mass formation, and the 

ozone concentration plateaued. 

2.3.5 GPF Experiments: 

 In stock configuration experiments, the black carbon tailpipe particles could act as 

a seed for the condensation of low volatility gases.  However, it was anticipated that the 

initial tailpipe PM in the GPF experiments would be significantly lower (e.g., Yang, et al, 

2018) and inert seeds would be necessary to mimic a similar condensable particulate 

surface area for low volatility gases to partition as they age.   After the dilute exhaust was 

characterized, ammonium sulfate was added to GPF experiments to ensure a similar seed 

particle number and surface area when compared to stock experiments. The ammonium 

sulfate seed was injected into the chamber utilizing an atomizer with a 2.40 M, aqueous 

ammonium sulfate solution (Acros, 99.5 % in Millipore © DI water (18mΩ, <100 ppb)), 

and subsequently heated and dried via silica gel.  The dried seed was then passed through 

a 210Po neutralizer to minimize charged particles.  Experiments were seeded for ~24.2 min.  

The aerosol was again classified to obtain a ratio of seed to tailpipe aerosol such that the 

total contribution of seed mass could be determined and ultimately subtracted from final 

secondary mass calculations.  Finally, then the remaining volume of the chamber was filled 
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with AADCO purified air, and the remaining procedure was identical to stock 

configuration experiments.  Ultimately, the condensable surface areas of the particles were 

brought to within an average of 15% for GDI_1 and 5% for GDI_2. 

No propene or HONO was added to experimentally alter the VOC:NOx ratio; this 

decision was designed to reduce the added variables to the experiments and allow us to 

observe the secondary aerosol formation from the raw exhaust.  The initial conditions for 

all experimental configurations are displayed in Table 2-1. 

Table 2-1: Initial conditions for stock configuration and GPF configuration 

experiments for GDI_1 and GDI_2 

Vehicle Dilution Ratio Initial NOx (ppb) VOC:NOx CO (ppm) 

GDI_1 105 ± 7 26.4 ± 1.1 7.1 ± 0.1 2.12 ± 0.34 

GDI_2 91 ± 5 174.3 ± 6.6 2.7 ± 0.1 4.93 ± 0.28 

GDI_1 GPF 60 ± 1 50.4 ± 2.8 5.2 ± 0.1 2.54 ± 0.82 

GDI_2 GPF 62 ± 1 64.2 ± 3.6 6.3 ± 0.2 2.63 ± 0.12 

2.3.6 Instrumentation 

Gas phase instrumentation included a Thermo Environmental Instruments Inc. 

(MA) Model 42 chemiluminescent NOx analyzer (NO, NO2, NOx).  A Dasibi 

Environmental (CA) nondispersive ultraviolet ozone analyzer will monitor the chamber 

ozone concentration.  A Dasibi Model 48C was used to measure CO concentrations with 

IR analysis.  A LI-COR ® LI-840A CO2/H2O analyzer was used to monitor the CO2 and 

relative humidity during the irradiation experiments. VOC concentrations were measured 
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with the Pierburg AMA-400 bench.  Dilution ratios were calculated by monitoring the CO2 

concentrations of the exhaust, dilution air, and initial experimental concentration (Equation 

2-3). 

The physical and chemical properties of the aerosol were measured throughout the 

experiment.  Particle phase instrumentation included a commercial scanning mobility 

particle sizer (SMPS) consisting of a TSI 3080 electrostatic classifier, TSI 3081 long 

column differential mobility analyzer (DMA) column and a TSI ultrafine condensation 

particle counter (CPC) 3776.  The 3776 CPC was operated in ‘low flow mode’, with a 

sample flow of 0.3 LPM and the sheath flow for the classifier was set to 3.0 LPM.  The 

SMPS measured electrical mobility diameters from 14.6 nm to 661.2 nm.  The mass of 

black carbon was measured using an AVL micro soot sensor (MSS) with a high power 

laser diode operating at 802 nm with a photoacoustic sensor (Petzold., Niessner, 1996).   

For chemical composition, the non-refractory aerosol chemical composition data 

was measured with an Aerodyne high-resolution, time-of-flight, aerosol mass spectrometer 

(HR-ToF-AMS) (Aiken, et al, 2008).  HR-ToF-AMS was operated in both V and W mode, 

and the data processing was completed using the ToF-AMS Analysis Toolkit 1.57 and ToF-

AMS HR analysis 1.16.  The Unit Mass Resolution (UMR) and HR Frag table for CO2 

were altered from the assumed concentration of 370 ppm to the measured CO2 

concentration using a LI-COR ® LI-840A CO2/H2O analyzer.  The organic, ammonium, 

nitrate, and sulfate ratios were calculated and applied to the remaining mass calculated by 

the SMPS and APM (after subtracting out the black carbon contribution).  Wall loss 
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corrected black carbon mass was assumed to be constant throughout irradiation 

experiment. 

 A house built, tandem differential mobility analyzer (TDMA) consisting of two 

TSI 3081 DMAs and a TSI Model 3760A CPC provided volatility measurements (Villani, 

et al, 2008).  The first column selects a particle electrical mobility diameter, typically at 

the peak mode. The size selected particles then travel through a heated column (100°C) 

with a residence time of ~17 sec.  The heated aerosol is then classified by scanning mode 

via second DMA column such that a new size distribution of the aerosol is measured.  The 

initial diameter is then compared to the final diameter to obtain the volume fraction 

remaining (VFR) of the particles (i.e, 𝑉𝐹𝑅 =
𝑉𝑜𝑙𝑢𝑚𝑒𝑓𝑖𝑛𝑎𝑙

𝑉𝑜𝑙𝑢𝑚𝑒𝑖𝑛𝑖𝑡𝑖𝑎𝑙
, assuming a spherical aerosol).  

A Kanomax aerosol particle mass analyzer system (APM) measured particle 

effective density.  The APM is paired with a house built SMPS.  Particles are initially 

selected by mass and later pass through a scanning DMA column where an effective 

density based on the electrical mobility diameter is calculated.  The APM has the ability to 

select aerosol with a mass from 0.30 to 50.0 fg which is equivalent to a particle of unit 

density with a diameter of 50 to 400 nm.  A more detailed summary of the APM-SMPS 

system is described in Malloy, et al (2009).   

A DMT Inc. single growth column CCN Counter (CCNC) measured CCN activity 

and a Hygroscopic Tandem Differential Mobility Analyzer (HTDMA) measured super-

saturated and sub-saturated hygroscopicity respectively during the irradiation experiments. 

The results and analysis of the hygroscopicity and cloud droplet formation will be 



 28 

published in a separate manuscript.  Here, the discussion on aerosol physical properties 

(size, number, mass, effective density and volatility) is limited to the properties that 

advance our understanding of the characteristics of the secondary particulate mass 

formation and composition. 

SMPS data was used for the calculation of the volume of aerosol throughout the 

irradiation experiment.  All SMPS data was corrected for particle wall losses, using first 

order wall loss kinetics (Equation 2-1), described in detail by Cocker et al (2001).  Vapor 

wall losses from vehicle exhaust have been assumed and measured to be insignificant in 

past chamber experiments (Vu, et al, 2018).  From the volume, mass was calculated by 

using effective density measurements.  Final mass calculations were determined from the 

effective density and volume calculated at the end of the irradiation experiments.  
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 Results and Discussion: 

 

Figure 2-2: Composition of tailpipe PM for GDI_1 and GDI_2. Pie charts display 

composition for GPF configurations.  Organic material was considered POA. 

Figure 2-2 shows the PM mass and composition emitted directly from the tailpipe.  

In the stock configuration, GDI_1 emitted an average of 3.53 mg/mi of PM over the three 

LA-92 driving cycles.  GDI_2 emitted a similar, but slightly larger tailpipe concentration 

at 4.05 mg/mi of PM.  Vehicle emissions from the more aggressive LA-92 driving cycle 

may struggle to achieve the current FTP (Federal Test Procedure Cycle) standard of 3.0 

mg/mi, and would not meet California’s future LEV III standard of 1.0 mg/mi.  The two 

vehicles emitted a similar composition of tailpipe PM, with 66.7 % and 74.3 % of the 

tailpipe PM being black carbon, 27.9% and 21.8% POA, and the remaining ~5% 

ammonium and nitrate for GDI_1 and GDI_2 respectively.  Tailpipe composition primarily 
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composed of black carbon is consistent with other works (Maricq, et al, 2012, Yang et al, 

2019).   

 The catalyzed GPF accounted for a 95% and a 98% reduction in total tailpipe PM 

mass for GDI_1 and GDI_2 (Figure 2-2) (Yang, et al, 2018).  The emitted mass from 

GDI_1/GPF and GDI_2/GPF were 0.18 mg/mi and 0.09 mg/mi respectively.  Both were 

well below any proposed future regulation limit.  The GPF was most efficient in removing 

black carbon (over 99.8% removal for both vehicles), considerably altering the average 

fraction composition of the aerosol emitted from the tailpipe.  Only 15% and 4% of the 

tailpipe mass was black carbon for GDI_1/GPF and GDI_2/GPF respectively.  The GPF 

also removed a considerable amount of POA mass, however was less efficient when 

compared to black carbon (90%, 92% POA removal respectively).  This phenomenon is 

likely due to varying volatilities of the VOCs emitted (Pieber, et al, 2017).  The hot, lower 

volatility gases, remain in the gas phase through the catalyzed GPF, but as the emissions 

dilute and cool, the lower volatility organic compounds condense onto existing particles.  

This organic material, although emitted as a gas, condensed without any reaction and is 

therefore measured as POA.  The GPF decreased POA mass but increased the average 

percentage contribution to the total PM (55% and 74%, GDI_1/GPF and GDI_2/GPF, 

respectively).  The remaining 20-30% of the primary aerosol was composed of ammonium 

and nitrate (Figure 2-2).   
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Figure 2-3: Removal efficiencies of tailpipe particles measured by electrical mobility 

diameter for GDI_1 and GDI_2 after dilution 

The effect of the GPF on particle number (PN) was not consistent across measured 

particle diameters.  Yang, et al (2018) observed that the total PN emissions decreased by 

an average of 95% for GDI_1 and 97% for GDI_2 when fitted with the catalyzed GPF.  

Here, we show that the GPF exhibited varying efficiencies across a range of ultrafine 

particle diameters (Figure 2-3).  The removal efficiencies shown in Figure 2-3 were 

measured by the SMPS in MACh after a dilution of ~60:1 for the GPF configurations, and 

~95:1 for the stock configurations, and were corrected with the measured dilution ratios to 

more accurately calculate removal efficiencies.  The catalyzed GPF was most effective in 

the removal of particles > 200nm (99.2% ± 0.7% and 98.8% ± 1.2% in PN removal for 

GDI_1 and GDI_2 respectively (Figure 2-3)).  In comparison, the catalyzed GPF was least 
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efficient in the removal of particles in the 18nm-30nm range, however, still removed 86.2% 

± 2.8% for GDI_1 and 91.1% ± 2.3% for GDI_2. 

The variation in efficiency can be explained by the two mechanisms of interception for the 

tailpipe PM.  For the smaller particles (<30nm), Brownian diffusivity dominates the 

capture of particles, however decreases in efficiency as particle sizes increase.  For the 

particles emitted between 30-100 nm, a mix of Brownian diffusivity and inertial capture 

are utilized for the particle removal.  In regards to the larger diameter particles (>100nm), 

inertial capture is the dominant mechanism of particle removal.  Similar results have been 

reported when investigating the effectiveness of diesel particulate filters (DPFs) (Tandon, 

et al, 2010). 

Due to the varying removal efficiency of the catalyzed GPF, the size distribution of 

the tailpipe aerosol after dilution also changed.  Initial size distribution can be observed by 

analyzing the cross-sections of Figure 2-4 at time, t =0 (for GPF experiments, distribution 

at t=0 is that of the seed).  Size distribution comparisons of the exhaust and seed for the 

GPF experiments can also be found in the supplemental section (Figure 2-11).  For GDI_1, 

stock configuration, the exhaust peak mode was a broad unimodal peak at approximately 

95 nm (Figure 2-4a).  With the addition of the catalyzed GPF, the exhaust peak shifted to 

50 nm (Figure 2-11).  A similar peak shift occurred for GDI_2, where the stock 

configuration had a broad unimodal peak at ~75 nm (Figure 2-4c), while the GPF emissions 

peak was at ~45 nm (Figure 2-11).   
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Figure 2-4: Electrical mobility size distribution image plot for GDI_1 (a), 

GDI_1/GPF (b), GDI_2 (c), and GDI_2/GPF (d) measured with the SMPS. t=0 

corresponds to illumination of UV lights. 

Figure 2-4a-d shows the electrical mobility size distribution and evolution of the 

aerosol during the irradiation experiments. UV lights were turned on at t = 0.  The tailpipe 

emissions from GDI_1 in the stock configuration (Figure 2-4a), was initially a broad 

unimodal distribution peaked at ~95 nm with an effective density of approximately 0.58 g 

cm-3 (Figure 2-5a).  The effective density is consistent with fractal black carbon particles 

(Nakao, et al, 2011).  As the emissions aged, no notable shift in electrical mobility diameter 

was observed, however the effective density of the ~100 nm particles increased to 1.43 g 

cm-3 (Figure 2-5a), thus increasing aerosol mass by ~2.5 times.  Particle number 

concentrations in the stock configuration above 200 nm are small and therefore effective 

density measurements were not available in this range.   
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GDI_2 stock configuration (Figure 2-4c) irradiation experiment did yield a shift in 

the particle electrical mobility diameter of the main distribution as the emissions aged.  

Similar to GDI_1, the tailpipe aerosol consisted of a broad, unimodal peak centering at 

~75nm with a density of 0.67 g cm-3, consistent with fractal black carbon.  As gases 

condensed throughout the irradiation experiment, the broad peak sharpened and shifted to 

~ 120nm.  The density of the aerosol quickly increased to ~1.70 g cm-3 (t=75min). This 

change in density is indicative of ammonium nitrate condensation (1.72 g cm-3) onto the 

black carbon backbone; after ~ 100 min, the contribution of less dense SOA to total aerosol 

mass increased, thus decreasing the effective density to 1.53 g cm-3 (t=200min).  (Figure 

2-5c).  

A small number of particles grew outside of the main distribution at t~75 min, and 

eventually grew out of the detection limit of the SMPS at t~250 min. Because of this, the 

volumes calculated from the SMPS data for GDI_2 experiments were corrected from ~250 

min and onwards, by calculating the contribution of each mode to total volume. This ratio 

was then applied through the duration of the experiment which likely resulted in a slight 

underproduction in the total mass formed. The underestimation is expected to be minimal 

as the particle mass formation of the smaller peak plateaued at 280 min, indicating aerosol 

mass formation had completed. 

Figure 2-4 b and d display the results for GDI_1/GPF and GDI_2/GPF respectively.  

The initial effective density of the tailpipe emissions for both vehicles was ~0.96 g cm-3, 

indicating the aerosol still contained a fractal black carbon backbone, however the 

increased POA contribution observed in Figure 2-2, resulted in a more spherical tailpipe 
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aerosol.  The initial distribution in the irradiation experiment consists of the ammonium 

sulfate seed with a peak at approximately 50 nm for both (the densities are consistent with 

ammonium sulfate at ~1.78 g cm-3, (Figure 2-4 b, d, and Figure 2-5 b, d).  The seed/primary 

aerosol ratio (volume) was 24.6 and 11.4 for GDI_1 and the GDI_2 respectively.  As the 

gases aged, the final distribution was bimodal with peak modes at ~230 nm and 50 nm for 

both vehicles.  The aerosol density for both vehicles ended ~1.49 g cm-3 consistent with 

the composition of the ammonium sulfate seed (1.77 g cm-3), ammonium nitrate (1.72 g 

cm-3), and SOA (~1.40 g cm-3).  The distinguishing criteria between the experiments of the 

two GPF equipped vehicles was the number of particles in the larger diameter peak, which 

drastically changed the total mass calculated when compared the emissions from both 

vehicles.  

Figure 2-5 shows the volume fraction remaining (VFR) for the aerosol throughout 

the irradiation experiment.  In all four experimental conditions, the initial VFR was equal 

to 1.0.  This value was consistent with non-volatile black carbon (stock configuration 

experiments) and ammonium sulfate seed (GPF configuration experiments). 
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Figure 2-5: Volume fraction remaining (left y-axis) and the effective density (right y-

axis) for GDI_1 (a), GDI_1/GPF (b), GDI_2 (c), and GDI_2/GPF (d).  Color scale 

relates to electrical mobility diameter selected. 

The VFR for GDI_1 (Figure 2-5a) was unique when compared to GDI_2 with and 

without GPF measurements due to the high VFR throughout the experiment.  This 

phenomenon can be explained by the nature of the fractal black carbon seed particle and 

the relatively small amount of secondary aerosol formed.  When the gas-to-particle phase 

partitioning occurred, the void space of the fractal black carbon backbone filled, which 

increased the mass of the aerosol, but had no effect on the electrical mobility diameter.  

Therefore, even if the additional aerosol mass formed was volatile when heated, the fractal 

black carbon backbone remained resulting in a VFR value of around 1.0.  Once the density 

reached ~1.40 g cm-3, the VFR dropped from 1.0 to ~0.8.  This indicated the particle’s 
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morphology was more sphere-like, and the additional condensation of SOA resulted in a 

decreasing VFR, which was also confirmed with the HR-ToF-AMS results (Figure 2-6).  

Similar findings have been reported by Nakao, et al 2011, when they investigated the aging 

of diesel exhaust.  For GDI_2, the aerosol mass condensed onto the initial black carbon 

was found to be completely volatile at 100 °C, resulting in a VFR of ~0.10.  The initial 

aerosol that condensed was predominantly inorganic ammonium nitrate, but also 

comprised of SOA (Figure 2-6).  As the organic gases continued to age and condense, the 

contribution of SOA to the total mass in the experiment increased, ultimately increasing 

the VFR to ~0.25. 

GDI_1/GPF and GDI_2/GPF (Figure 2-5 b, d) followed similar trends to GDI_2 

(c).  The low diameter mode maintained similar properties to the ammonium sulfate seed 

with a high VFR.  There was evidence of condensation of gases onto the smaller mode of 

particles as the VFR fell to around 0.8; indicative of condensation of ammonium nitrate 

and SOA mass.  The large diameter mode displayed properties indicative to an ammonium 

nitrate and SOA dominated aerosol (VFR~0.10).  The larger mode for both GPF configured 

vehicles related most similarly to Figure 2-5c (GDI_2) aerosol and was found to have 

similar composition distribution as well (Figure 2-6). 
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Figure 2-6: Measured mass and composition of PM at the conclusion of the 

irradiation experiment.  Values across graph are the average VOC:NOx 

(ppmv:ppmv) ratios  

Figure 2-6 shows the estimated aerosol mass composition after 400 minutes of 

irradiation in the atmospheric chamber (primary and secondary aerosol combined).  The 

values shown on the graph indicate the VOC:NOx ratio (Table 2-1) in the experiments.  

The stock GDI_1 experiments formed the least amount of secondary aerosol.  

Approximately 45% of the total 7.24 mg/mi of aerosol composition after irradiation was 

comprised of organics.  This compared to the stock configuration of GDI_2, where only 

24% of the total aerosol after irradiation was organic, and the majority of the aerosol that 

formed was inorganic ammonium nitrate.  Ammonium nitrate is formed when nitric acid 

(formed through the oxidation of NOx) reacts with gaseous NH3 (Squizzato, et al, 2013).  

The total formation of salt will depend on the concentration of NOx, and NH3 (not 
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measured for these experiments) emitted from the tailpipe.  GDI_2 had the lowest VOC to 

NOx ratio. The low ratio was due to the high NOx emissions from the vehicle (Yang, et al, 

2018).  A VOC to NOx ratio of 2.7 is relatively low and considered to be in a VOC limited 

regime for secondary chemistry in relation to ozone production (Kroll, Seinfeld, 2008). 

The total aerosol formed with and without the GPF after irradiation showed 

different trends for the two vehicles.  GDI_1/GPF showed an increased mass of ammonium 

nitrate formation which was attributed to a higher NOx concentration in the GPF 

experiments (50.4 ppb vs 26.4 ppb NOx).  The GPF reduced tailpipe PM by 16.6% (Yang, 

et al, 2018), however due to difference in dilution ratios between the two sets of 

experiments (60 vs 105), resulted in the formation of more ammonium nitrate in the 

chamber for the GPF tests.  It was theorized that if the dilution ratio was constant between 

experimental conditions, the ammonium nitrate formation would have followed similar 

patterns with tailpipe NOx emissions. 

The opposite was true for the secondary aerosol for GDI_2/GPF experiments.  Once 

again, the most notable difference between the two irradiation experiments was the mass 

of ammonium nitrate that formed.  In the stock configuration experiments, the NOx 

emissions were considerably higher from the tailpipe and in the mobile chamber (174.3 

ppb vs 64.2 ppb for the stock, and GPF configuration respectively), despite the difference 

in dilutions (Table 2-1).  The total reduction of tailpipe NOx for GDI_2 with the addition 

of the catalyzed GPF was 87.6% (Yang, et al, 2018). 
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Overall, the role of NH3 should be further investigated in GDI vehicles with and 

without GPFs, as it may significantly contribute to the production of secondary inorganic 

aerosols mainly in the form of ammonium nitrate. Ammonia could be produced from the 

front TWC brick using H2 generated from the engine (Huai, et al, 2003, Heeb, et al, 2006). 

The NH3 from the front TWC will either pass through the underfloor TWC/GPF system or 

be oxidized to N2O, NOx or N2. While NH3 emissions measurements were not made 

possible for this study, it is reasonable to assume that the differences in the oxygen storage 

component (OSC) materials levels of the GPF versus the TWC was the most likely cause 

of the difference in the amount of NH3 at the tailpipe.   
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Figure 2-7: Total carbonaceous aerosol composition (black carbon, primary organic 

aerosol (POA), and secondary organic aerosol (SOA)) at the conclusion of the 

irradiation experiments, values indicate SOA formed (mg/mi) 

Figure 2-7 shows the contribution of black carbon, POA and SOA to the total 

carbonaceous aerosol at the end of the irradiation experiments.  The addition of a GPF 

resulted in 73% and 59% lower total carbonaceous aerosol (black carbon, POA, and SOA) 

for GDI_1 and GDI_2, respectively.  For all experiments, there was a larger estimated mass 

of SOA formed compared to the POA mass, ranged from 2.3 to 60 times (Figure 2-7).  Both 

vehicles without the catalyzed GPF produced more SOA than with the GPF configuration, 

with GDI_2 showing significantly higher SOA production than GDI_1. The reductions in 

SOA formed with the addition of a GPF were 39% and 35%, respectively, for GDI_1/GPF 

and GDI_2/GPF. In a previous study by Pieber et al (2017) it was reported that the use of 

GPF did not result in reductions in the gas phase pollutants responsible for SOA formation. 
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It should be noted, however, that in that study the GPF was not designed to replace the 

original TWC. The results reported here showed that a catalyzed GPF can be more efficient 

in the removal of gas phase pollutants and tailpipe PM, which are contributing factors to 

SOA production. 

 

Figure 2-8: High resolution AMS results for; a)H:C, O:C ratios for POA (only stock 

configurations) and SOA (all configurations), b) f44 and f43 relationships for the 

POA (only stock configurations) and SOA (all configurations) 

Another distinction between the properties of the POA and SOA is the oxygen 

content in the organic aerosol, which can be derived from the high resolution data of the 

AMS.  Two important measures of this are fraction of the mass to charge ratio, total 

normalized ion fragments of m/z 44 (CO2
+) versus m/z 43 (C2H3O

+), and the molar oxygen 

to carbon ratio (molar), as shown in Figure 2-8 (a-b) (Aiken, et al, 2008).  Although the 

GPF vehicles did not emit sufficient amount of tailpipe aerosol to quantify the POA 

properties, the SOA values are still shown in Figure 2-8 (a-b).  Average oxygenated organic 

aerosol (OOA) typically has an O:C ratio of 0.5 to 0.9; with semi-volatile OOA (SV-OOA) 
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classified with an O:C of 0.4 to 0.6, and low-volatility OOA (LV-OOA) from 0.7 to 1.0 

(Jimenez et al, 2009).  Figure 2-8a shows the POA for GDI_1 and GDI_2 with an average 

O:C ratio of ~0.35.  As the aerosol ages and the organic aerosol fraction increases, the O:C 

ratio increases to an average of 0.67, indicating the final organics were more oxidized than 

the tailpipe OA.  

Our results compare well to previous studies conducted on gasoline vehicles and 

reported O:C ratios from 0.3 to 0.7 (Presto, et al 2014, Liu, et al 2015, Nordin, et al 2013).  

The slopes from the POA to the SOA were found to be -0.58 and -0.83 for GDI_1 and 

GDI_2, respectively.   A slope of -1.0 designates the addition of an alcohol or peroxide, 

and a slope of -0.5 and 0 indicate the addition of a carboxylic acid with and without 

fragmentation, respectively (Ng, et al 2011).  The slopes in this study are comparable to 

those found in other studies for gasoline vehicle exhaust (Liu, et al, 2015; Presto et al 2014) 

and showed that SOA production could be explained by a combination of the addition of 

both alcohol/peroxide and carboxylic acid (with and without C-C bond cleavage) (Heald 

et al., 2010; Ng et al., 2011). 

Another method used to measure the amount of oxidation in the aerosol is the f44 

(ratio of m/z 44 to total signal in the component mass spectrum) and f43 (defined similarly 

to f44). SV-OOA typically has an f44 from 0.03 to 0.12, while the LV-OOA is typically in 

the 0.13-0.21 range (Liu, et al, 2015).  It has also been found that the majority of the 

atmospheric aerosols fall within the triangle developed by Ng et al (2010) depicted in 

Figure 2-8b.  For both vehicles without the GPF, POA started with an f44 of ~0.11 and 

increased to an average of 0.19, suggesting the SOA formed was highly oxidized and likely 
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to contain polyacidic or acid-derived moieties (Figure 2-8b).  For the GPF vehicles, SOA 

had similar compositional fraction of f44 and f43 compared to the original configurations.  

The fraction of total organic signal found in this work fell in the LV-OOA region (upper 

portion of the tringle shown in Figure 2-8b) and exceeded other f44 found in previous 

studies conducting experiments with gasoline vehicles, which varied from 0.10 (Nordin et 

al, 2013, Presto, et al, 2014) up to 0.15 (Liu, et al, 2015), indicating the aerosol formed was 

highly oxidized.  

The difference in SOA production between the test vehicles, reveals that the engine 

design played some role in both the primary and secondary emissions formation.  In 

addition to primary PM mass emissions (Yang, et al, 2018), GDI_2 also produced more 

SOA compared to GDI_1. GDI_1 was characterized by a relatively high compression ratio 

(14.0:1) relative to GDI_2 (10.0:1) that is typically higher than those found in 

commercially available passenger car GDI engines.  The higher compression ratio for 

GDI_1 led to a homogeneous mixture for fuel with air due to more time for perfect mixture 

preparation, as well as to higher in-cylinder temperatures, hence higher flame temperatures 

during combustion to suppress PM and assist to a more complete oxidation of particles, 

particularly the volatile organic fraction.  Additionally, the close contact between fuel and 

oxygen and the increasing wall temperatures due to increasing combustion temperatures 

will likely increase the heat flux and hence will result in less unburned hydrocarbons, which 

are all precursors for SOA production.  
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Figure 2-9: Measured SOA mass relationships to a) Vapor phase PAH emissions, 

and b) NMHC emissions for GDI_1 and GDI_2 stock and GPF configured 

irradiation experiments with a log normal fit trend-line. 

The vapor phase PAH emissions and the total NMHC emissions (Figure 2-9 a, b) 

were directly correlated to the experimental SOA formation.  The catalyzed GPF reduced 

the NMHC emissions for GDI_1 by 41% and 65% for GDI_2.  GDI_2 emitted a higher 

concentration of NMHC in both configurations at 53.7 mg/mi and 18.7 mg/mi for the 

GDI_2 and GDI_2/GPF configurations respectively.  GDI_1 exhibited much lower NMHC 

emissions at 9.7 mg/mi and 6.2 mg/mi for GDI_1 and GDI_1/GPF configurations 

respectively.  The substantial difference in volatile organic gas emissions drives the 

variability in SOA formation between the two vehicles.  The order of magnitude difference 

in NMHC emissions are easily explained by the differences in certification standards 

(GDI_1: LEVII SULEV30, GDI_2: LEV II).  As shown in Yang et al. (2018), vapor-phase 

PAH emissions were dominated by two-ring and three-ring aromatic species, mainly 

naphthalenes and methyl/ethyl-naphthalenes, and phenanthrene. These low molecular 
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weight PAH compounds are known for their crucial role for the production of SOA (Chan, 

et al, 2009; Peng, et al, 2017). 

The stock configuration of GDI_2 emitted the largest concentration of NMHC, 

however produced a smaller SOA yield when compared to the other experiments.  This 

phenomena is the opposite of what is expected, where more VOC’s typically result in an 

equal or larger SOA yield relative to reactive gas concentrations.  The best explanation for 

this disparity, may be a consequence of multiple variables.  First, due to particles growing 

out of range, the total aerosol calculated may be an underestimation of actual SOA formed 

in the experiment.  Secondly, and most likely, GDI_2 experiments had an average 

VOC:NOx ratio of 2.7 which is more than two times less than other vehicle configuration 

experiments.  Due to the large initial NOx concentration, a suppression of organic reactions 

may have occurred.  In future experiments, it may be valuable to control the concentration 

of NOx injected (rather than attempting to add additional VOCs) into the chamber from 

the emissions, so NOx concentrations do not exceed typical urban concentrations (10-50 

ppb).  
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 Implications: 

 The addition of the catalyzed GPF to current GDI configurations will significantly 

reduce the tailpipe PM mass and drastically modify the tailpipe PM composition, and size 

distribution.  For both GDI_1 and GDI_2, the tailpipe mass was reduced by 94.8% and a 

97.8% respectively (Yang, et al, 2018).  The GPF was most efficient in the removal of the 

accumulation mode particles and black carbon aerosol.  The GPF was quite efficient in the 

removal of POA as well, however, due to volatility effects with the cooling of the exhaust, 

a greater POA fraction was observed relative to the stock configuration.  GPF reduction in 

the tailpipe particle number, size, and black carbon composition will reduce the primary 

emissions of light-duty GDI vehicles and reduce the near-road traffic pollutant impact of 

the growing GDI vehicle market. 

Changes in effective density and chemical composition data from the HR-ToF-

AMS, were used to measure the formation of secondary material.  If primary particles were 

black carbon (fractal), condensation of low volatility gasses did not change the secondary 

aerosol particle mobility diameter until the aerosol was more spherical (density ~1.4 g cm-

3).  This work showed that the measurement of the effective density is vital for the accurate 

prediction of secondary aerosol mass due to variations throughout single experiments and 

across different experimental configurations.  Single experiments can contain multiple 

particle modes of different compositions, leading to varying characteristics. 

In all irradiation experiments, considerable secondary aerosol formed, and 

(excluding stock GDI_1) the size distribution of the particles emitted changed 

substantially.  In the stock configuration experiments, total mass increased after photo-
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oxidation by 2.1 and 7.5 times compared to the tailpipe mass for GDI_1 and GDI_2 

respectively.  This large difference was due to the large variation in emitted tailpipe gases 

and was most likely as a result of the different certification standards of the two vehicles 

(GDI_1: LEVII SULEV30, GDI_2: LEV II).   

Furthermore, the catalyzed GPF reduced many of the gas phase pollutants known 

to react and form secondary aerosol.  With the reduction of unburnt and partially oxidized 

fuel (NMHC), the SOA formation potential of the vehicles also decreased.  The GPF was 

also effective in the removal of NOx which should in turn decrease the total ammonium 

nitrate formation potential (seen for GDI_2 but not GDI_1 most likely due to dilution 

effects and starting chamber experimental conditions).  Overall, the catalyzed GPF was 

able to reduce the total carbonaceous aerosol potential from the vehicle exhaust (black 

carbon, POA, and SOA) by 73% and 59%. However, the data obtained across multiple 

aerosol instruments was consistent and indicated that vehicle stock and GPF configuration 

emissions have the potential to form additional mass downwind of the tailpipe source. 

When comparing the stock LEV II vehicle (GDI_2) to the LEV III vehicle (GDI_1), 

there was a 13% reduction in tailpipe mass.  However, due to the considerable decrease in 

reactive gas emissions, the estimated total secondary aerosol formation showed a 76% 

reduction.  The reduction in SOA may be amplified by the difference in lower dilution of 

laboratory work compared to actual dilution of the atmosphere.  Nevertheless, regional 

pollutants impacted by increased GDI use may still influence the total secondary aerosol 

that can form in high density urban areas.  If regulators focus more on gas phase reduction, 

the results from this work indicates the potential of a more influential reduction in sub-
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micron, atmospheric aerosol mass.  Similarly, with the addition of the catalyzed GPF, there 

was a 10.8% reduction between the LEV II and LEVIII certified vehicles (70% and 67% 

reduction when compared to the LEVII, stock GDI_2) suggesting the catalyzed GPF has 

the ability to decrease the discrepancy in secondary mass formation between different 

certification standard vehicles, which can retroactively improve emissions from vehicles 

without relying on the consumer to purchase a new, lower emitting vehicle.   

This work can confidently conclude that the addition of a catalyzed GPF will aid 

manufacturers of GDI vehicles meet the future stringent regulations aimed to reduce the 

tailpipe PM from GDI vehicles.  Additionally, a catalyzed GPF can reduce the gas phase 

pollutants, which directly decreases the SOA formation potential of the vehicles.  These 

results suggest that more work must be completed to explore the secondary nature of PM 

formation from mobile sources.  Even with the exceptional improvements in technology 

and emission reduction after-treatment technologies, a considerable amount of mass per 

mileage of PM can form downwind from the original exhaust emission source.   

The secondary chamber scenarios here only consider one driving cycle.  Future 

studies should look into the effects of different driving cycles, and driving conditions (hot-

start vs cold-start) on the emissions and the secondary potential of the exhaust.  Also, fuel 

composition may change the relationship observed with NMHC emissions and SOA 

formation if the compound composition of the NMHC in the emissions changes drastically.  

The reactivity of the experiments in this work are dependent on the compounds emitted 

from the tailpipe, and all other reactive compounds were removed.  In an atmospheric 

environment, the exhaust will react as a result the atmosphere, not dictate the overall 
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reactions.  It may be worthwhile to look into controlling the reactivity of the experiments 

with the addition of surrogate similar to the atmosphere to see if there is a considerable 

effect on the secondary aerosol formation from mobile sources. 
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 Supplemental Information: 

 

Figure 2-10: Growth factor for GDI_1 (a), GDI_1/GPF (b), GDI_2 (c), and 

GDI_2/GPF (d). Red line is the relative humidity in the instrument, and the color 

scale relates to the particle mode measured. 

Figure 2-10 shows the growth factor for the aerosol throughout the irradiation 

experiment.  This is measured using the hygroscopicity tandem differential mobility 

analyzer (HTDMA).  The first DMA column is set to a specific voltage, to select particles 

with a specific aerodynamic diameter.  After the selection, all of the particles of the specific 

aerodynamic diameter goes through a column set to a specific relative humidity (~88%).  

After passing through the humid column, the particles then pass through the second DMA 

column which scans through a range of aerodynamic diameter to see how the size of the 

aerosol changed.  The selected diameter is then compared to the final diameter (volume 
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final divided by volume initial) to get the growth factor of the aerosol.  This method is 

important to see the particles’ affinity to taking up water in the sub saturated regime.   

In Figure 2-10 a, the growth factor initially starts at 1.0, consistent to previous 

values observed from black carbon.  As the aerosol ages, and organics condense, the growth 

factor remains consistent at 1.0 throughout the experiment.  Figure 2-10 b (GDI_1/GPF) 

starts with a growth factor around 1.55 which is consistent with the ammonium sulfate 

seed.  There are two main modes seen for the growth factor, red which is the smaller 

diameter peak, and the blue and purple which is the peak were the majority of the secondary 

aerosol mass is present.  The smaller peak maintains a similar growth factor to the 

ammonium sulfate seed.  The larger diameter peak however dips close to 1.0 and levels off 

around a growth factor of 1.1.  This is consistent with a mix of ammonium nitrate and SOA.   

In Figure 2-10 (c, d), the growth factors of the aerosol dip below 1.0 for a period of 

time in the middle of the experiments, and then level off above 1.0 at the end of irradiation.  

This would be consistent with a re-organization of the aerosol from a more fractal particle 

to a more spherical particle in the presence of water. 
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Figure 2-11: Initial size distribution of diluted GPF exhaust (closed) and seed (open) 

for GDI_1/GPF (orange) and GDI_2/GPF (blue).  Exhaust values correspond to the 

left axis and were measured before seed was added (right axis). 

 Figure 2-11 shows the differences in initial diluted distribution for the tailpipe 

emissions (left axis) and the seed (right axis).  Note the difference in amplitude for the two 

scales.  The tailpipe aerosol emitted for both GDI_1/GPF and GDI_2/GPF were broad and 

unimodal.  With the injection of the seed, the concentration of the aerosol went up a full 

order of magnitude and the peak shifted from ~60 nm to ~40 nm for both vehicles.  The 

seed was injected to ensure a large enough surface area available to avoid any nucleation 

events as the gases aged and started condensing. 
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Figure 2-12: LA92 or Unified Driving Cycle (UC) comprised of three phases; Cold-

start, Urban, and Hot-start phases.  The vehicle’s engine is turned off for the 

duration of the hot soak. 

Figure 2-12 shows the LA92 driving cycle.  The two vehicles were not operated for 

at least 16 hours before the test to ensure that the engine and catalyst were at room 

temperature at light off (ie cold-start).  MACh was connected to the CVS and began 

injecting exhaust at the ignition event and continued to collect the exhaust at a consistent 

rate throughout the duration of the driving cycle.  The chamber was then disconnected 

during the hot soak and reconnected for phase three. Dilutions of the experiments were 

altered by changing the CVS flow, and the flow of the injection lines into the chamber. 
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 Equations: 

𝑑𝑁(𝐷𝑝, 𝑡)

𝑑𝑡
= −𝛽(𝐷𝑝)𝑁(𝐷𝑝, 𝑡) 

Equation 2-1: First order wall loss equation (Cocker, et al, 2001) 

Equation 2-1 was used in all of the calculations utilizing the SMPS.  This is the 

equation for the wall loss correction throughout the irradiation experiments.  Once the 

particle number has stabilized, there will be a consistent decrease (slope) of particle 

number.  This slope is then used to correct the number so it is a flat line at the time of 

plateau.  This correction can then be applied to the volume allowing for a wall loss 

corrected mass.   
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Equation 2-2: Equations for bag dilution % calculations, a) Concentration mass 

balance equation used b) Volume relationships, c) Calculation for dilution % with 

substituted variables.  (subscripts; a=ambient, i=initial, f=final) 

 Equation 2-2 show the equations used to calculate the bag dilution throughout the 

experiment.  The main method of calculation is looking at the concentration of carbon 

dioxide throughout the irradiation experiments.  The carbon dioxide concentration is quite 

high due to the exhaust of the vehicle, thus if the outside air leaks into the chamber, there 

is a noticeable decrease in the carbon dioxide concentrations.  In these experiments the 

subscript a relates to ambient, i relates to initial, and f relates to final concentration.  The 

volume 1 is the amount of air initially in the chamber, and volume 2 is the amount of 

ambient air that goes into the chamber.  The final dilution can be calculated when the 

amount of air that goes into the chamber is divided by the total volume of air in MACh.   
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Equation 2-3: Equations to calculate dilution ratio of exhaust, a) Concentration 

mass balance b)Volume relationships c)Dilution ratio (DR) equation d)Volume of 

air from VERL, e) Final DR calculation with substituted variables. (subscripts 

e=exhaust, v=VERL clean air, a=APL clean air, i=Initial CO2 in chamber before 

lights on, Fpsi=Flow of VERL at given pressure, tcycle=time of injection in cycle) 

Equation 2-3 are used to calculate the total dilution ratios of the vehicle exhaust 

from the tailpipe to the irradiation experiment.  The subscripts e relates to exhaust, v relates 

to VERL clean air, a relates to APL clean air, i relates to initial CO2 in chamber before 

lights on, Fpsi is the flow of VERL at given pressure, and tcycle is the time of injection in 

cycle.  With all of the known concentrations of carbon dioxide of the different modes of 

dilution, and the measured concentration of the exhaust, the final dilution can be calculated 

by relating the volume of dilution air to the volume of the exhaust injected into the 

chamber.  
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 Abstract: 

This focus of this study was to investigate the effect of fuel properties on the 

secondary aerosol formation potential from two new technology flexible fuel, gasoline 

direct injection (FFV-GDI) vehicles.  The two vehicles were tested on four test fuels; a 

baseline E10 fuel (28.1% aromatic by volume), a high aromatic (HA) E10 fuel (36.7% 

aromatic by volume), an intermediate E30 fuel, and a high ethanol E78 fuel blend.  Another 

focus of this project was to observe the effects of driving conditions on the tailpipe and 

secondary emissions from the two FFV-GDI vehicles, by testing over cold-start and hot-

start LA92 driving cycles.   

Primary emissions were collected into UCR’s 30m3 MACh and were subsequently 

aged for 7-10 hours.  The tailpipe emissions were diluted and classified to certification 

standards.  Increasing the tailpipe PM from E10 to E78, the PM emissions were effectively 

reduced by 64% and 94% for FFV-1 and FFV-2 respectively.  The HA E10 fuel increased 

the tailpipe emissions by 2.9 and 1.4 times for FFV-1 and FFV-2 respectively.  Driving 

conditions also played a large role in the PM emissions from the tailpipe, as the hot-start 

tests emitted an average of 53% less tailpipe mass compared to the cold-start tests.  In 

addition to the reduction of tailpipe PM, fuel composition and driving cycle affected the 

composition of the emitted tailpipe PM drastically. 

The secondary aerosol formation trends in relation to the secondary aerosol 

formation were similar to the trend observed for tailpipe emissions for the two vehicles.  

As the ethanol content increased, the secondary aerosol formation potential decreased.  The 

reductions in secondary aerosol mass from E78 were 34% and 78% compared to the 



 68 

baseline E10 fuel for FFV-1 and FFV-2. These results were similar to the results observed 

by Timonen et al 2017 reporting limited secondary aerosol formation for E85 and E100 

fuels utilizing a PAM chamber.  Driving cycle had variable results in regards to secondary 

aerosol formation, where FFV-1 formed increased aerosol in the hot-start, while FFV-2 

formed reduced secondary aerosol in the hot-start tests.   

When focusing on the SOA formation in the irradiation tests, the observed trends 

were once again consistent with what was observed for the tailpipe emissions.  The increase 

in ethanol content from E10 to E78 resulted in a 50% reduction in the NMHC emissions 

leading to an average of a 47% reduction in the SOA formation from the aged exhaust.  In 

total, the SOA formed (15-60 mg/kg-fuel) was comparable to past studies (Gordon et al 

2014, Liu et al 2015, Nordin et al 2013).  With the VOC’s measured in this work, we were 

able to account for 40% of the total SOA formation, indicating more work must be done to 

understand the lower volatile gases that complete the SOA closure.   

The results displayed in this work indicate that high ethanol content is not only 

extremely effective in the reduction of tailpipe PM, however has the potential to greatly 

decrease the secondary aerosol formation potential of the emitted exhaust. This work also 

determined that the driving conditions can have variable effects on the secondary aerosol 

formation potential of the exhaust, where variable results were observed.  
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 Introduction: 

Transportation emissions are a dominant source of urban air pollution and 

significantly influence climate change and human health (Pachauri, et al, 2014; Han, et al, 

2006). Particulate matter (PM) directly emitted from the tailpipe are dominated by primary 

organic aerosol (POA) and black carbon. Common primary gaseous pollutants include, 

nitrogen oxides (NOx), and non-methane organic gases (NMOG), which photochemically 

react in the atmosphere to produce secondary organic aerosol (SOA) (Robinson, et al, 

2007). Several investigations have shown that SOA concentrations exceed POA levels (e.g, 

but not limited to, Karjalainen, (2015); Vu (2018), previous chapter, etc). Studies have also 

shown that gasoline vehicles can dominate the urban organic aerosol (Bahreini, et al, 2012). 

Gasoline fuel contains hundreds of light hydrocarbon species (less than C10) that are 

known SOA precursors with varying vapor pressures (Gentner, et al, 2017). Unburnt and 

partially combusted gasoline results in the emission of volatile organic compounds (VOCs) 

and intermediate VOCs (IVOCs) which account for the majority of urban SOA (Gentner, 

et al, 2012). In particular, light aromatic species with one benzene ring and with one or 

more alkyl groups have been recognized as major contributors to SOA (Odum, et al, 1997). 

However, recent research indicates that more complex IVOCs may play a key role in SOA 

formation from vehicle exhaust (Robinson et al 2007). 

SOA formation from gasoline vehicles has received considerable attention in recent 

years, with the majority of studies focusing on older technology port-fuel injection (PFI) 

engines (Gentner, et al, 2017; Platt, et al, 2013; Zhao, et al, 2018; Liu, et al, 2015). There 

is limited information on the SOA formation from current technology gasoline direct 
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injection (GDI) engines, despite the abundancy of information on the primary emissions 

from these engines (e.g., but not limited to; Karavalakis, et al, 2014; Catapano, et al, 2016; 

Jin, et al, 2017). Vehicles equipped with GDI engines have increased their market share in 

both the US and Europe.  GDI technology is considered one of the pathways to reduce 

greenhouse gas emissions and fuel consumption. However, in GDI engines the fuel is 

injected directly into the combustion chamber, which may lead to excessive fuel wetting 

in the cylinder and piston surfaces. This liquid fuel spray can result in pool fires that are 

sources of PM and unburned hydrocarbons (Piock, et al, 2011). A recent study by Zhao et 

al (2018) did not show significant differences in SOA production when they tested 16 

vehicles including both GDI and PFI vehicles certified to the same standard over the LA92 

cycle. The authors also suggested that a dramatic shift from PFI to GDI vehicle market is 

unlikely to alter the SOA production. In contrast, Du et al (2018) reported significant higher 

SOA formation from GDI vehicles compared to PFI vehicles. Vu et al (2018), tested 4 GDI 

vehicles and found the SOA forming potential to be vehicle and not engine technology 

specific.  

Vehicle exhaust is also influenced by engine fuels.  Specifically, ethanol fuel is 

blended into gasoline to meet current U.S renewable fuel standard (RFS) mandates and has 

also been aggressively promoted by the Energy Independence and Security Act (EISA 

2007). While most gasoline in the US contains 10% by volume of ethanol, ethanol can be 

also blended in higher concentrations (up to 85%) for use in flexible fuel vehicles (FFVs). 

Several previous studies have shown that with increasing ethanol content, reductions in the 

primary emissions of total hydrocarbons (THC), non-methane hydrocarbons (NMHC), and 
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carbon monoxide (CO) were observed (Karavalakis, et al, 2014b; Dardiotis, et al, 2015; 

Hubbard, et al, 2014). Studies have also reported increases in toxic emissions of 

formaldehyde and acetaldehyde with higher ethanol blends (Karavalakis, et al, 2014b; 

Chen, et al, 2007; Suarez-Bertoa, et al, 2015). Ethanol has also the potential of suppressing 

soot formation, with a number of studies showing lower particulate emissions with ethanol 

blending (Karavalakis, et al, 2014a; Maricq, et al, 2012; Khosousi, et al, 2015). Gramsch 

et al (2018) tested one GDI-FFV and one PFI-FFV with different ethanol blends and pure 

ethanol and found reduced secondary particle formation in the chamber with increased 

ethanol fraction in the fuel. They also showed increased time period required for secondary 

PM production with higher ethanol blends. Timonen et al (2017) also found lower SOA 

production with higher ethanol blending when they tested a GDI FFV over the NEDC using 

a potential aerosol mass (PAM) reactor. They also reported that the cold-start phase of the 

cycle dominated the SOA production. Suarez-Bertoa et al (2015) investigated the SOA 

formation from a Euro 5a GDI FFV over the New European Driving Cycle (NEDC) when 

fueled with E75 and E85 blends. They showed that secondary aerosol was highly oxidized 

and suggested that SOA can result from the oxidation of short-chain VOCs, such as 

acetaldehyde and ethanol. 

The SOA formation potential from vehicle exhaust is complex, and can be affected 

by a host of different conditions.  Previous works have altered the concentration of VOC’s 

and NOx have been altered by adding compounds such as propene and HONO (Gordon, et 

al, 2014) in an attempt to create similar reaction conditions test to test.  One method utilized 

by few researchers looking at the incremental reactivity of single compound and simple 
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compound mixtures includes the use of a specialized surrogate with NOx (Kacarab, 2016).  

The goal of a surrogate is to simulate a consistent reactivity (ie radical concentration) 

between tests, so the emission of interest is reacting as a result of the environment instead 

of setting the reactivity of the experiment.  To the best of our knowledge, no researchers 

have studied the reactivity of vehicle exhaust with the addition of a surrogate mixture and 

NOx with the intent of creating consistency between tests. 

This study evaluates the primary and secondary aerosol production from two 

current technology FFVs equipped with GDI engines when operated over the cold-start 

and hot-start LA92 cycles.  Both vehicles are tested over four fuels with fuel varying from 

10%-78% ethanol by volume and contributes to the growing body of literature that 

examines the use of ethanol fuels in current GDI technology.  In addition to the fuel and 

driving condition effects, we explore the SOA forming potential of vehicle exhaust exposed 

to different oxidation environments.  We employ a surrogate-mixture to gain better control 

of the gas-phase chemical environment within the chamber system, enabling one to explore 

SOA formation from the mixture.   

The exhaust emissions from each vehicle/fuel/cycle combination were introduced 

into a mobile atmospheric chamber and the physicochemical properties of secondary 

aerosol were monitored. The influence of low, mid-, and high ethanol fueling on SOA 

production, were investigated and discussed. In addition, the impacts of fuel composition 

and the increase of gasoline aromatic hydrocarbon content on SOA formation are 

discussed.   
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 Experimental: 

3.3.1 Experimental Fuels: 

Four fuels were used in this study with the intention of observing the effects of a 

wide range of ethanol blends and comparing them to a commercially available ethanol fuel 

(E10). Thus the baseline fuel was an E10 blend with a measured aromatic content of 28.1% 

by volume, which represents the US EPA Tier 3 fuel. The second fuel was an E10 fuel with 

36.7% by volume of aromatics (HA E10) to observe the effects of aromatic content on the 

emissions. An intermediate ethanol blend was used, which was a splash blended E30 fuel 

(using the Tier 3 E10 fuel with an additional 20% ethanol). A high ethanol blend (E78) 

was also used that was blended following the US EPA Tier 3 and California Air Resources 

Board (CARB) certification requirements for E85 fuels. The lower ethanol content was 

selected in order to meet the Reid vapor pressure (RVP) requirements of fuels. A detailed 

table of the fuel analysis can be found in the supplemental material. 

3.3.2 Test Vehicles & Driving Cycles: 

This study utilized two flexible fuel gasoline direct injection vehicles (FFV-GDI) 

which will be referred to as FFV-1 and FFV-2 throughout this manuscript. FFV-1 was a 

2016 model year passenger vehicle with a 2.0L 4-cylinder spark ignition wall guided, direct 

injection engine. The engine was rated for a 12.0:1 compression ratio, at 160 hp at 6500 

rom with a torque of 198 Nm at 4450 rpm. The vehicle was certified under the Federal Tier 

2 Bin 5 standards. FFV-2 was equipped with a 2.4L 4-cylinder spark ignition wall guided, 

direct injection engine. FFV-2 was rated with a compression ratio of 11.2:1 and a 
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horsepower of 182 hp at 6700 rpm with a torque of 172 ft-lbs at 4900 rpm. The vehicle 

was certified to the Federal Tier 2 standards. Both test vehicles were equipped with three-

way catalysts (TWCs).  

Both vehicles were tested over cold-start and hot-start LA92 test cycles in triplicate. 

The LA92 or Unified Cycle (UC) is a driving schedule designed by the California Air 

Resources Board (CARB) with the aim to mimic the more aggressive driving observed on 

California roadways. Similar to the typical Federal Test Procedure (FTP) cycle, the LA92 

consists of three phases, and a similar three-bag structure. The defining differences of the 

LA92 compared to the FTP cycle, is the higher speeds, faster accelerations, fewer stops per 

mile, and less idle time. 

The six tests on a particular fuel were conducted sequentially, and only changed 

once all testing on a given fuel was completed. The vehicles were prepared according to 

the preconditioning procedure similar to that specified in the Code of Federal Regulations 

(40 CFR 86.132-00). For each fuel change there were multiple drain and fills and 2 LA-4s 

along with idle periods between the testing on each fuel to condition the vehicle and 

minimize any potential carryover effects. The order of fuels tested for both vehicles were 

randomized. 

3.3.3 Emissions Testing  

All vehicle tests were conducted in CE-CERT’s Vehicle Emissions Research 

Laboratory (VERL), on a Burke E. Porter 48-inch single-roll electric dynamometer. The 

exhaust was collected into a Pierburg Positive Displacement Pump-Constant Volume 
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Sampling (PDP-CVS) where gas phase bag measurements were analyzed with a Pierburg 

AMA-4000 bench.  PM mass, volatile and solid particle number, particle size distributions, 

and black carbon emissions were also measured via the CVS. For selected gas phase 

speciation, a 2,4-dinitrophenylhydrazine (DNPH) coated silica cartridge (Waters Corp., 

Milford, MA), and a specially-prepared 6.0 L SUMMA passivated canister, were 

connected to the CVS system. A more detailed analysis of the primary measurements can 

be found in Yang et al 2018.   

In line with the primary emissions measurements, diluted exhaust from the CVS 

was introduced to UCR’s Mobile Atmospheric Chamber (MACh) over the duration of the 

driving cycles (excluding the hot soak).  The exhaust was injected into the chamber 

utilizing two ejector dilutors (Air-Vac TD11OH) in parallel, connected to a home built 

clean air system with filters and desiccants to remove the PM, water, NOx, CO, and 

hydrocarbons from the dilution air.  More detail on the injection setup can be found in Roth 

et al (2018). 

3.3.4 Irradiation Experiments 

Prior to each chamber experiment, MACh was cleaned and prepared for testing. More 

information on the preparation of the chamber, and the injection of the exhaust can be 

found in Roth et al (2018).  After the exhaust was injected into the chamber, the remaining 

volume of the chamber was filled with AADCO purified air, and the primary exhaust was 

analyzed for at least 30 min so the tailpipe exhaust could be characterized. During this time, 

1.0 ppm of H2O2 was injected which acted as the initial hydroxyl radical source. The 600 
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15 W, 18”, T8 black light fluorescent bulbs were then turned on, and the exhaust was 

allowed to react for at least 400 min, or until the particle formation, or ozone formation 

subsided.   

Particle and gas-phase concentrations (O3, NOx, NH3) were measured as with previous 

MACh experiments (Roth et al 2018). The total aerosol volume was monitored throughout 

the chamber experiment utilizing a scanning mobility particle sizer (SMPS) consisting of 

a TSI 3080 electrostatic classifier, TSI 3081 long column differential mobility analyzer 

(DMA) column and a TSI ultrafine condensation particle counter (CPC) 3776. The change 

in effective density throughout the chamber experiments were monitored with a Kanomax 

aerosol particle mass analyzer system (APM), which when coupled with the volume found 

with the SMPS, resulted in a calculated mass.  

The mass of black carbon was measured using an AVL micro soot sensor (MSS) with 

a high power laser diode operating at 802 nm with a photoacoustic sensor (Petzold, A., 

Niessner, R, 1996).  All remaining non-refractory aerosol chemical composition data was 

measured with an Aerodyne high-resolution, time-of-flight, aerosol mass spectrometer 

(HR-ToF-AMS) (Aiken, et al, 2008).   

3.3.5 Surrogate Experiments 

In addition to one exhaust only experiment, an anthropogenic surrogate was 

injected into the chamber for the final two tests of FFV-2 on each fuel and driving cycle 

configuration. The surrogate was developed to simulate the reactivity of a primarily 

anthropogenic region with the ability to consistently inject into chamber experiments. The 



 77 

surrogate was developed utilizing VOC concentrations measured by Hoyle et al (2011) and 

lumped into categories based on reactivity (SAPRAC model).  After the VOCs were 

weighted by reactivity and abundance in the atmosphere, one to two representative 

compounds were chosen to constitute the bulk percentage of that category.  Light 

hydrocarbons were chosen for the surrogate mixture to minimize secondary organic aerosol 

formation (<1 µg m-3).  Classification experiments were conducted with only the surrogate 

to measure a baseline for particle and ozone formation.  A more detailed description of the 

surrogate mixture can be found in the dissertation of Kacarab (2016).  

With the added surrogate, the incremental aerosol formation from the vehicle 

exhaust could be observed and compared between fuels. The goal of the surrogate mixture 

was to control the gas-phase chemical environment within the chamber system, enabling 

the exploration of SOA formation from the mixture. More details of the composition of the 

anthropogenic surrogate can be found in the supplemental section.  

In the surrogate experiments, a total of 1.0 ppmC of the anthropogenic surrogate 

was injected into the chamber along with an additional ~45 ppb NOx after the vehicle 

exhaust had been injected. The goal of the NOx addition was to increase the concentration 

to similar VOC:NOx ratios to the FFV-1 experiments. The mixture of the vehicle exhaust, 

and the anthropogenic surrogate was irradiated and characterized with the same procedure 

as the exhaust only experiments. The final SOA formation measured in the chamber 

experiments was corrected utilizing the average SOA mass formation in surrogate only 

experiments. All reported data utilizing the anthropogenic surrogate displays the additional 

secondary aerosol only.   
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  Results & Discussion: 

 

Figure 3-1: a) Composition and mass of the tailpipe PM for FFV-1 and FFV-2, over 

cold-start (left) and hot-start (right) LA92 cycles for the four fuels (E10, HA E10, 

E30, and E78), and the  b) Ethanol content (% volume) and c) Aromatic content (% 

volume), vs the total tailpipe emissions for FFV-1 and FFV-2 over the hot-start and 

cold-start LA92 driving cycles 

Figure 3-1 a shows the mass and composition of the tailpipe PM emitted for FFV-

1 and FFV-2 over the cold-start and hot-start LA92 cycles on the four different test fuels. 

Tailpipe mass was inversely related to ethanol and aromatic content and had a similar trend 

for both vehicles. As the ethanol content in the fuel increased there was a substantial 

decrease in the mass of aerosol emitted (Figure 3-1 b,c).  When compared to the E10 fuel, 
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the E78 fuel displayed an average reduction of 64% and 94% in tailpipe PM mass for FFV-

1 and FFV-2, respectively. This result is consistent with previous work who observed 

tailpipe PM was reduced with increased ethanol fuel blends (Price, et al, 2007).  Inversely, 

when comparing the E10 to the high aromatic E10 fuel, there was a 2.9 and 1.4 times more 

tailpipe PM mass for FFV-1 and FFV-2, respectively, consistent to past fuel studies 

(Karavalakis, et al, 2015a).   

Tailpipe aerosol was also significantly influenced by the driving conditions.  Hot-

start LA92 experiments produced on average 53% less tailpipe PM mass than cold-start 

LA92 experiments for both vehicles. The fuel effect trends on tailpipe mass emitted 

remained consistent and the reduction due to driving conditions were similar for each fuel 

(Figure 3-1 b,c). The largest reduction in particle composition was black carbon.  Black 

carbon concentrations decreased by 60% from cold-start to hot-start LA92 tests (average 

reduction of 43% of POA), resulting in a difference in fractional composition for the two 

driving conditions. On average, the hot-start LA92 tests had 7% less black carbon in the 

total PM composition; confirming that the cold-start is a key contributor to the total black 

carbon mass emitted (Figure 3-2). Cold-starts favor the formation of PM and black 

carbon emissions because the engine is cold and the combustion temperature and pressure 

are lower than those with a warmed up engine. This will result in less fuel vaporization 

and less time for fuel to mix with air, leading to fuel wetting in the cold cylinder surfaces 

and localized fuel-rich regions (Piock, et al, 2011; Stevens, et al, 2001). 
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Figure 3-2: Average fractional composition (for both FFV-1 and FFV-2) for the four 

fuels over hot-start and cold-start LA92 driving cycles  

Another common trend between the two vehicles was the variation of fractional 

composition of the tailpipe aerosol in regards to fuel composition. Figure 3-2 shows the 

fractional composition of the tailpipe aerosol for the cold-start and hot-start LA92 cycles 

averaged for both FFV-1 and FFV-2. The fractional contribution of black carbon to the 

total emitted mass was reliant once again on the ethanol content of the fuels. The high 

aromatic E10 fuel emitted 78% black carbon when compared to E78, where only 32% of 

the tailpipe PM was composed of black carbon. There was also an increase in the total 

fractional composition of black carbon during the cold-start LA92 compared to the hot-

start LA92 between fuels (average of 7.4% increase cold vs hot). The trend in respect to 

fuel composition and black carbon content remained constant in both driving conditions. 

The majority of the remainder of the tailpipe aerosol was POA. It is therefore reasonable 
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to state that higher ethanol blends not only will greatly reduce tailpipe PM from GDI 

vehicles, but will also decrease the contribution of black carbon to total aerosol.  This 

increase in POA/BC ratio in the tailpipe aerosol as the ethanol content increased, was also 

observed in Timonen et al 2017.   

 

Figure 3-3: Initial size distribution for FFV-1 cold-start tests after dilution 

As a result of the altered composition of the aerosol, the initial diluted size 

distributions also varied due to the ethanol/aromatic content of the fuels and the driving 

conditions.  As shown in Figure 3-3, it was found that as the ethanol content of the fuel 

was increased, the average peak diameter of the diluted exhaust decreased.  This result was 

consistent across all similar vehicle and driving cycle configurations (Figure 3-18).  

Similarly, when the cold-start tests were compared to the hot-start tests, there was a shift 
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of the aerosol to a smaller diameter size by on average of 15 nm for both vehicles and all 

fuels (Figure 3-19).   

In addition, the average initial density was also dependent on the ethanol content of 

the fuel.  On average, the initial densities were 0.487 g cm-3, 0.516 g cm-3 and 0.552 g cm-

3 for the E10, E30, and E78 respectively (for both FFV-1 and FFV-2).  There was no 

statistical difference in density however between driving conditions.  The change in density 

is most likely due to the differences in the composition of the tailpipe aerosol (Roth et al 

2019).  The fuels which contain the high black carbon content (two E10 fuels) have a more 

fractal thus less dense morphology.  Contrarily, the higher ethanol fuel blends contain a 

larger fraction of POA which increases the density of the diluted aerosol.   

 

Figure 3-4: Aerosol composition after irradiation of exhaust only experiments (for 

both FFV-1 and FFV-2) over the cold-start and hot-start LA92 driving cycles 

As shown in Figure 3-4, FFV-1 exhibited a dramatic increase in the total aerosol. 

For these experiments, only the vehicle exhaust was introduced to the chamber. For FFV-

2, there was no appreciable secondary aerosol formation when only the exhaust was 
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introduced to the chamber.  During the cold-start LA92 for FFV-1, the HA E10 fuel formed 

the largest secondary aerosol mass, which primarily consisted of ammonium nitrate. For 

both E10 fuels and the E30, the organic aerosol mass was very similar, whereas E78 

showed the lowest formation of organic aerosol. During the hot-start LA92, all fuels 

produced higher mass of secondary aerosol compared to the cold-start LA92, with the 

exception of HA E10. The main contributor to secondary aerosol for the hot-start LA92 

was the excess formation of ammonium nitrate. It should be noted that organic aerosol 

mass for the hot-start LA92 was considerably lower for all test fuels compared to the cold-

start LA92.  

The results reported here suggest that during warmed up engine operation with a 

fully operated TWC, more nitrogenous species are emitted or formed inside the catalyst 

system. It was theorized that more ammonia (NH3) emissions were formed during hot-start 

driving conditions and when the TWC light-off temperature was reached. Ammonia is a 

secondary pollutant of the TWC rather than combustion product and is generated from NO 

and H2 during the water gas shift reaction of CO (Suarez-Bertoa, et al, 2014). Ammonia 

formation in the TWC is enhanced at rich conditions where more CO can produce more H2 

(Calirotte, et al, 2013). During the hot-start LA92, more CO emissions were seen than the 

cold-start LA92. Our results showed that ammonia as a reactive nitrogen compound can be 

protonated in the presence of acids (ie nitric acid) inside the chamber forming ammonium 

nitrate.   

 As discussed earlier, there was no appreciable aerosol formation for FFV-2 despite 

the fact that both vehicles had comparable tailpipe PM emissions (1.3 times more PM for 
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FFV-2 compared to FFV-1).  On average, FFV-1 emitted 2.5 times higher total 

hydrocarbon (THC) and about 12 times higher NOx emissions relative to FFV-2.   

Although both vehicles were certified under the same emissions standards, FFV-1 

produced higher gaseous emissions than FFV-2 and thus higher secondary aerosol. For all 

the chamber experiments conducted with the FFV-2 exhaust emissions, there was ozone 

formation in the chamber indicative of photochemistry.  However, the gases did not reach 

a low enough volatility to condense and form secondary aerosol.  Additionally, the lower 

NOx emissions from FFV-2 resulted in no secondary inorganic aerosol formation (i.e., 

ammonium nitrate) despite the presence of gaseous ammonia in the chamber experiments. 

 

Figure 3-5: Aerosol composition after irradiation of exhaust experiments (FFV-1) 

and the surrogate with exhaust experiments (FFV-2) over the cold-start and hot-

start LA92 driving cycles 

Figure 3-5 shows the composition of the secondary aerosol for both vehicles, 

however, for FFV-2 irradiation experiments, the surrogate and NOx mixture were added 

to the vehicle exhaust. The addition of the surrogate and NOx mixture resulted in 
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significant increases of secondary aerosol mass production for FFV-2, which were similar 

to FFV-1 over the hot-start LA92 but higher over the cold-start LA92. In contrast to the 

results obtained for FFV-1, FFV-2 showed reduced secondary aerosol mass formation 

during the hot-start LA92 when compared to the cold–start LA92. This result indicates a 

reduction in the total nitrogenous species emitted from this vehicle when the engine was 

warm.   

For the FFV-2 experiments with the surrogate mixture, there was also an increase 

in the organic aerosol formation indicating an increased reactivity in the experiments with 

the surrogate. This was likely due to two main reasons; first, the injected hydrocarbons in 

the surrogate mixture maintained an increased radical concentration throughout the 

duration of the irradiation experiments, and secondly the increased NOx facilitated more 

photochemical reactions. With the introduction of the NOx and surrogate mixture, there 

was enough NOx present in the chamber for the oxidation of the VOCs, as well as excess 

NOx available to form inorganic salts (i.e., ammonium nitrate). For both experimental 

conditions for FFV-2 (without and with the surrogate mixture), there was a similar amount 

of emitted ammonia at the tailpipe, however, the excess NOx was the primary pathway for 

the production of ammonium nitrate in the chamber. Our results for this particular vehicle 

showed that NOx was the limiting reagent in the inorganic salt formation.  

The fuel effects were particularly noticeable in the formation of total secondary 

aerosol mass from both GDI vehicles. An increase in ethanol content in gasoline resulted 

in reductions of the total aerosol mass, with E78 showing the lowest total aerosol mass 

formation. There were considerable reductions in secondary aerosol mass for the E30 
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(49%, and 70%) and the E78 (34% and 78%), compared to E10 for FFV-1 and FFV-2 

respectively (average of both hot-start and cold-start LA92 cycles). Our results displaying 

reduced formation of total secondary aerosol with higher ethanol blends are in line with 

previous studies reporting limited formation of secondary aerosol for E85 and E100 fuels 

using a PAM chamber (Timonen et al 2017).   

 

Figure 3-6: Mass evolution (left axis) for FFV-1 operated on the high aromatic E10 

(orange) and the E78 (black) fuels.  Pie charts signify the composition of the aerosol 

at the given time.  Density (circles) and volume fraction remaining (squares) are 

represented for both testing configurations on the right axis.  

The high aromatic E10 fuel did not show consistent trends in total aerosol formation 

when compared to E10. For FFV-1 there was a 1.8 times increase in total aerosol formation 

when compared to the E10 fuel, versus a 9% reduction for FFV-2. 
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Figure 3-6 shows the evolution of the aerosol for the high aromatic E10 (orange) 

and the E78 (black) fuels for FFV-1.  Also included in Figure 3-6 is the evolution of the 

density (circles), and also the evolution of the volume fraction remaining (squares) of the 

aerosol when exposed to a heated column (100 °C) for the two fuels. 

In addition to the large difference in the total mass that formed, Figure 3-6 also 

displays variation in the properties of the aerosol between the two experimental conditions 

and throughout the irradiation experiments.  The tailpipe aerosol for both fuels were fractal 

with a density of ~0.5 g cm-3 and had a VFR of 1.0 which are properties of fractal, non-

volatile black carbon particles. 

After 100 min of irradiation, the two fuels not only varied in the mass, but also the 

chemical makeup of the aerosol. The E78 fuel initially forms a majority of its mass in the 

form of ammonium nitrate while the E10 formed a more even mix of organic, ammonium 

nitrate, and black carbon.  These differences were noted in the density (1.5 g cm-3 for HA 

E10 and 1.8 g cm-3 for the E78) and the VFR (0.9 for HA E10 and 0.1 for E78).  The 

increased density and the decreased VFR confirm for the E78 the composition data from 

the AMS (ammonium nitrate has a density 1.77 g cm-3 and is completely volatile at 100 

°C).  For the HA E10 experiments, the density and VFR are indicative of a mix of black 

carbon, SOA (1.4 g cm-3) and ammonium nitrate (1.77 g cm-3) which can once again be 

confirmed by the measurements from the AMS. 

As the aerosol continued to age, the density decreased for both (1.48 and 1.55 g cm-

3 for the HA E10 and the E78 respectively) indicating the organic fraction was increasing.  



 88 

The VFR also increased for both (0.75, and 0.68 for the HA E10 and the E78 respectively) 

indicating the gases condensing near the end of the experiment were lower volatility 

organic gases. 

 

Figure 3-7: Composition of the carbonaceous mass after the exhaust only irradiation 

experiments (FFV-1) and the surrogate and exhaust experiments (FFV-2) for the 

cold-start and hot-start LA92 driving cycles on the four fuels. 

Figure 3-7 shows the total carbonaceous aerosol for both vehicles and all fuels over 

the LA92 cycles. Overall, hot-start operation led to lower formation rates of total 

carbonaceous aerosol and SOA. This was due to the lower formation of VOC precursors 

and NMHC emissions during warmed up operation, as these compounds were more 

efficiently oxidized in the TWC (Yao, et al, 2017). It is expected that GDI combustion 

during cold-start conditions will generate larger quantities of unburned hydrocarbon 

species because of fuel films formation on the piston crown and cylinder walls. In fact, 

both vehicles showed reduced NMHC emissions by 48% over the hot-start LA92 relative 

to the cold-start LA92, resulting in about 43% reduction in SOA formation. For the cold-
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start LA92, FFV-1 formed higher mass of total carbonaceous aerosol and more SOA 

production compared to FFV-2. For the hot-start LA92, total carbonaceous aerosol was 

higher with FFV-2 compared to FFV-1, but SOA production was still higher for FFV-1. 

The only exception during the hot-start LA92 was seen for E78, where more SOA mass 

was produced for FFV-2. The reduced formation of SOA with FFV-2 was due to the 

decreased tailpipe NMHC emissions for this vehicle, with FFV-1 emitting more than 2.0 

times higher NMHC emissions than FFV-2.  

Production of SOA mass from both vehicles, expressed in mg/kg-fuel, ranged from 

5 mg/kg-fuel to 55 mg/kg-fuel. Our results are comparable to previous studies evaluating 

SOA production from gasoline vehicles over different driving cycles, where measured 

SOA ranged from 15 mg/kg-fuel to 60 mg/kg-fuel (Gordon et al 2014, Liu et al 2015, and 

Nordin et al 2013). Different investigations with gasoline vehicles, however, have found 

about an order of magnitude higher SOA production than the values reported in this work 

(Du et al 2017, Platt et al 2013, and Tkacik et al 2014).   
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Figure 3-8: SOA formation vs a) Ethanol content (% volume) b) Aromatic content 

(% volume), c) NMHC emissions for both FFV-1 (exhaust only), FFV-2 (surrogate 

and exhaust) on the four fuels 

Formation of SOA showed inverse relationships with ethanol and aromatic contents 

in gasoline, as shown in Figure 3-8. The SOA formation decreased as the ethanol content 

increased, primarily due the reductions of SOA precursors with higher ethanol fueling such 

as NMHC and VOC emissions. These reductions were likely a result of the higher oxygen 

content in the fuel, which increased the local oxygen content in the fuel rich regions leading 

to more complete combustion (Liu, et al, 2011; Catapano, et al, 2014). The results reported 

here showed a strong correlation between SOA formation and NMHC emissions. These 
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trends are in agreement with a recent study conducted by the same group of authors (Roth, 

et al, 2019). The trend related to NMHC emissions and SOA formation was not influenced 

by the driving conditions (cold-start versus hot-start LA92s) or fuel composition, but rather 

on the mass of gases emitted at the tailpipe. The reduction in the NMHC emissions along 

with the subsequent reduction in the secondary aerosol with increasing ethanol content was 

also measured by Gramsch et al (2018) when they tested GDI FFVs.   

The lower SOA for the higher ethanol blends, with the high aromatic HA E10 fuel 

showing the higher SOA formation, was also a consequence of the lower aromatic content 

in these fuels. Aromatic hydrocarbons are precursors for SOA production (Odum, et al, 

1997). Previous studies have shown that higher aromatic content gasoline fuels produce 

more tailpipe NMHC and aromatic VOCs emissions (Karavalakis, et al., 2015b). Other 

studies have shown that higher aromatic levels increase SOA production (Odum, et al, 

1997). Under the present test conditions, the dilution of aromatics in the E30 and E78 fuel 

streams effectively lowered the formation rates of soot and VOC precursors and 

subsequently SOA production.  
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Figure 3-9: High resolution AMS results for; a) H:C & O:C ratios and b) f44 and f43 

relationships for the POA (triangles) and SOA (circles) for FFV-1 operated on the 

high aromatic E10 (orange) and E78 (black) fuels 

Another distinction in the organic mass that formed was the differences in the 

oxidation state of the organic aerosol.  Two important measures of this are fraction of the 

mass to charge ratio, total normalized ion fragments of m/z 44 (CO2
+) versus m/z 43 

(C2H3O
+), and the molar oxygen to carbon ratio (molar), as shown in Figure 3-9 (a-b) 

(Aiken, et al, 2008).  Average oxygenated organic aerosol (OOA) typically has an O:C 

ratio of 0.5 to 0.9; with semi-volatile OOA (SV-OOA) classified with an O:C of 0.4 to 0.6, 

and low-volatility OOA (LV-OOA) from 0.7 to 1.0 (Jimenez et al, 2009).  Shown in Figure 

3-9 are only the HA E10 fuel and the E78 fuel for FFV-1 to explore the differences between 

the most different fuels.  The POA emitted from both testing configurations were very 

similarly with an O:C of ~0.13.  As the emissions aged, it was found that the SOA formed 

in the E78 experiment were more oxygenated with an O:C of 0.80 placing the aerosol in 
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the LV-OOA region.  The HA E10 on the other hand formed SOA with an average O:C 

ratio of ~0.61 which is placed at the higher end of the SV-OOA region. 

Another method used to measure the amount of oxidation in the aerosol is the f44 

(ratio of m/z 44 to total signal in the component mass spectrum) and f43 (defined similarly 

to f44). SV-OOA typically has an f44 from 0.03 to 0.12, while the LV-OOA is typically in 

the 0.13-0.21 range (Liu, et al, 2015).  It has also been found that the majority of the 

atmospheric aerosols fall within the triangle developed by Ng et al (2010) depicted in 

Figure 3-9b.  Once again the POA for both testing configurations were similar, with an f44 

of 0.05 however, once again it was observed that the E78 produced SOA with a higher 

oxidation state at 0.28 compared to the 0.15 formed in the HA E10 experiments.  In both 

experiments, the SOA that formed was highly oxidized, however in the E78 experiments, 

this f44 fraction was much higher.  The difference in the SOA mass and composition 

indicate that the fuel composition plays a major role in the oxidation state of the organic 

aerosol that forms.  
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Figure 3-10: Predicted SOA from the speciated gas emissions utilizing yield 

percentages reported by Derwent et al (2010).  Black line represents the 1:1 line. 

∆𝑆𝑂𝐴𝑝𝑟𝑒𝑑 =∑(∆𝐻𝐶𝑖 ∗ 𝑌𝑖)

𝑖

 

Equation 3-1: Equation for predicted yield of SOA from the measured VOCs 

Figure 3-10 shows the predicted SOA formation versus the measured SOA 

formation during the chamber experiments (black line is a 1:1 trend). The SOA values 

listed for FFV-1 are exhaust only experiments, while the FFV-2 values are for the exhaust 

and surrogate mixture experiments. The calculation for the predicted SOA values is shown 

in Equation 3-1.  The emission factor of the speciated gases (∆HCi) multiplied by the 

measured yield (Yi) of the various gas phase compounds in a low NOx regime (Derwent, 

et al, 2010). The values calculated for each species was then summed resulting in a 

predicted change in SOA mass throughout the irradiation experiment. The gases were 
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assumed to react completely over the 8 hour irradiation experiments and low NOx values 

were used to estimate a maximum yield from the exhaust of the given gases emitted.   

The cold-start, HA E10 fuel for FFV-2, appeared to be an outlier where the 

predicted organic aerosol formation accounted for 100% of the SOA production. With the 

measurements collected in this work, 43%, and 54% of the formed SOA was predicted for 

FFV-1 and FFV-2 respectively.  For both vehicles, the predicted SOA formation was 

dominated by aromatic hydrocarbons contribution (>97%), with the BTEX (benzene, 

toluene, ethylbenzene, and xylenes) compounds contributing the majority of the formation. 

As a result of this contribution, the highest closure accomplished was for the HA E10 

(average of 64% of organic aerosol accounted for) and the least for the higher ethanol fuel 

blends (E30 and E78 emissions accounted for 37% of organic aerosol). The predicted 

contribution to the measured SOA mass found in this work was larger than the values found 

in previous gasoline vehicle aging studies conducted by Platt et al. (2013) and Gordon et 

al. (2014) who suggested about 20% and 25% of organic aerosol, respectively, may be 

explained by aromatic oxidation. It should be noted that both of these studies only 

accounted for SOA formation the aromatic compounds of toluene, benzene, xylenes and 

naphthalene. Our results more closely agree with the predicted SOA values reported by 

Nordin et al (2013) and Du et al (2015), who showed around 60% and 43%, respectively, 

of SOA from aromatic emissions. Overall, predicted SOA formation from the tailpipe 

VOCs from both vehicles showed an average of 17% reduction when ethanol increased 

from 10% to 30%. Predicted SOA formation was also 66% lower for E78 compared to 

E10.   
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 Conclusion: 

The experiments done in this work explored how high ethanol fuel blends could 

affect the particle and gaseous emissions of two flexible fuel gasoline direct injection 

vehicles.  Similarly, the effect of the driving cycle, and preconditioning of the vehicle was 

also explored.  The tailpipe exhaust was tested to certification standards, while also being 

collected into an atmospheric chamber for secondary aerosol testing.   

The largest tailpipe aerosol mass measured for both vehicles was the high aromatic 

E10 fuel in the cold-start tests.  As the ethanol content was increased, it was found that 

there was an average reduction of 64% and 94% for FFV-1 and FFV-2 respectively.  

Inversely, when the HA E10 was compared to the commercial E10 fuel, there was a 2.9 

and 1.4 times increase in the tailpipe aerosol for FFV-1 and FFV-2 respectively.  In addition 

to the tailpipe mass, the composition of the aerosol also varied greatly, which in turn 

affected both the size distribution and the morphology of the aerosol as well.  On average, 

the E78 was only composed of 32% black carbon compared to the 78% black carbon of the 

HA E10 (averaged for both vehicles).  With this reduction in black carbon there was a 

decrease in the peak diameter as the fuels ethanol content increased. 

 In addition to the fuel effects, there were obvious differences related to the different 

driving conditions.  The hot-start tests emitted on average 53% less aerosol mass with the 

largest reduction measured being black carbon, with an average reduction of 60%.  Similar 

to the fuel effects, the reduction in black carbon coincided with a decrease in the peak 

diameter by an average of 15 nm for all testing configurations.   
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 When comparing the aged emissions, there were variable results.  FFV-1 displayed 

a 3-35 times increase of secondary aerosol to the tailpipe aerosol.  This large increase was 

vastly different from the FFV-2 experiments where no detectable secondary aerosol formed 

in the exhaust only experiments.  The large difference was most likely due to the large 

discrepancy in hydrocarbon emissions (2.5 times higher in FFV-1), and the NOx emissions 

(11.7 times higher in FFV-1).  Even though the particulate emissions of the vehicles were 

very similar, the large variations in the gaseous emissions resulted in drastic differences in 

the secondary aerosol formation.  

 When the exhaust only experiments were then compared to the exhaust and 

surrogate experiments for FFV-2, there were very similar results between the two in terms 

of fuel effects.  As the ethanol content increased, the secondary aerosol concentration 

consistently decreased (with the exception of FFV-1 E78 hot-start experiments).  Less 

drastic than the tailpipe exhaust there was a decrease in the secondary aerosol formation in 

the higher ethanol fuel blends compared to the lower ethanol fuel blends.   

The differences in secondary aerosol formation in the hot-start vs cold-starts varied 

between vehicles.  FFV-1 formed more aerosol in the hot-start tests compared to the cold-

start tests for all fuels excluding the HA E10, with the majority of the aerosol being 

inorganic ammonium nitrate.  From this and the measured concentration of both NOx and 

ammonia it can be concluded that when the engine is hot, the vehicle is producing more 

nitrogenous species resulting in larger inorganic aerosol formation.  Inversely, for FFV-2, 

the hot-start tests formed less secondary aerosol.  As a result of the reduction in aerosol 
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formation it can be concluded that warm engine and catalyst were actually more effective 

in the removal of the nitrogenous species. 

When focusing on the organic aerosol formation in the chamber experiments, it was 

found that the organic aerosol formation most closely correlated to the NMHC emissions 

measured from the tailpipe.  In regards to the fuel composition of the experiments, as the 

ethanol content of the fuel increased, there was a drastic decrease in the NMHC emitted, 

which resulted in a smaller SOA formation potential from the vehicle exhaust.  This was a 

trend that was consistent between the two vehicles. 

The concentrations of specific VOCs were also measured utilizing a summa 

canister utilizing a GC-FID for detection where a more accurate picture of the VOC 

composition could be assessed.  Also, with this information, a predicted SOA mass was 

calculated utilizing the low NOx yield values provided by Derwent et al (2010).  In this 

work the predicted aerosol was measured to 43% and 54% of the experimental SOA formed 

for FFV-1 (exhaust only) and FFV-2 (exhaust and surrogate) which was similar to the 

measured amount by Nordin et al (2013) and Du et al (2017), however was almost double 

the closure compared to Platt et al 2013, and Gordon et al 2014.  In this work, we were able 

to more accurately speciate a larger number of gases which may have led to the closer 

prediction.   Even with the increased closure, a majority of the SOA was still unaccounted 

for so more work will be needed in the future to fully speciate some of the less volatile 

IVOCs, and SVOCs to more accurately predict SOA potential of vehicle exhaust. 
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Ultimately, the trends in in this work utilizing an atmospheric chamber were 

consistent with Timonen et al (2017), where with the increasing ethanol content, there was 

decreasing secondary aerosol formation.  From this work we are able to conclude that the 

increase in the ethanol content of fuel is effective in the reduction of both tailpipe and 

secondary aerosol.  Alternatively, this work was not able to distinguish whether the 

decreased in the secondary aerosol, or more specifically SOA was due to the increasing 

ethanol or decreasing aromatic content, so more work will be needed in the future with 

more similar fuels to see whether ethanol or aromatic content are most influential in 

affecting the secondary aerosol potential of vehicle exhaust.  
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   Supplemental Data: 

Table 3-1: Main physiochemical properties of the four test fuels 

Property  Test Method E10 HAE10 E30 E78 

Research Octane Number ASTM D2699 92.1 93.5 100.5  

Motor Octane Number ASTM D2700 84 83.9 87.5  

Octane Rating  88.1 88.7 94  

Sulfur Content (wt. %) ASTM D5453 8 7.2 6 3 

Total Aromatics (vol %) ASTM D5769 28.1 36.7 22 5.57 

C6 Aromatics (vol %) ASTM D5769 0.60 0.57 0.46 0.17 

C7 Aromatics (vol %) ASTM D5769 7.58 9.14 5.90 1.41 

C8 Aromatics (vol %) ASTM D5769 6.55 7.27 5.11 1.16 

C9 Aromatics (vol %) ASTM D5769 6.12 10.23 4.81 1.79 

C10+ Aromatics (vol %) ASTM D5769 5.56 7.02 4.40 0.83 

Olefins Content ASTM D6550 8.50 10.63 6.45 1.37 

Hydrogen Content (wt. %) ASTM D5291 13.59 13.21 13.33 13.07 

Carbon Content (wt. %) ASTM D5291 82.77 83.19 75.28 59.41 

Oxygen Content (wt. %) ASTM D4815 3.63 3.59 11.39 27.52 

C/H Ratio  6.09 6.297 5.647 4.545 

Heat of Comb. (MJ/Kg) ASTM D240 41.94 41.65 38.17 30.30 

Density at 15.56 °C (g/cc) ASTM D4052 0.749 0.754 0.760 0.783 

RVP at 100 F (psi) ASTM D5191 8.89 9.39 8.20 5.05 

Distillation (°C)  ASTM D86     

IBP  35 34.5 36.5 49.9 

10%  51.7 53.5 57 71.1 

50%  94 96.3 74.5 77.4 

70%  129.1 130 78.8 77.9 

90%  163.5 165.9 158.1 78.6 

95%  179.1 181.8 175.7 79.4 

FBP  203.5 209.1 198.8 168.2 

Ethanol Content (vol%) ASTM D4815 9.86 9.85 31.44 78.27 
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Table 3-2: Initial NOx and NH3 concentrations (ppb) in the chamber before the 

irradiation experiment for FFV-1.  Ozone concentrations (ppb) were recorded at the 

time of plateau at the end of the irradiation experiments 

FFV-1 Fuel NOx (ppb) NH3 (ppb) O3 (ppb) 

Cold-Start 

E10 105 130 204 

HA E10 158 227 231 

E30 101 132 252 

E78 59 137 248 

Hot-Start 

E10 119 145 141 

HA E10 111 190. 216 

E30 106 175 138 

E78 68 157 186 

 

Table 3-3: Initial NOx and NH3 concentrations (ppb) in the chamber before the 

irradiation experiment for FFV-2.  Ozone concentrations (ppb) were recorded at the 

time of plateau at the end of the irradiation experiments 

FFV-2 Fuel NOx (ppb) NH3 (ppb) O3 (ppb) 

Cold-Start 

E10 78 63 214 

HA E10 56 76 220 

E30 47 63 217 

E78 46 81 193 

Hot-Start 

E10 72 51 200. 

HA E10 85 72 161 

E30 48 105 217 

E78 54 91 190. 
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Table 3-4: Compounds in the anthropogenic surrogate mixture 

ppb/ppmC Compound 

46 Acetaldehyde 

17 Methyl Ethyl Ketone 

5 m-Xylene 

5 1,2,4-Trimethylbenzene 

14 Toluene 

90 n-Butane 

22 2-Methylbutane 

13 Methylcyclopentane 

14 trans-2-Butene 

16 Ethylene 

14 Propylene 

3 1-Pentene 

2 Isoprene 
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Figure 3-11: Fractional composition of the compound classes making up the 

anthropogenic surrogate 
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Figure 3-12: Evolution of aerosol distribution for FFV-1 exhaust only experiments 

operated on the four fuels, E10 (a,b), HA E10 (c,d), E30 (e,f), E78 (g,h), for the cold-

start (a,c,e,g) and hot-start (b,d,f,h) LA92 driving cycles 

Figure 3-12 shows the image plots for the FFV-1 experiments.  The aerosol emitted 

in the cold-start experiments evolved similarly, with the distinguishing difference being 

the initial particles emitted.  The HA E10 CS experiment (Figure 3-12 c) formed the largest 
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mass of SOA, however the peak does not appear to shift much.  This is due to the large 

number of particles and the filling in of the particles.  Also there was a small subset of 

particles that grew away from the initial peak which contained a large portion of the mass 

formed in the irradiation experiments.  Similar to the HA E10, the traditional E10 and E30 

had a similar evolution of aerosol (Figure 3-12 a, e).  The initial, broad, unimodal peak 

shifted slightly to a larger size, and there was once again a small subset of aerosol particles 

that grew away from the initial distribution.  Once again, one large difference between the 

two was the difference in initial particle number.  Finally, the most unique of the cold-start 

experiments was the E78 fuel.  In the case of this fuel, the initial broad peak sharpened 

quickly as the gases condensed.  That peak grew slightly and the final peak was observed 

around 100nm.  Once again a small group of particles grew from the initial peak.   

The hot-start experiments for FFV-1 were quite similar to the cold-start, however 

in the case of the E10, E30 and the E78, more aerosol mass formed in the hot-start 

experiments.  This additional mass can be observed in the E10, where the subset of particles 

separating from the initial peak has a much higher number for the hot-start experiments 

(Figure 3-12 b).  Similarly, the hot-start E30 experiment (Figure 3-12 f) was quite similar 

to the cold-start, however the initial broad peak grew to a larger final diameter which would 

account for the increased mass.  Finally, the E78 was the most unique once again in the 

hot-start (Figure 3-12 h).  In this experiment, there is an obvious nucleation burst of 

particles around 45 min into the irradiation experiment.  In this burst, it appeared that all 

particles grew simultaneously and ended up growing to approximately 400 nm.   
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Figure 3-13: Evolution of aerosol distribution for FFV-2 surrogate and exhaust 

experiments operated on the four fuels, E10 (a,b), HA E10 (c,d), E30 (e,f), E78 (g,h), 

for the cold-start (a,c,e,g) and hot-start (b,d,f,h) LA92 driving cycles 

 

 Figure 3-13 shows the size distribution changes for the FFV-2 exhaust and 

surrogate experiments.  For these experiments, the cold-start experiments formed more 

aerosol than the similar hot-start experiments for all fuels (E78 formed a similar mass of 
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total aerosol in both driving cycles).  All cold and hot-start experiments were quite similar 

for the two E10 fuels and the E30 fuels, once again with the main difference being the 

initial number of particles in the distribution.  For the E10 experiments (Figure 3-13 a, b), 

a subset of particles grew away from the initial distribution.  E10 fuel cold-start formed the 

most aerosol out of all configurations for FFV-2, and was mainly due to the number of 

particles that grew away from the initial distribution (second small peak grew away at 

around 100 min and grew out of range).  Similarly for all the hot-start tests (Figure 3-13 b, 

d, f) excluding the E78, the difference in mass was due to the number of particles which 

grew out of the initial peak.   

Similar to the FFV-1 experiments, the E78 was the most unique fuel.  In the case 

of FFV-2, the hot-start and cold-start experiments formed a similar mass of secondary 

aerosol.  In the cold-start test, (Figure 3-13 g), the initial peak shifted slightly, however the 

majority of the mass formed was in the peak that grew to approximately 500 nm.  This was 

similar to the hot-start configuration, however, in these experiments there was a nucleation 

burst.  The color scale for the hot-start test (Figure 3-13 h) was kept consistent to the cold-

start, so the peak that grew could be seen, however there was a large increase in the number 

of the smaller diameter peak.  In this experiment, even though a majority of the number 

concentration was distributed in the lower diameter peak, the majority of the mass that 

formed was due to the small subset of particles which ended up growing out of the 

measureable range of the SMPS system.   
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Figure 3-14: FFV-1 Density change with time for E10 (a,b), HA E10 (c,d), E30 (e,f), 

E78 (g,h), for the cold-start (a,c,e,g) and hot-start (b,d,f,h) LA92 driving cycles 

Figure 3-14 shows the changes in density throughout the irradiation experiments 

for the FFV-1 experiments.  The cold-start experiments were all quite similar in the 
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evolution of the density as the gases and aerosol aged.  Initially, the aerosol all started with 

a fractal density ~0.5.  As the gases condensed, the initial particle grew which filled in the 

initial fractal particle.  In regards to the E10 fuel and the E30 cold-start experiments (Figure 

3-14 a, e) the initial growth moved the density up to approximately 1.7 which is consistent 

with the addition of ammonium nitrate.  Then as the aerosol continued to age, the density 

decreased to approximately 1.4 which is consistent with the density of SOA.  This varied 

from the HA E10 where the density initially reached around 1.5 after the first growth, then 

leveled around 1.4 which is once again consistent with SOA.  Finally, the E78 fuel 

displayed the largest density with the initial growth to 1.8 and leveled off just under 1.6.  

This once again indicates ammonium nitrate with a smaller fractional composition of SOA 

which was confirmed by the AMS measurements. 

The hot-start tests were quite similar for the HA E10 and the E30 (Figure 3-14 d, f) 

to the cold-start comparable tests (Figure 3-14 c, e).  The HA E10 (Figure 3-14 d) displayed 

a larger density after the initial growth indicating more ammonium nitrate fraction in the 

aerosol and leveled off over 1.5 indicating a mix of inorganic and organic species.  The 

E10 (Figure 3-14 b) however was quite different from cold-start E10 (Figure 3-14 a).  In 

the hot-start test, the peak that separated from the initial broad peak grew to a similar 

density, however the initial peak maintained a fractal morphology and a density below 1.0.  

The E78 hot-start test displayed a very low initial particle number concentration so an 

accurate density could not be read.  However, after the nucleation burst, the density was 

measured to be ~1.8 indicating the growth was most likely due to the nucleation of 

ammonium nitrate. 
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Figure 3-15: FFV-2 density change with time for E10 (a, b), HA E10 (c, d) E30 (e, f), 

E78 (g, h), for the cold-start (a,c,e,g) and hot-start (b,d,f,h) LA92 driving cycles 
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Figure 3-15 shows the density evolution throughout the irradiation experiments for 

FFV-2 hot-start and cold-start experiments.  Similar to the FFV-1 experiments, the density 

of the initial tailpipe aerosol was fractal with a density of ~0.5.  However, the density 

evolution was much different than the FFV-1 experiments.  The measured density of the 

initial broad unimodal peak for the two E10 fuels and the E30 fuels did not change much 

(Figure 3-15a-f).  The density increased slightly, however still remained fractal in these 

configurations.  However, when measuring the density of the larger diameter peak for the 

two E10 fuels (Figure 3-15a-d), it was found that the density increased to over 1.5 

indicating the addition of ammonium nitrate and SOA.  This was once again consistent 

between the hot-start and cold-start experiments.  In the E30 tests (Figure 3-15 e, f), the 

small peak that separated from the initial distribution was too small for measurement, 

however it was assumed that it had the density similar to the two E10 fuels based on the 

similarities measured from the AMS.   

Similar to the size distribution, the E78 displayed the most differences to the other 

fuels in density evolution as well (Figure 3-15 g, h).  The density of the cold-start test was 

measured to grow to approximately 1.45 indicating the fractal tailpipe particle filled in with 

both SOA and inorganic salt which is consistent with the measured composition from the 

AMS (Figure 3-15g).  The hot-start E78 (Figure 3-15h) density grew to over 1.5 indicating 

that a majority of the aerosol was ammonium nitrate which is once again confirmed with 

the AMS.   
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Figure 3-16: FFV-1 volatility measurements vs irradiation time for E10 (a,b), HA 

E10 (c,d), E30 (e,f), E78 (g,h), for the cold-start (a,c,e,g) and hot-start (b,d,f,h) LA92 

driving cycles 
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 Figure 3-16 shows the VFR data for FFV-1 which was collected using the volatility 

tandem differential mobility analyzer with the heated portion of the system at a temperature 

of 100 °C.  Initially all particles start with a VFR of 1.0 which is indicative of a black 

carbon particle which is non-volatile (Figure 3-16 a-h).  As the gases condense and the 

particles grow, the VFR drops drastically.  The cold-start tests for the two E10 fuels and 

the E30 fuels display similar properties (Figure 3-16 a, c, e).  In these tests, the VFR drops 

to approximately 0.5 however as the gases condensing continue to age, the volatility  

continues to decrease resulting in the VFR increasing to approximately 0.8 at the end of 

the experiment.  The smallest differences in VFR is seen from the HA E10 (Figure 3-16 c), 

which is most likely due to the larger number of particles in the system. 

 The cold-start E78 fuel (Figure 3-16 g) shows the largest drop in VFR in relation 

to the other three cold-start tests where the VFR drops to under 0.1 which is indicative of 

a majority of the volume being ammonium nitrate which is completely volatile at 100 °C.  

As the SOA condenses on to the particle and the organic fraction increases, the VFR 

increases drastically. And as a result ends with a VFR of ~0.7.  

 The hot-start tests in all cases displayed much more drastic changes in the VFR 

(Figure 3-16 b,d,f,g).  This is most likely due to the increased ammonium nitrate that 

formed in all experiments, and the reduced seed primary aerosol for the gases to condense 

onto.  In regards to the E10 and the E78 (Figure 3-16 b, g), both tests a VFR of 0 is observed 

for the majority of the test which is indicative of a particle that is mostly ammonium nitrate.  

However, once again as the particles fill in with more organics, the VFR increased.  The 

HA E10 and E30 were most similar to their cold-start counterparts (Figure 3-16 d, f).   
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Figure 3-17: FFV-2 volatility measurements vs irradiation time for E10 (a,b), HA 

E10 (c,d), E30 (e,f), E78 (g,h), for the cold-start (a,ce,g) and hot-start (b,d,f,h) LA92 

driving cycles 
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As shown in Figure 3-17, similar to FFV-1, all of the initial VFR measurements 

were 1.0 which once again can be attributed to black carbon particles.  The VFR data for 

FFV-2 (Figure 3-17) confirmed what was found in the density data.  In all of the tests, the 

smaller diameter peak maintained a similar composition and similar properties to the initial 

fractal black carbon particles.  The two E10 fuels and the E30 fuel (Figure 3-17a, c, e) 

maintained a VFR of 1.0 for the whole experiment for the smaller diameter mode of 

particles.  The larger diameter mode of particles however showed a VFR of near 0.  This 

is indicative of the particle being composed of a majority of ammonium nitrate which is 

similar to what was seen by the AMS.  The trends for the similar hot-start tests (Figure 

3-17b, d, f) showed the same trend for the two diameter modes however the smaller 

diameter mode did show a larger decrease in VFR for the E10 and E30 fuel (Figure 3-17 

b, f).  This is most likely due to there being less particles in the hot-start tests so the 

condensation of the gases is more concentrated on the smaller number of particles. 

The E78 fuel experiments (Figure 3-17g, h) had a much smaller number distribution 

of particles so it was more difficult to get a reading for the VFR.  However, for the cold-

start test, (Figure 3-17g) similar to the other cold-start tests, the VFR remained high 

throughout the irradiation experiment.  In the hot-start experiment (Figure 3-17h), the 

particle concentration was too low to measure throughout a majority of the experiment.  

However, when the nucleation peak grew into range, the values for the VFR were much 

lower than the other experimental conditions, but increased in volatility as the aged gases 

continued to condense on the existing particulate. 
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Figure 3-18: Average initial aerosol distributions after dilutions for a)FFV-1 hot-

start b) FFV-2 cold-start c) FFV-2 hot-start for the E10, HA E10, E30, and E78 fuels  



 124 

Figure 3-18 shows the initial, diluted, normalized size distributions for FFV-1 hot-

start (Figure 3-18 a), FFV-2 cold-start (Figure 3-18 b), and FFV-2 hot-start (Figure 3-18 

c), while FFV-1 cold-start is in the main text.  For these values, the initial size distributions 

were taken from each of the three tests in each configuration, and were averaged.  After 

averaging, the maximum number was taken and used to normalize the values. 

Similar to the FFV-1 cold-start test, FFV-1 hot-start displays a similar strong trend 

where, as the ethanol is increased, the peak diameter decreases for all fuels.  This differs 

compared to FFV-2 (Figure 3-18 b, c) where in both the hot-start and cold-start tests the 

two E10 fuels and the E30 fuel appear to be stacked on one another.  The peak diameter of 

these still follows a similar trend to FFV-1 where the peak diameter is smaller for the E30 

fuels, however the differences are much less obvious.  However, in all four comparisons, 

the E78 fuel displayed the larges differences in the peak diameter which is most likely to 

do with the drastically different composition of the E78 emissions for all tests.  The higher 

POA composition and higher density means the particles will be more spherical.  The 

reduction of the black carbon also means that there will be a reduction in the accumulation 

mode particles. 
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Figure 3-19: Average initial aerosol distributions after dilution for a) E10 b) HA 

E10 c) E30 and d) E78 fuels for FFV-1 tests comparing the hot-start and cold-start 

distributions 
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Figure 3-19 shows the comparison between the hot-start and cold-start distributions 

for FFV-1 only (the trends were the same for FFV-2).  In all cases, the number distribution 

was much larger for the cold-start compared to the hot-start, and when the peaks were 

normalized to the largest number measured in a size bin.   

For all fuels, the peak shifted towards a smaller diameter mode in the hot-start test 

compared to the similar cold-start test.  Once again this is most likely attributable to the 

differences in the composition, where on average the hot-start emissions were composed 

of 7% less of a fractional composition.  This difference is most likely what lead to the shift 

towards the smaller diameter particles.  All trends were similar for FFV-2 as well. 

  



 128 

 

Figure 3-20:  Acetaldehyde concentration vs time in the irradiation experiments for 

FFV-1 for the a) cold-start and b) hot-start tests 
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Figure 3-21: Acetaldehyde concentration vs time in the irradiation experiments for 

FFV-2 for the a) cold-start and b) hot-start tests (no data for the E10 hot-start test) 
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Figure 3-22: Formaldehyde concentration vs time in the irradiation experiments for 

FFV-1 for the a) cold-start and b) hot-start tests 
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Figure 3-23: Formaldehyde concentration vs time in the irradiation experiments for 

FFV-2 for the a) cold-start and b) hot-start tests (no data for the E10 hot-start test) 
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 Figure 3-20, Figure 3-21, Figure 3-22, Figure 3-23 show the evolution of different 

gases for the hot-start and cold-start tests for both FFV-1 (Figure 3-20, Figure 3-22.) and 

FFV-2 (Figure 3-21, Figure 3-23).  The evolution for Acetaldehyde (Figure 3-20, Figure 

3-21) and for Formaldehyde (Figure 3-22, Figure 3-23) are shown.  These concentrations 

and trends were measured with the Syft MS and the initial concentrations were calculated 

using the Suma canister. 

In all experiments for FFV-1 cold-start (Figure 3-20) the acetaldehyde 

concentrations remained relatively constant with a slight decrease for both the hot-start and 

cold-start experiments.  The most notable outlier was for the E78 fuel in the hot-start, where 

there was a sharp increase at approximately 50 min into the experiment and then a steady 

decline.  In both the hot-start and cold-start experiments, the E78 had the largest 

concentration of acetaldehyde.  Also, it was found that in all test the cold-start tests emitted 

more acetaldehyde than the hot-start tests.  Only the E10 fuel hot-start showed an 

increasing trend throughout the irradiation experiment.  The decreasing trend in 

concentration is most likely due to the reaction of the acetaldehyde with other VOCs 

without a similar regeneration.  In all cases the levels of acetaldehyde seem to level off at 

the end of the experiment meaning the gas had reached an equilibrium.   

The FFV-2 tests (Figure 3-21) showed the inverse in relation to the typical trend 

for the acetaldehyde throughout the irradiation experiments.  Once again, the E78 had the 

highest acetaldehyde concentration for the cold-start test however the E78 had a similar 

concentration to the other two measured fuels in the hot-start test (no Syft data for the E10 

fuel hot-start FFV-2).  The increasing trend that was observed for all experiments for FFV-
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2 indicate an increased formation of acetaldehyde in relation to the photochemical reaction 

of the acetaldehyde.  This difference from FFV-1 may be due to the addition of the 

surrogate which may have increased the overall radical reactivity, resulting in an overall 

increasing acetaldehyde concentration. 

The FFV-1 formaldehyde concentrations are shown in Figure 3-22.  In all tests for 

FFV-1 the concentration of the formaldehyde increases throughout the irradiation 

experiments, and ultimately levels off at the end of the experiment.  In the cold-start 

experiment, the E78 ultimately forms the largest mass of formaldehyde, however this trend 

is not observed for the hot-start experiment.  Similar to the acetaldehyde, the cold-start did 

form a larger mass of formaldehyde for all fuels when compared to the hot-start test.   

Similar trends were observed with the FFV-2 tests (Figure 3-23).  In both 

experiments, once again there was an increasing trend of the measured formaldehyde as 

the gases aged.  The E78 once again had the highest mass of formation for the cold and 

hot-start tests.  In the hot-start test, there was a large jump in concentration for the 

formaldehyde in the hot-start E30 fuel.  The concentration of the formaldehyde then 

quickly decreased down to a similar level to before.  The large jump is most likely due to 

a measurement issue as it does not fit the trends measured for the other tests can most likely 

be ignored. 
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The SOA formation of the vehicle exhaust was then related to the NMHC emissions 

from the vehicle (Figure 3-8).  Similar to previous work done (Roth, et al, 2019) it was 

found that as the NMHC emissions increased, the SOA formation potential from the 

exhaust did as well.  Unlike the previous comparisons to SOA formation, the trend 

observed when related to NMHC emissions did not seem to be reliant on the driving 

conditions or fuel composition, only on the mass of gases emitted.  From this regulators 

and modelers may have the ability to predict the SOA formation potential from the vehicles 

in the future without running long chamber tests.  However, NMHC is a broad 

generalization for the gases, and the composition of the NMHC could be drastically 

different for each fuel’s emissions.  

 

Figure 3-24: SOA formation vs the sum of selected VOCs measured by the summa 

canister 

Figure 3-24 shows the trend when comparing the sum of selected VOCs is very 

similar to what was observed in the NMHC graph, with one notable outlier.  The most 
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notable difference was the cold-start HA E10 for FFV-2, where a much higher VOC 

emissions level was measured in the summa canister compared to the bag readings from 

the bench.  The most likely reason for the differences measured in the canister compared 

to the bag measurements can be attributed to weighting when calculating emission factors.  

The NMHC measured by the bag has weighting values applied to the concentrations found 

in the different phases of the test cycle, where the canister has one set flow rate throughout 

the duration of the test.  Because of this, no weighting is possible, and the constant pull to 

the canister more similarly mimics the injection of the exhaust into the chamber.   

As shown in this work, SOA formation potential of vehicles is largely determined 

by the total mass of NMHC species in the emissions.    Ultimately, by increasing the ethanol 

content in the fuel from E10 to E30 there was an average of a 17% reduction in predicted 

SOA formation from the measured ROGs for both vehicles.  That predicted SOA formation 

was measured to be reduced by 66% when comparing the E78 fuel emissions to the E10 

fuel.  The inverse was once again true when comparing the HA E10 to the E10 fuel, where 

the SOA potential increase on average by 1.7 times for the two vehicles.  From these results 

it can be concluded both the tailpipe and the secondary aerosol can be greatly reduced by 

substituting the commercial E10 fuel with a higher ethanol fuel blend.  More work will 

need to be completed to determine if the decrease in aerosol formation is due to the 

increased ethanol content or the decreased aromatic content of the fuel.   
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Figure 3-25: LA92 or Unified Driving Cycle (UC) comprised of three phases; cold-

start, urban and hot-start phases.  The vehicle’s engine is turned off for the duration 

of the hot soak 

 Figure 3-25 shows the LA92 driving cycle.  For the cold-start tests, the vehicle was 

off for at least 16 hours before the test to ensure that the engine and catalyst were at room 

temperature at light off.  For the hot-start LA92 tests, the vehicle was prepped with phase 

1 and phase 2.  The vehicle then was subjected to a 10 min hot soak and restarted again at 

phase 1.  During this second phase 1 was when the tailpipe instrumentation and the chamber 

were connected to the CVS for the collection of the vehicle exhaust.  
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  Abstract: 

The focus of this study was to investigate the effects of fuel properties on the 

tailpipe gaseous and particulate emissions, and the subsequent effect on the secondary 

aerosol formation of one low mileage GDI vehicle.  The vehicle was tested on eight fuels 

with ethanol contents ranging from 0% to 20% by volume and also with varying aromatic 

content (20%-30% by volume).  The main goal was to compare the trends of the secondary 

formation of the exhaust of the vehicle operating on similar fuels and evaluate the impacts 

of changing fuel properties. The attempt of the study was to relate the SOA formation 

measured in the smog chamber studies to various fuel properties aid in future estimations 

and regulations when it comes to the emissions from gasoline exhaust. 

Tailpipe PM emissions were primarily dependent on the aromatic content of the 

fuel tested as the higher aromatic fuels emitted 4.27 ± 0.82 mg/mi vs only 2.65 ± 0.82 

mg/mi on average for the low aromatic fuels.  The tailpipe PM emissions were less 

dependent on ethanol content, however when the fuels were separated into the different 

aromatic subgroupings, there was a positive correlation between PM and ethanol where a 

higher ethanol content resulted in a larger PM emission.   

The secondary aerosol formation trends in regards to aromatic content were similar 

to the tailpipe PM where increased secondary aerosol formed with increasing aromatic 

content.  A majority of the secondary aerosol that formed for all fuels tested consisted of 

ammonium nitrate, which was found to be dependent on the ammonia concentrations.  

From this it was determined that ammonia was the limiting reagent in this inorganic salt 

formation. 
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The secondary organic aerosol formation was then related to a variety of exhaust 

measurements and fuel properties to understand which properties drove the SOA formation 

potential of the exhaust.  The correlation between SOA formation and the measured 

emissions increased with the specificity of measurement where the strongest correlation 

was with the aromatics measured with the GCxGC (R2=0.83).  When relating the SOA to 

the fuel properties, once again aromatic content dictated the SOA formation potential of 

the exhaust.  It was because of this, the strongest correlations were found to be the lower 

volatility properties (i.e. T70, T90, & T100).  The lower volatility compounds in the 

gasoline determined the SOA potential of the vehicle exhaust. If these compounds 

evaporated or partially combusted, they would readily oxidize and contribute additional 

SOA mass.   

The results displayed in this work concluded that aromatic content dictates tailpipe 

PM, total secondary, and SOA formation potential of the exhaust.  As seen in previous 

works, ethanol can have varying effects on the tailpipe PM emissions, and in this work it 

was found that with increasing ethanol, there was increasing PM.  However, ethanol 

content does play a minor role in the overall reduction in the SOA potential of the vehicle.  

In the future it may be valuable to replace some of the heavier, less volatile compounds in 

fuel with ethanol to aid in the reduction of secondary potential from the emissions. 
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 Introduction: 

A significant fraction of the total ambient aerosol mass consists of organic aerosol 

that forms in the atmosphere via photo-oxidation reactions of reactive organic gases 

(ROGs).  Organic aerosol that is formed in this manner are classified as secondary organic 

aerosol (SOA) (Hallquist et al., 2009).  These organic gas phase compounds can come from 

a host of biogenic and anthropogenic emission sources, and consist of methane, other 

alkanes, alkenes, and aromatic hydrocarbons.  ROG’s or volatile organic compounds 

(VOCs) have varying volatilities based on the compounds’ molecular weight and 

substituents which allows researchers to separate the gases into subcategories based the 

saturation concentrations of the gases.  Similarly as the ROG’s react in the atmosphere, 

their subsequent volatilities will decrease via photo-oxidation reactions. 

A considerable source of VOCs emitted in urban areas, can be attributed to mobile 

sources operating on fossil fuel. Gasoline vehicles (in comparison with diesel vehicles) are 

more influential emitters of ROG gases; gasoline vehicle emissions can lead to increased 

SOA formation in high traffic areas.  For example, Bahreini et al (2012) showed that 

gasoline exhaust is the main source of SOA in the Los Angeles basin.  Several factors (e.g., 

oxidants, temperature, RH) can influence atmospheric SOA formation from tailpipe 

emissions yet there is poor understanding on the effects of ethanol and aromatics contents 

in gasoline on SOA formation from current technology GDI vehicles. 

The impacts of aromatic fuels effects on emissions from port fueled injection (PFI) 

equipped gasoline vehicles have been the most extensively studied in the past (Hochhauser 

et al., 1991; Jeffrey and Elliot, 1993; McDonald et al., 1996; Wedekin et al., 1995; 
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Goodfellow et al., 1996; Hochhauser 2008).  Several extensive early studies showed that 

increasing aromatics will increase the emissions of total hydrocarbons (THC) and carbon 

monoxide (CO) and have varying effects on nitrogen oxides (NOx) emissions.  Less work 

exploring emissions from aromatic fuel content has been conducted on newer technology 

GDI vehicles. 

The addition of oxygenates (i.e., ethanol) in fuel have complex impacts on 

particulate and gaseous emissions. It has been observed that when ethanol is added to 

gasoline, it can displace aromatic compounds with high sooting tendency, resulting in 

lower black carbon emissions (Pepiot-Desjardins et al., 2008).  Maricq et al. (2012) showed 

small benefits in PM mass and particle number emissions as the ethanol level in gasoline 

increased from 0 to 20% when they tested a SI-DI turbocharged vehicle with two engine 

calibrations. Another study showed that ethanol exacerbates the propensity of low-

volatility fuel components to form PM (Butler et al., 2015). This phenomenon was further 

confirmed by a follow up study from the same group of authors where they showed that 

the presence of ethanol was found to have a reinforcing interaction with PM index resulting 

in augmented PM emissions. The authors suggested that ethanol’s high heat of vaporization 

hinders evaporation of the higher molecular weight components of the fuels (Sobotowski 

et al., 2015). 

Storey et al. (2010) reported that NOx emissions decreased with increased ethanol 

concentration, while some increases were seen in THC emissions from a turbocharged DI 

vehicle over the Federal Test Procedure (FTP) cycle and the more aggressive US06 cycle. 

Storey et al. (2010) also showed reduced PM mass and particle number emissions with 
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ethanol blends.  Jin et al (2017) tested a GDI vehicle over the FTP cycle on different ethanol 

blends and found large reductions in particulate emissions, but higher carbonyl emissions.  

They also reported reduced VOC emissions with medium and high-ethanol concentrations 

due to the lower proportion of aromatic components in these fuels. 

The variation in gaseous emission from varying ethanol content lead to differences 

in the fractional chemical composition of the THC emissions which directly affects the 

SOA formation potential.  Little work has been done to understand the effect of fuel 

composition on the SOA formation potential from vehicle exhaust.   

Reduced nitrogen species can also be emitted and may readily react to form 

considerable secondary aerosol mass. Ammonia present in the atmosphere readily reacts 

with the atmospheric oxidant, OH radical.  Additionally, ammonia is highly soluble in 

water and highly reactive to liquid and gaseous acids in the atmosphere, ammonia will also 

react with gaseous nitric acid to form an inorganic ammonium nitrate solid.  In low RH 

conditions, nitric acid (HNO3) forms when NO2 reacts with a hydroxyl radical.  As the 

ammonia and nitric acid react, it will condense onto existing particulate that is available, 

increasing the aerosol mass.  Ammonium nitrate is extremely dependent on temperature 

due to its high volatility and the ammonium nitrate dissociation constant can vary over two 

orders of magnitude over typical atmospheric conditions. 

In this study, we investigated the effects of various fuel blends on the tailpipe 

gaseous and particulate emissions, and the subsequent effect on the secondary aerosol 

formation of one low mileage GDI vehicle on eight different fuels.  The fuel parameters 
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studied as part of this program included ethanol, aromatics, vapor pressure, T50, and T90 

as well as interactions between these parameters that were thought to be important in 

understanding the impacts of widespread blending of ethanol.   As regulations relating to 

the next generation of gasoline vehicles are being implemented, it is important to continue 

to evaluate the impacts of changing fuel properties in the context of changing vehicle 

technologies.   The attempt of the study was to relate the SOA formation measured in the 

smog chamber studies to various fuel properties aid in future estimations and regulations 

when it comes to the emissions from gasoline exhaust. 
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 Experimental: 

4.3.1 Vehicle & Test Cycle: 

The vehicle that was selected for this study was certified to meet the Federal Tier 3 

exhaust emission standards (T3B30 LDV) and the LEV-III, SULEV30/PZEV exhaust 

emission standards.  The vehicle selected was a 2017 Ford Fusion with an initial odometer 

reading of 24,491 miles.  The vehicle is equipped with a turbocharged, spray guided 

gasoline direct injection engine which can reduce emissions by ~6 times when compared 

to similar wall-guided GDI engines (Short et al, 2017).  The engine (HFMXV01.5VZ3) 

displacement was 1.5 L, and was equipped with a 6-speed automatic transmission.   

The vehicle was tested in duplicate over a cold-start, LA92 driving cycle.  The 

LA92 driving cycle (Figure 4-15) was developed by the California Air Resources Board 

(CARB).  The cycle has a similar 3 bag structure to the standard FTP cycle, but is more 

aggressive, contains faster accelerations, higher speeds, less idle time, and fewer stops per 

mile.  The test cycle consists of three phases, the cold-start phase, intermediate phase, and 

the hot-start phase.  The vehicle’s engine was off for 10 min between the intermediate 

phase and the hot-start phase.  The cold-start and hot-start phase are identical in speed 

profile. 

4.3.2 Fuels: 

Eight fuels with varying oxygen and aromatic contents were used in this study. Fuel 

production and blending was made at Gage Product Company and all fuels were tested for 

fuel properties according to the ASTM D4814 standard.  The properties of these fuels are 
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provided in Table 4-1. A more detailed fuel analysis on the fuel properties based on 

different hydrocarbon classes and some individual hydrocarbon species can be found in the 

supplemental section (Table 4-3).  The fuels were blended to meet nominal total aromatics 

targets of 20% and 30% by volume.  For the remainder of the work, the fuels that fit into 

the 20% volume aromatic range will be referred to as ‘low aromatic’, and the fuels that 

were blended to contain 30% aromatic content by volume will be referred to as ‘high 

aromatic’.  

Ethanol levels ranged from 0 to 20% by volume.  One fuel was a Tier 3 E10 

certification fuel (Fuel 3).  Fuels 5 (E15) and 8 (E20) were splash blended with denudated 

ethanol with the Tier 3 E10 (Fuel 3).  The other five fuels were matched blended to meet 

high and low aromatics and ethanol levels.  The five match blended fuels also had uniform 

octane, but the splash blended fuels had higher octane than the match blends.  Fuels 5 and 

6 are similar in that they both have E15 and low aromatic content but differ in blending 

technique.  As a result, the emission effects of a splash blended E15 versus match blended 

E15 high and low aromatics fuels can be investigated. 

Table 4-1: Properties of the Fuels used in study 

 Fuel 1 Fuel 2 Fuel 3 Fuel 4 Fuel 5 Fuel 6 Fuel 7 Fuel 8 

Fuel Classification LA E0 HA E0 LA E10 HA E10 LA E15 LA E15 HA E15 LA E20 

Blending Technique Match Match Cert. Match Splash Match Match splash 

Octane Rating 88.1 87.2 87.8 87.0 89.8 88.6 87.4 91.5 

Total Aromatic (vol %) 21.2 29.4 21.4 29.1 20.3 21.8 29.3 19.1 

Ethanol Content (vol %) 0.00 0.00 9.98 9.62 14.72 14.77 14.74 19.61 



 146 

The fuel testing sequence for the vehicle was selected randomly, and the order of 

testing for this vehicle was, F1, F6, F3, F4, F8, F7, F2, F5.   

4.3.3 Experimental Preparation: 

Upon receiving the vehicle, the oil, oil filter, and lubricant oil were replaced.  The 

vehicle was then driven for approximately 500 miles on the road (highway driving).  Before 

each fuel test, the existing fuel was drained from the vehicle, and was flushed then filled 

to 40% of maximum with the testing fuel.  Preconditioning included 2 LA4s, 2 vehicle 

coast downs, and two additional drain, and 40% fills.  The vehicle was then prepped over 

an LA92 driving cycle, idled for 2 min, then shut off for 12-24 hours to soak before testing.  

Detail schematic for vehicle prep can be found in the supplemental section (Figure 4-16).   

The Mobile Atmospheric Chamber (described in detail below) was cleaned prior to 

each experiment by injecting O3 and H2O2 with purified with no detectible reactive species 

(AADCO 737 purifier) and subsequently irradiated with UV light.  If particle formation is 

observed, the chamber is irradiated until formation subsides and the chamber was then 

emptied and filled until gases and particulate were below the detectible limit, and the 

chamber was flushed overnight.  On the morning of the vehicle testing, the chamber was 

half-filled with purified air and transported.   
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Figure 4-1: Experimental setup (not to scale) for testing.  Vehicle was operated in 

VERL where the criteria pollutants were measured, and MACh was injected with 

the vehicle emissions.  Irradiation testing of the exhaust was then conducted in APL. 

4.3.4 Experimental Setup: 

All testing was conducted at the Center for Environmental Research and 

Technology (CE-CERT) in Riverside, CA.  The vehicle operation and test cycle were 

conducted in the Ford Motor Vehicle Emissions Research Laboratory (VERL) on a 48” 

Burke E. Porter single roller chassis dynamometer.  The exhaust is directed into a heated 

Pierburg positive displacement pump-constant volume sampler (PDP-CVS).  Standard bag 

measurements were analyzed with a Pierburg AMA-400 bench for total hydrocarbon 

(THC), carbon monoxide (CO), nitrogen oxides (NOx), non-methane hydrocarbons 

(NMHC), and carbon dioxide (CO2).   

The aged emissions experiments utilized UCR’s 30 m3 Mobile Atmospheric 

Chamber (MACh).  MACh consists of a single, collapsible, 30 m3 2 mil fluorinated 
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ethylene propylene Teflon film chamber suspended in a mobile lightweight aluminum 

frame.  The mobile frame allows the chamber to be positioned next to the emissions source 

in VERL where the emissions were collected from the CVS throughout the LA92 driving 

cycle (not including hot soak).  The exhaust was injected using two ejector dilutors (Air-

Vac TD11OH) in series, and the injection lines consist of ~8.5 m of ½” stainless steel 

tubing.  The dilution air used, utilizes a house built clean air system with filters and 

desiccants to remove the PM (HEPA Filters), water (silica gel columns), NOx (Purafil), 

CO (Carulite canister), and hydrocarbons (activated charcoal) to minimize background 

effects.   

With the dilute exhaust, MACh was then transported to CE-CERT’s Atmospheric 

Processes Laboratory (APL).  The remaining volume of the chamber was then filled with 

the AADCO purified air and the diluted tailpipe exhaust was evaluated for at least 30 min.  

1.0 ppm of H2O2 was injected to help initiate photochemistry.  The dilute exhaust was then 

irradiated for 7-10 hours utilizing the 600 15 W, 18”, T8 black light fluorescent bulbs which 

acted as the controlled UV source.  Before, and throughout the irradiation experiments, the 

exhaust was monitored in real time with a host of aerosol and gaseous instruments. 

4.3.5 Instrumentation: 

Gas phase instrumentation included a Thermo Environmental Instruments Inc. 

(MA) Model 42 chemiluminescent NOx analyzer (NO, NO2, NOx).  A Dasibi 

Environmental (CA) nondispersive ultraviolet ozone analyzer will monitor the chamber 

ozone concentration.  A Dasibi Model 48C was used to measure CO concentrations with 
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IR analysis.  A LI-COR ® LI-840A CO2/H2O analyzer was used to monitor the CO2 and 

relative humidity during the irradiation experiments. VOC concentrations were measured 

with the Pierburg AMA-400 bench.  Dilution ratios were calculated by monitoring the CO2 

concentrations of the exhaust, dilution air, and initial experimental concentration.  

The physical and chemical properties of the aerosol were measured throughout the 

experiment.  Particle phase instrumentation included a commercial scanning mobility 

particle sizer (SMPS) consisting of a TSI 3080 electrostatic classifier, TSI 3081 long 

column differential mobility analyzer (DMA) column and a TSI ultrafine condensation 

particle counter (CPC) 3776.  The 3776 CPC was operated in ‘low flow mode’, with a 

sample flow of 0.3 LPM and the sheath flow for the classifier was set to 3.0 LPM.  The 

SMPS measured electrical mobility diameters from 14.6 nm to 661.2 nm.  The mass of BC 

was measured using an AVL micro soot sensor (MSS) with a high power laser diode 

operating at 802 nm with a photoacoustic sensor (Petzold, A., Niessner, R, 1996).  Non-

refractory aerosol chemical composition data was measured with an Aerodyne high-

resolution, time-of-flight, aerosol mass spectrometer (HR-ToF-AMS) (Aiken, et al, 2008).  

HR-ToF-AMS was operated in both V and W mode, and the data processing was completed 

using the ToF-AMS Analysis Toolkit 1.57 and ToF-AMS HR analysis 1.16.  The Unit 

Mass Resolution (UMR) and HR Frag table for CO2 were altered from the assumed 

concentration of 370 ppm to the measured CO2 concentration using a LI-COR ® LI-840A 

CO2/H2O analyzer.  The organic, ammonium, nitrate, and sulfate ratios were calculated and 

applied to the remaining mass calculated by the SMPS and APM (after subtracting out the 
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BC contribution).  Wall loss corrected black carbon mass was assumed to be constant 

throughout irradiation experiment. 

 A Kanomax aerosol particle mass analyzer system (APM) measured particle 

effective density.  The APM is paired with a house built SMPS.  Particles are initially 

selected by mass and later pass through a scanning DMA column where an effective 

density based on the electrical mobility diameter is calculated.  The APM has the ability to 

select aerosol with a mass from 0.30 to 50.0 fg which is equivalent to a particle of unit 

density with a diameter of 50 to 400 nm.  A more detailed summary of the APM-SMPS 

system is described in Malloy, et al, 2009.   

SMPS data was used for the calculation of the volume of aerosol throughout the 

irradiation experiment.  All SMPS data was corrected for particle wall losses, using first 

order wall loss kinetics described in detail by Cocker et al. 2001.  Vapor wall losses have 

been assumed and measured to be insignificant in past chamber experiments (Vu, et al., 

2018).  From the volume, mass was calculated by using effective density measurements.  

Final mass calculations were determined from the effective density and volume calculated 

at the end of the irradiation experiments. 

Speciated emissions measurements were carried out for BTEX species (benzene, 

1,3-butadiene, toluene, ethylbenzene, xylenes) and carbonyl compounds over the entire 

LA92 driving cycle.  BTEX species were collected using a 6 L specially-prepared SUMMA 

passivated canister, which was connected to the CVS system. Analysis of the hydrocarbon 

species was conducted using a Gas Chromatography/Mass Spectrometry/Flame Ionization 
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Detector (GC/MS/FID).  Samples for carbonyl analysis were collected onto 2, 4-DNPH 

coated silica cartridges (Waters Corp. Milford, MA).  A critical flow orifice controlled the 

flow to 1.0 L/min through the cartridge. Analysis of DNPH cartridges for 14 C1-C8 

carbonyl compounds was performed at the Organic Analytical Laboratory of the Desert 

Research Institute and is described elsewhere (Khlystov and Samburova, 2016). 

For each irradiation experiment, gas samples were collected from both the CVS and 

MACh for GCxGC analysis.  When sampling from the CVS, the apparatus was connected 

via a Teflon sample line (~30 cm long x 0.64 cm od) directly to the CVS.  Samples were 

collected at 100 mL/min for the duration of each driving cycle (excluding the hot soak).  

Samples collecting diluted exhaust from MACh collected for 30 min at 100 mL/min prior 

to irradiation. For all collection, a Teflon filter was placed upstream of the sorbent tube to 

prevent particles from reaching the sorbent tube. 

Three background samples that mimicked a driving cycle were taken from the CVS; 

three blank sorbent tubes were also retained. One breakthrough test was conducted per fuel 

to determine which compounds were incompletely trapped on a single sorbent tube. Three 

background samples were also collected from the mobile chamber.  More information on 

the operating conditions of the GCxGC can be found in the supplemental section.  
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 Results and Discussion: 

 

Figure 4-2: Composition of tailpipe aerosol diluted in MACh, before irradiation.  

Fuels grouped by low aromatic (left) and high aromatic (right) and subsequently 

ordered from low ethanol to high ethanol within the aromatic groupings 

Figure 4-2 shows the mass and composition of the tailpipe emissions. Consistent 

with previous chassis dynamometer studies conducted on GDI vehicles, the initial PM 

emitted from the GDI vehicle was primarily composed of black carbon (from ~75% to 

92%) (Karavalakis et al., 2014; Karavalakis et al., 2015a, 2015b) for all fuels.  The high 

aromatic fuel blends consistently displayed increased tailpipe PM emissions compared to 

the equivalent ethanol, low aromatic fuels.  On average, the high aromatic fuels emitted 

4.27 ± 0.82 mg/mi vs only 2.65 ± 0.82 mg/mi on average for the low aromatic fuels.  One 

unique fuel that deviated furthest from this trend was fuel 6, which had the highest tailpipe 
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emissions of all the low aromatic fuels with an average tailpipe PM emission of 4.07 

mg/mi. 

 

Figure 4-3: Tailpipe PM emissions vs the a) Ethanol Content (% volume) where 

fuels separated by high aromatic (blue) and low aromatic (red), b) Aromatic 

Content (% volume) of the eight fuels.  Fuels are signified by number on the plot. 

When comparing similar aromatic blended fuels, the tailpipe aerosol mass 

emissions also increased with ethanol content (i.e., F1 versus F3 and F6, F2 versus F4 and 

F7) (Figure 4-3). The three high aromatic fuels displayed primary masses of 3.69 mg/mi 
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(F2, E0 HA), 4.44 mg/mi (F4, E10 HA), and 4.69 mg/mi (F7, E15 HA) (Figure 4-2). The 

low aromatic fuels did not follow this trend as closely, with emitted masses of 1.84 mg/mi, 

2.63 mg/mi (F1, E0 LA), 1.87 mg/mi (F3, E10 LA), 4.07 mg/mi (F5, splash blended E15 

LA), and 2.85 mg/mi (F8, splash blended E20 LA) (Figure 4-2).  

The fractional composition of the tailpipe aerosol also changed with fuel 

composition. The black carbon content of the primary PM averaged 80.4% ± 4.3% for the 

low aromatic fuels, and 89.2% ± 2.6% for the high aromatic fuels.  There was no 

statistically significant trend with the ethanol content of the fuel and the fractional 

contribution of black carbon to the primary aerosol for this vehicle.  Inversely, as aromatic 

content increased, the fractional composition of tailpipe PM that consisted of POA 

decreased (15.6% ± 4.7 % for low aromatic, and 9.6% ± 3.2 % for high aromatic fuels).  

The trend of POA contribution to ethanol content was once again not statistically 

significant. 

As the ethanol content increased, the fractional contribution to tailpipe particle 

contribution of black carbon and POA displayed varying trends.  The BC content was 

82.9%, 90.0%, 81.5%, 78.9%, and POA content was 13.6%, 7.6%, 16.0%, and 16.8% for 

the E0, E10, E15, and E20 fuels, respectively.  The highest BC contribution was emitted 

when the vehicle was operated on the E10 fuels for both the high and low aromatic fuel 

blends.  
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Figure 4-4:  Size distribution image plot measured by the SMPS throughout the 

irradiation experiments.  At elapsed time=0 the lights were turned on.  Low 

aromatic fuels (left) and higher aromatic fuels (right) are on different color scales 
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The average density of the particles emitted were 0.548 g cm-3 ± 0.010 g cm-3 and 

there were no statistically significant trends in relation to aromatic or ethanol content of 

the fuel.  The density measured was consistent with previous studies looking at GDI vehicle 

emissions (Roth, et al, 2018).  With a density less than 1.0, the particles had properties 

coinciding with a fractal BC particle, which confirms the fractional composition measured 

from the tailpipe.    

 

Figure 4-5:  Representative example of the change of density throughout an 

irradiation experiment.  The small diameter (blue circles, 50-100 nm), and the large 

diameter (orange circles, >150 nm) modes had different densities 

There was also a similar evolution of the particles throughout the irradiation 

experiments (Figure 4-4).  In all cases, the broad, unimodal peak, did not shift throughout 

the experiments.  The majority of the mass formation that occurred, was due to a small 

subset of particles that grew, and separated from the initial distribution.  The density of the 
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smaller diameter mode of particles maintained a fractal morphology, however did increase 

in density to an average of 0.718 g cm-3 ± 0.056 g cm-3 (Figure 4-5).  The larger diameter 

mode particles were measured to have an average density of ~1.78 g cm-3 after separating 

from the initial peak.  This density is consistent with the density of ammonium nitrate (1.77 

g cm-3).  As the larger diameter mode particles continued to grow, the density decreased 

slightly down do an average of ~1.53 g cm-3 which is consistent with a combination of 

ammonium nitrate and SOA (~1.4 g cm-3).  An example of a representative density (F3) 

distribution throughout the irradiation experiment is shown in Figure 4-5. 
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Figure 4-6: Composition of aerosol after 400-500 min of photo-oxidation.  Fuels 

grouped by low aromatic (left) and high aromatic (right) and subsequently ordered 

from low ethanol to high ethanol within the aromatic groupings 

Figure 4-6 shows the overall aerosol composition after 400 to 500 minutes of 

irradiation in the atmospheric chamber. Similar to the tailpipe emissions, the highest 

masses of aerosol at the end of irradiation were all attributed to the high aromatic fuels. 

The largest mass contribution to the total aerosol after irradiation for the majority of fuels 

was inorganic ammonium nitrate (F3 is the most notable exception).  The secondary 

aerosol mass increased by 2.2 to 5.9 times when compared to the tailpipe masses.  This 

increase is low compared to previous work done on vehicle emissions (Roth, et al 2018, 

Gramsch et al 2018).  The largest total aerosol mass formation from the vehicle emissions 

was from fuel F2 (E0 with high aromatics), which formed close to two times as much 
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secondary aerosol compared to other fuels.  There was no statistically significant trend in 

relationship to ethanol content and total aerosol formation.   

 

Figure 4-7: Comparison of initial ammonia concentration in the chamber 

experiments, to total ammonium particulate mass formed. Numbers are Fuels 1-8 

When comparing the initial concentration of ammonia in the experiments to the 

mass of ammonium formed, there was a correlation with an R2 value of 0.75. This is 

compared to the R2 value of the initial concentration of NOx to mass of nitrate formed, 

which had an R2 of < 0.01.  From these relationships, it was determined that the magnitude 

of formation of ammonium nitrate was driven by the initial ammonia concentrations rather 

than the initial NOx concentrations inside the environmental chamber.  From this result, it 

can be concluded that there was excess NOx present for these reactions, and the limiting 

reagent in the formation of ammonium nitrate was ammonia. 
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Ammonia is formed in the TWC after catalyst light-off, though a mechanism that 

involves NO and H2. Molecular hydrogen is produced from water-gas shift reaction 

between CO and water or via stream reforming from hydrocarbons.   Due to the water shift 

reaction, ammonia emissions typically increase with increased tailpipe CO concentrations 

(Suarez-Bertoa, et al, 2014).  In this work, the CO concentrations increased by 26.6% (1.94 

ppm vs 2.45 ppm) when comparing the low aromatic to the high aromatic, while the tailpipe 

ammonia increased by 35.5%.  The increasing ethanol content had a weaker, inverse effect 

on both the CO and ammonia concentrations emitted.   The CO concentrations measured 

were 2.95, 2.09, 1.84, and 1.45 ppm for the E0, E10 E15 and E20 fuels respectively and 

average NH3 concentrations were 79.3, 52.9, 62.6, 45.2 ppb respectively.   
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Figure 4-8:  Composition of the carbonaceous aerosol after ~500 min of irradiation; 

Fuels grouped by low aromatic (left) and high aromatic (right) and subsequently 

ordered from low ethanol to high ethanol within the aromatic groupings 

Figure 4-8 shows the composition of the carbonaceous aerosol at the end of the 

irradiation experiments.  In all experiments, there was a larger mass of SOA (green) formed 

compared to POA (green pattern) mass (from 2.5 to 8.2 times increase) as seen in Figure 

4-8.  Similar to tailpipe measurements, the high aromatic fuel blends accounted for the 

largest total carbonaceous aerosol masses when compared to the similar low aromatic fuels. 
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Figure 4-9: Correlation of the average gaseous emissions for the vehicle on the eight 

different fuels, a) THC emissions, b) NMHC emissions, c) sum of BTEX chamber 

concentrations measured by canister d) sum of GCxGC gaseous measurements 

Comparisons of the volatile organic gaseous emissions to SOA formation displayed 

a positive correlation to the SOA formation (Figure 4-9 a-d) as expected.  The comparisons 

of the emitted THC and NMHC emissions were statistically significant, however had poor 
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linear correlations (0.18, and 0.35) (Figure 4-9 a, b). When increased specificity of the 

gases, the calculated chamber concentration for the BTEX gases collected with a sumac 

canister and detected with GC-MS, correlated much more strongly to SOA formation 

(0.58).   The variation that is seen in this formation is most likely due to the varying NOx 

concentrations in the chamber experiments due to the varying amount of NOx emitted from 

the vehicle on the different fuels, the additional unspeciated gaseous compounds that were 

emitted from the tailpipe.    

To look deeper at the relationship of the SOA formation of the gases, the 

measurements from the GCxGC were utilized.  In these experiments, on average 178 

compounds were identified in each test from the vehicle emissions.  This additional 

speciation allowed for a more comprehensive analysis of the potential aerosol forming 

potential from the gaseous compounds emitted from the tailpipe.  For simplicity, in 

calculation and in the presentation of the data, the compounds were split into three main 

groups, oxygenated, alkanes/alkenes, and aromatic compounds.  It should be noted, the 

values shown in Figure 4-9 display the average peak area % of the total signal, multiplied 

by the NMHC emissions measured on the tailpipe.  With this an approximate mass can be 

assumed, however the response factor will not be consistent test to test, thus no quantitative 

concentrations can be reported.   
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Figure 4-10: Predicted SOA formation from measured gases using maximum yields 

in low NOx conditions 

 With the speciated gas phase concentrations measured, and an assumed maximum 

yield in a low NOx environment as quantified by Derwent et al 2010, on average only 30% 

± 10% of the aerosol could be accounted for with the two measurement techniques used 

for this work.  From these test, the BTEX compounds (benzene, toluene, ethyl-benzene, 

and the xylenes) accounted for 81% ± 5% of the predicted SOA, with the total aromatic 

contribution consisting of 94% ± 1% of the total predicted SOA.  The predicted SOA to 

experimental SOA ratios reported in this work are in line with Gordon et al 2014, and Platt 

et al 2013, however are lower than work done by Du et al 2017, Nordin et al 2013, and 

Roth et al 2018. 

In addition to the emission relationships with SOA, the relationships between fuel 

composition and SOA formation were also explored. It is well established that intermediate 
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volatility organic compounds (IVOCs) may play a key role in SOA formation (Zhao et al., 

2016). Therefore, the correlation between the distillation temperatures of T50, T70, T90, 

and the temperature of complete volatilization (Figure 4-11a-d) to SOA formation were 

investigated.   

 

Figure 4-11:  Fuel distillation comparisons to SOA formation, x-axis is the 

temperature (°C) necessary to distill a) 50% b) 70% c) 90% and d) 100% of the fuel 

 In all cases, as the distillation temperature increased, SOA formation also increased. 

The correlation of T50, T70, T90, and T100 (Figure 4-11 a-d) displayed R2 values of 0.31, 

0.70, 0.79, and 0.65 respectively.  The boiling point for ethanol is 78.4 °C, meaning the 

impact of ethanol content is most apparent in the T50, where all high ethanol fuel blends 

are clumped on the left side of the graph and high ethanol blends on the right (Figure 4-11 

a).  As the distillation fraction increases (T70 and T90) the fuels begin to separate by 

aromatic content (Figure 4-11 b,c) and display the strongest trend to SOA formation.  In 
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regards to the T70, there is still a distinct ethanol trend left to right in both the low and high 

clusters indicating ethanol still has a role in the properties at 70 % distillation indicating 

that both ethanol and aromatic content play a role in the concentration of the lower 

volatility components in fuel.  The role of ethanol is near zero for the T90 and T100 

distillations.  In the temperature of complete volatilization (Figure 4-11 d), Fuel 6 appears 

to stand out as an outlier in regards to heavier less volatile compounds.  This fuel neither 

fits with the low or high aromatic cluster in regards to the complete volatilization which 

may explain why F6 stood out in terms of tailpipe emissions.  All compounds that are 

measured at these distillation temperatures would have too low of a volatility to be 

measured by previously mentioned gas phase instruments, and could account for the 

unexplained SOA mass. 
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Figure 4-12:  SOA formation with respect to fuel a) Aromatic content (% volume), 

b) Ethanol content (% volume) where fuels are separated by low aromatic (red) and 

high aromatic (blue). Fuels are signified by number on the plot. 

The trend of SOA mass formed most closely correlates with the fuel aromatic 

content as shown in Figure 4-12a (R2=0.79).  The relationship between SOA formation to 

aromatic content in the fuel is not expected to be linear, however, the trend of Figure 4-12a 

clearly shows increasing SOA formation with higher aromatic content fuels.  The largest 

deviation to this trend is due to F1 (E0 with low aromatics), the point at 1.95 mg/mile in 

the low aromatic cluster.  There was a less statistically significant, negative correlation, 

between SOA formation when compared to ethanol content (R2=0.26) when comparing all 
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fuels.  In Figure 4-12b the ethanol content of the fuel is plotted against the SOA formation 

however the low aromatic (red) is separated from the high aromatic (blue).  It can be seen 

that there is no significant trend with the high aromatic fuels, however, in the low aromatic 

fuels, there is a decrease in the SOA formation when the ethanol content of the fuel 

increases. Similar results have been observed when exploring the SOA formation from 

higher ethanol fuel blends (Timonen et al 2017, Roth et al, 2018).  The results in Figure 

4-12 display that aromatic content drives SOA formation. However, when aromatic content 

is constant, the addition of ethanol has the potential to decrease the SOA formation which 

is inverse to what was observed in the tailpipe emissions. 
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 Implications: 

Fuel composition altered the concentration and composition of both the gaseous 

and particulate exhaust from this current technology GDI vehicle.  Aromatic content of the 

fuel had a positive correlation with the tailpipe aerosol emitted.  The high aromatic fuels 

emitted an average of 4.27 ± 0.82 mg/mi vs only 2.65 ± 0.82 mg/mi for the low aromatic 

fuels.  Similarly, within the aromatic subgroupings, it was observed that as the ethanol 

content increased, the tailpipe mass increased as well.   

Similar to previous studies (Storey et al, 2014) it was found that the high aromatic 

fuels not only formed a larger mass of black carbon, but black carbon also made up a larger 

fractional contribution to the total mass emitted for the high aromatic fuels (80.4% ± 4.3% 

vs 89.2% ± 2.6%), and had the inverse effect on POA.  There was no significant trend of 

black carbon mass emitted or fractional contribution with ethanol content of the fuels.  

Overall, the distribution of the tailpipe exhaust were all quite similar with slight differences 

in the peak diameter for the diluted emissions in relation to aromatic content as well.   

 When aged, there was a 2.2 to 5.9 times increase in the total aerosol mass.  When 

compared to previous GDI experiments conducted using MACh, the increases in SOA 

mass was relatively small, which can be directly attributed to the low VOC emissions.  The 

evolution of the aerosol distribution throughout the irradiation experiments were 

consistent, and in all experiments the final aerosol distribution was bimodal with a more 

dense large diameter mode of particles, and a less dense small diameter mode of particles.  

With the exception of Fuel 3, a large contribution of the total aerosol mass after irradiation 

was due to ammonium nitrate formation.  The total ammonium nitrate formation strongly 
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correlated with tailpipe ammonia emissions and had no correlation to the NOx emissions 

from the vehicle, indicating ammonia was the limiting reagent in the inorganic salt 

formation.  In the future to reduce the secondary aerosol formation potential from vehicle 

exhaust, it may be important to measure, and regulate the reduced nitrogen species.  

The relationship of the SOA to the THC and NMHC gaseous emissions measured 

at the tailpipe displayed a positive correlation with the SOA formation however displayed 

variability.  When comparing the BTEX gaseous data to the SOA formed, a more consistent 

trend was observed.  Similarly, the GCxGC was used to more accurately speciate more 

gaseous compounds.  The overall contribution of aromatics to the total gases emitted 

strongly correlated (R2 0.83) to the SOA formation confirming aromatic emissions are vital 

to the SOA formation in the atmosphere.  Utilizing the two gaseous classification methods, 

only 30% ± 10% (94% of which being aromatic) of the aerosol could be accounted for 

indicating more work must be done to identify the heavier IVOC, and LVOC compounds 

to get the SOA closure. 

The carbonaceous aerosol formation, and more specifically the SOA, changes 

significantly by the fuel composition.  In the effort to relate the SOA to various fuel 

properties, it was found that SOA most closely correlated with the T70 and T90 of the 

fuels, which most closely relate to the aromatic content of the fuels.  The compounds that 

evaporate within this temperature range would be the least volatile compounds in the fuel.  

If these compounds evaporated or partially combusted, they would readily oxidize and 

contribute additional SOA mass.  There was a poor relationship between the bulk ethanol 

content and SOA, however if the fuels were separated by aromatic content, an inverse trend 
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was present for the low aromatic subgroup  As the ethanol content increased, there was a 

decrease in SOA formation potential (no difference in high aromatic).  

From this work it can be concluded that the aromatic content of the fuel is plays the 

largest role in both the tailpipe emissions and the secondary aerosol potential of the fuel.  

As seen in previous works, ethanol can have varying effects on the tailpipe PM emissions, 

and in this work it was found that with increasing ethanol, there was increasing PM.  

However, ethanol content does play a minor role in the overall reduction in the SOA 

potential of the vehicle.  In the future it may be valuable to replace some of the heavier, 

less volatile compounds in fuel with ethanol to aid in the reduction of secondary potential 

from the emissions.  
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 Supplemental: 

Table 4-2: Speciated Hydrocarbon Fuel Analysis  

Group (Vol %) F1 F2 F3 F4 F5 F6 F7 F8 

Paraffin 14.05 16.60 18.07 21.37 17.68 21.02 21.40 16.35 

I-Paraffins 35.98 28.47 26.28 17.82 24.11 20.31 17.82 22.34 

Aromatics 23.45 34.70 27.85 32.19 25.67 23.55 32.13 24.02 

Mono-Aromatics 21.87 32.50 26.15 30.14 24.12 21.87 30.13 22.55 

Naphthalenes 0.46 0.55 0.47 0.55 0.43 0.48 0.51 0.40 

Naphth/Olefino-Benz 1.12 1.65 1.22 1.50 1.11 1.19 1.48 1.06 

Indenes 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Naphthenes 16.52 10.13 8.24 5.04 8.06 11.79 5.04 7.21 

Mono-Naphthenes 16.52 10.13 8.24 5.04 8.06 11.79 5.04 7.21 

Di/Bicyclo-Naphthenes 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Olefins 9.30 8.55 9.73 8.08 8.90 7.98 8.08 8.14 

n-Olefins 7.80 7.46 8.21 7.41 7.86 6.40 7.41 7.29 

Iso-Olefins 0.89 0.91 0.93 0.63 0.84 0.95 0.63 0.80 

Naphtheno-Olefins 0.60 0.17 0.58 0.03 0.19 0.63 0.03 0.05 

Di-Olefins 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Oxygenates 0.00 0.00 9.24 14.53 14.91 14.23 14.53 20.90 

Unidentified 0.68 1.52 0.57 0.94 0.66 1.09 0.97 1.00 
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Table 4-3: Main physiochemical properties of the test fuels 

Property Fuel 1 Fuel 2 Fuel 3 Fuel 4 Fuel 5 Fuel 6 Fuel 7 Fuel 8 

Fuel Classification LA E0 HA E0 LA E10 HA E10 LA E15 LA E15 HA E15 LA E20 

Research Octane Number 91.7 91.0 91.5 90.8 94.4 92.9 91.2 96.8 

Motor Octane Number 84.5 83.4 84.0 83.1 85.2 84.2 83.7 86.2 

Octane Rating 88.1 87.2 87.8 87.0 89.8 88.6 87.4 91.5 

Total Aromatic (vol %) 21.2 29.4 21.4 29.1 20.3 21.8 29.3 19.1 

Ethanol Content (vol %) 0.00 0.00 9.98 9.62 14.72 14.77 14.74 19.61 

C6 Aromatics (vol %) 0.5 0.6 0.6 0.6 0.5 0.5 0.6 0.5 

C7-C9 Aromatics (vol %) 15.8 22.3 15.7 22.3 14.9 16.1 22.3 14.1 

C10+ Aromatics (vol %) 4.9 6.7 5.1 6.3 4.8 5.1 6.4 4.5 

Olefins (vol %) 7.9 6.5 7.0 8.1 6.5 7.3 8.6 6.0 

Saturate Content (vol %) 70.9 64.1 61.7 53.1 58.5 56.1 47.4 55.3 

Hydrogen Content (wt %) 14.06 13.65 13.79 13.13 13.51 13.38 13.02 13.54 

Carbon Content (wt %) 85.94 86.35 82.52 83.29 81.07 81.19 81.52 79.26 

Oxygen Content (wt %) 0.00 0.00 3.69 3.57 5.42 5.43 5.48 7.20 

C/H Ratio (wt/wt) 6.111 6.326 5.984 6.342 6.002 6.066 6.260 5.852 

H/C Ratio (mole/mole) 1.950 1.884 1.991 1.879 1.986 1.965 1.904 2.036 

O/C Ratio (mole/mole) 0.000 0.000 0.034 0.032 0.050 0.050 0.050 0.068 

Heat of Combustion [MJ/kg] 43.77 43.50 41.82 41.72 40.95 40.97 40.76 40.13 

Specific Gravity @ 60.0 F 0.7416 0.7544 0.7455 0.7565 0.7482 0.7505 0.7599 0.7507 

Density @ 15.56 C (g/cm3) 0.7409 0.7537 0.7448 0.7557 0.7474 0.7497 0.7592 0.7499 

RVP @ 100 F (psi) 8.86 8.76 8.97 9.20 8.77 9.09 9.09 8.59 

Distillation, IBP 32.6 31.1 36.3 33.2 37.4 36.1 35.3 35.9 

Distillation, 10% (°C) 53.3 51.5 53.0 51.7 53.4 52.2 53.4 54.1 

Distillation, 20% (°C) 65.3 64.7 58.1 58.3 58.8 57.5 60.1 59.8 

Distillation, 30% (°C) 76.2 78.6 62.4 63.8 63.4 62.1 65.4 64.5 

Distillation, 40% (°C) 87.1 94.5 66.2 68.3 67.4 66.1 69.6 68.4 

Distillation, 50% (°C) 100.4 112.6 87.0 97.4 70.9 69.8 72.9 71.8 

Distillation, 60% (°C) 114.8 127.4 111.3 121.1 102.8 90.2 112.7 74.7 

Distillation, 70% (°C) 126.4 140.7 125.9 136.9 124.0 124.2 133.4 120.2 

Distillation, 80% (°C) 139.8) 156.1 139.7 152.0 138.1 142.3 150.9 135.5 

Distillation, 90% (°C) 160.2 172.4 158.6 169.4 157.8 162.6 169.7 155.0 

Distillation, 95% (°C) 177.5 182.8 175.8 182.5 175.9 179.2 182.2 173.8 

Distillation, Dry Point (°C) 202.2 204.4 202.1 204.4 202.3 203.4 204.3 202.2 

Recovery (vol %) 97.5 97.7 97.9 97.8 97.5 98.1 97.7 98.1 
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Figure 4-13: Correlation of SOA formation to a)fuel PMI, b) Olefin Content, c) C7-

C9 aromatic content (% volume), d) C10+ aromatic content (%volume), e) Octane 

numbers, f) RVP @ 100 °F, g) Specific gravity @ 60 °F, h) Heat of combustion 

(MJ/kg).  Fuels are signified by number on the plot. 

 



 180 

 

Figure 4-14: Correlation of SOA formation to a) Fuel density (g cm-3), b) Saturate 

content (% volume), c) O:C (mole/mole), d) H:C (mole/mole), e) Hydrogen content 

(% weight), f) Carbon Content (% weight), g) Oxygen content (% weight).  Fuels 

are signified by number on the plot. 
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Figure 4-15: LA92 or Unified Driving Cycle (UC) comprised of three phases; Cold-

start, urban, and hot-start phases.  The vehicle’s engine is turned off for the 

duration of the hot soak. 
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Figure 4-16: Flow chart showing the preconditioning and test procedure for the 

vehicle after a fuel change. 
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The fuel content also had little effect on the bulk size distribution of the particles 

emitted from the vehicle after dilution in the chamber.  For all fuels, the emissions from 

the vehicle was a broad, unimodal, Gaussian distribution of particles, centered at ~75 nm.  

Even though the distribution was similar, the value for the peak diameter was reliant on the 

different fuel compositions.  Similar to the mass, there was no clear trend for peak diameter 

solely in relation to ethanol content, however, there was a strong positive correlation to the 

aromatic content of the fuel.  When the vehicle was operated on the high aromatic fuels, 

the average peak diameter of the aerosol was at 79.3 nm ± 4.1 nm compared to 64.3 nm ± 

1.7 nm when operated on the lower aromatic fuels (Figure 4-17).  When separated by 

aromatic groupings, there did appear to be a positive correlation to ethanol content and 

peak diameter size (Figure 4-17).  

  

 

Figure 4-17: Average peak diameter of the initial diluted tailpipe exhaust 

distribution vs aromatic (a) and ethanol (b) content (% volume) of the fuels 
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Figure 4-18: Example of a chromatograph utilizing the GCxGC setup described in 

4.7.1.  Generalizations on composition were made utilizing the boxes displayed. 
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4.7.1 GCxGC Procedure: 

The sorbent tubes used for collection were 8.9 cm long x 0.64 cm (od) stainless 

steel tubes with an inert, SilcoTek coating; each cartridge contained a dual-sorbent bed 

composed of 100 mg Tenax TA 35/60 and 200 mg Carbograph 1 TD 60/80 in series 

(Camsco, Inc., Houston, TX).   Prior to use, each sorbent tube was conditioned at 320 oC 

for one hour with a continuous flow of ultra-pure nitrogen. All sampled sorbent tubes were 

below 0oC and analyzed within three months from collection. 

For each irradiation experiment, gas samples were collected from both the CVS and 

MACh.  When sampling from the CVS, the apparatus was connected via a Teflon sample 

line (~30 cm long x 0.64 cm od) directly to the CVS.  Samples were collected at 100 

mL/min for the duration of each driving cycle (excluding the hot soak).  Samples collecting 

diluted exhaust from MACh collected for 30 min at 100 mL/min prior to irradiation. For 

all collection, a Teflon filter was placed upstream of the sorbent tube to prevent particles 

from reaching the sorbent tube. 

Three background samples that mimicked a driving cycle were taken from the CVS; 

three blank sorbent tubes were also retained. One breakthrough test was conducted per fuel 

to determine which compounds were incompletely trapped on a single sorbent tube. Three 

background samples were also collected from the mobile chamber. 

Prior to desorption, a gaseous internal standard mixture (1,2-Dichlorobenzene-D4, 

1-Bromo-4-flurobenzene, Fluorobenzene, Toluene-D8) was automatically added to each 

sorbent tube. Sorbent tube samples were thermally desorbed using an automated thermal 
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desorber (ATD, TurboMatrix 650, Perkin Elmer, Waltham, MA). Each sorbent tube was 

desorbed (300oC, 12 min, 50 mL/min) onto a Tenax focusing trap (-20oC). The trap was 

then desorbed (300oC, 4 min) via a fused silica transfer line at 235oC to the GC×GC–

ToFMS (Pegasus 4-D, Leco Corp., St. Joseph, MI). The analytical column set included a 

DB-VRX primary column and a Stabilwax secondary column. The GCxGC–ToFMS 

conditions are summarized in Table 4-4.  A hydrocarbon standard mixture (PiONA mix, 

RESTEK, Bellefonte, PA) containing 133 compounds (alkanes, alkenes, and aromatic 

hydrocarbons) was analyzed to positively identify those compounds. 

Data were processed using a reference method within the ChromaTOF software 

package (LECO Corp., St. Joseph, MI). The sample with the highest number of peaks 

(~187) was selected as a reference and compounds were positively identified, where 

possible, based on the PiONA standards. A peak was not used in the analysis if the mass 

spectral match similarity with the National Institute of Standard Technology (NIST) mass 

spectral database was less than 700. If a compound could not be positively identified a 

group name and carbon number (e.g. C6-Paraffin) was assigned based on neighboring 

peaks. The remaining samples were processed using the reference sample. Applying the 

reference method ensured that compounds were consistently named across all samples. The 

peak area of each analyte was then background corrected. The background samples 

collected for the CVS and chamber, were checked for consistency. For the peaks that were 

significantly higher or lower the average values between the three samples were used. 

Compounds were removed from consideration if their peak areas were ≤ 0 following 

background correction. 
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Table 4-4: GCxGC sampling and detection specifications for the collected samples 

from both the CVS and the chamber 

Mass injected 8.3% (CVS), 18.4% (Chamber) 

Column flow 1.8 mL min-1  

Primary column DB-VRX, 30m, 0.25mm I.D., 1.4 μm film (Agilent, Santa 

Clara, CA) 

Primary oven program 35 °C for 10 min, 1.25 °C min-1 to 170 °C, 10 °C min-1 to 

185 °C  

GC x GC modulation 3.5s period, 0.75s hot pulse 

GC x GC modulator Trapped with cold gas from liquid nitrogen, then hot pulse 

at 50 °C above 

Secondary column Stabilwax, 1.5 m, 0.25mm I.D., 0.5 μm film (Restek, 

Bellefonte, PA) 

Secondary oven 15 °C above primary oven 

MS detector 225 °C, Electron impact, 70 eV 

MS data acquisition 227 spectra s-1, 34-550 amu 
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 Abstract: 

The goal of this chapter was to aggregate all data collected from all vehicle exhaust 

irradiation experiments utilizing UCR’s Mobile Atmospheric Chamber, and find trends in 

the secondary aerosol formation.  The SOA formation potential measured in this work were 

right in line with previous experiments with chambers exploring the secondary potential of 

vehicle exhaust.  We observed a decrease in the secondary organic aerosol potential of the 

vehicle exhaust as the certification standard increased.  Similarly as the ethanol content of 

the fuel increased, so did the secondary organic aerosol potential.   

In regards to observed trends in the exhaust, not surprisingly, as the NMHC 

emissions increased, so did the SOA formation potential.  The trend was very strong in 

emissions over 20 mg/mi however there was much more variability in the lower emission 

levels (<20 mg/mi).  This variation in trend was most likely due to the differences in the 

composition of the complex NMHC mixture. 

Next the yield of the vehicle exhaust were explored, and the trend was quite broad 

when looking at all tests as a whole.  However, when exploring the similar reaction 

conditions, it was found that in the lower VOC:NOx ratio conditions, there was a strong 

log normal trend where the yield appeared to plateau around 0.13.  In the higher VOC;NOx 

regime the yield was found to be much higher with a plateau around 0.35.  More 

relationships with the yield and various concentrations were also explored.  No trends with 

the formation of inorganic salt were found. 
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 Introduction: 

In the atmosphere, NOx, and volatile organic compounds (VOCs) can undergo 

atmospheric photo-oxidation, resulting in the formation of secondary lower volatility 

organic gases.  As the gases continue to react, the volatility of the gases decrease until 

ultimately condensing onto existing particles, thus increasing the atmospheric organic 

aerosol mass.  The formation of organic mass as a result of VOC oxidation is classified as 

secondary organic aerosol or SOA (Getner, et al, 2009; Odum, et al, 2009). 

A considerable source of VOCs emitted in urban areas, are attributed to mobile 

sources operating on fossil fuel.  Gasoline vehicles (in comparison with diesel vehicles) 

are more influential emitters of reactive organic gases; and contribute to increased SOA 

formation in high traffic areas.  This is due to the hundreds of light hydrocarbon species in 

gasoline that are known SOA precursors (Gentner, et al, 2017).  Bahreini et al (2012) 

showed that gasoline exhaust is the main source of SOA in the Los Angeles basin from 

ambient SOA measurements utilizing an AMS. 

Past vehicle tailpipe experiments have concluded that the gaseous emissions from 

similar certification standard vehicles are comparable, however differences are observed 

between varying certification standards (Saliba et al 2017).  Similarly, when comparing the 

emissions from vehicles operated on varying composition of fuels, it has been found that 

the vehicle exhaust has the potential to vary greatly (Suarez-Bertoa, et al 2015).  The 

variation in gaseous emission from varying fuel content can lead to differences in the 

fractional chemical composition of the VOCs emissions, which directly affects the SOA 

formation potential.   
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The total VOC’s measured at the tailpipe are typically classified as the total 

hydrocarbon (THC) emission factor.  Methane can constitute a considerable portion of the 

THC, so another distinction in the gases measured at the tailpipe is looking at the non-

methane hydrocarbons (NMHC).  Little work has been done to understand the effect of 

fuel composition on the variations of NMHC composition thus affecting the SOA 

formation potential from vehicle exhaust.  In addition to NMHC composition, several 

factors (e.g., oxidants, OH, NOx etc) can influence atmospheric SOA formation from 

tailpipe emissions. Due to all of these complex factors, models attempting to predict SOA 

formation in the atmosphere are not able to account for the total measured SOA mass 

(Volkamer, et al 2006).   

Modelers attempting to predict the formation of secondary organic aerosol from 

specific emissions rely on experimental data for quantification.  Typically, experiments 

simulate a wide range of reactant concentrations, and experimental conditions for the single 

precursor to allow a range of yields for SOA formation.  Works investigating these yields 

typically focus on single precursor reactions due to the complexity of the photochemistry.  

Little work has been done exploring the yield of formation from complex emission 

mixtures, such as vehicle exhaust, due to the added complexity of composition of reactive 

organic gases and NOx emissions. 

As stated, yield of reactants are typically the easiest way to predict SOA formation 

in the atmosphere.  The yield (Y) is defined as the mass of the organic aerosol formed (Mo) 

divided by the amount of hydrocarbon consumed (ΔTHC) (Odum, et al 1996; 1997).  The 

equation for yield is shown below. 
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𝑌 =
∆𝑀𝑜

∆𝑇𝐻𝐶
 

The goal of this chapter is to aggregate all data collected from the vehicles tested 

thus far utilizing UCR’s Mobile Atmospheric Chamber (MACh), and attempt to relate to 

previously peer reviewed works, and find trends in the SOA formation potential.  This 

chapter will focus on SOA formation and only touch on the inorganic secondary aerosol 

due to the complexity and uncertainty associated with SOA formation.  Specifically, we 

will find trends in the SOA formation potential for gasoline vehicle exhaust which may 

ultimately allow modelers to more accurately predict atmospheric SOA concentrations 

from anthropogenic vehicular exhaust. 
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 Experimental: 

All tests were conducted in CE-CERT’s Vehicle Emissions Research Laboratory 

(VERL), on a Burke E. Porter 48-inch single-roll electric dynamometer. A Pierburg 

Positive Displacement Pump-Constant Volume Sampling (PDP-CVS) system was used to 

obtain standard bag measurements for total hydrocarbons (THC), carbon monoxide (CO), 

nitrogen oxides (NOx), non-methane hydrocarbons (NMHC), and carbon dioxide (CO2). 

Bag measurements were made with a Pierburg AMA-4000 bench.  

5.3.1 Chamber Experiments: 

The photochemical aging experiments were carried out in UCR’s (University of 

California, Riverside) Mobile Atmospheric Chamber (MACh). The MACh consists of a 30 

m3 2 mil fluorinated ethylene propylene Teflon film reactor. Briefly, the reactor is enclosed 

in a segmented, lightweight aluminum frame fitted with wheels and a static resistant/UV 

blackout tarp. It is surrounded by 600 15 W, 18”, T8 black light fluorescent bulbs that serve 

as a photochemical light source.  

Prior to each irradiation experiment, the chamber was cleaned by injecting O3, H2O2, 

and purified air (AADCO 737 air purifier) and was irradiated with UV light. The AADCO 

air consists of no detectable reactive compounds (i.e., H2O, NOx, CO, O3, hydrocarbons) 

to minimize background reactions in experiments. The chamber was then subsequently 

emptied and filled repeatedly until all gases and particles were measured to be below 

detection limit (H2O < -50°C dew point, NOx, CO, HC, and O3 at ~0 ppb, and PM=0 µg 
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m-3) then flushed with purified air overnight. Prior to the injection of vehicle exhaust, the 

chamber was half-filled with the AADCO air. 

The dilute exhaust was injected from the PDP-CVS into MACh during an LA92 cycle 

(excluding the hot soak). The exhaust was injected utilizing two Ejector Dilutors (Air-Vac 

TD11OH) in parallel, connected to a home built clean air system with filters and desiccants 

to remove the PM (HEPA filters), water (silica gel columns), NOx (Purafil), CO (Carulite 

canister), and hydrocarbons (activated charcoal) from the dilution air. The injection lines 

consisted of 8.5 m of 0.5” stainless steel tubing. The dilution setup was designed to allow 

a variation of dilution from 50:1 up to 200:1 by varying the dilution air and CVS flow. 

MACh utilized gravitational forces to ensure a positive pressure inside the reactor, such 

that potential holes in the Teflon surface of the chamber will force air to flow out of the 

reactor.  This minimized the contamination and dilution of the exhaust throughout the 

experiment.  

For all experiments, after the exhaust was collected, the chamber was filled to 

maximum volume with purified air. A concentration of 1.0 ppm of H2O2 was also injected 

to act as an OH radical source. Prior to irradiation, the primary exhaust was evaluated for 

about 30 min to help characterize the diluted tailpipe composition. The emissions were 

then photo-oxidized continuously for 7-10 hours. The exhaust was monitored during photo-

oxidation utilizing a host of gaseous and particulate instruments allowing for real time 

evaluation of the aged exhaust. All chamber experiments were concluded when the wall-

loss corrected aerosol mass formation, and the ozone concentration plateaued.  
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The SOA formation potential from vehicle exhaust is complex, and can be affected by 

a host of different conditions.  Previous work has altered the concentrations of VOC’s 

(addition of propene), and also the concentration of NOx (addition of HONO) (Gordon, et 

al, 2014) in an attempt to create similar reaction conditions test to test.  All experiments in 

this work only utilized the emissions from the vehicle exhaust, and did not attempt to alter 

any VOC or NOx concentrations (excluding V8.  More information can be found in 

Chapter 3 of this dissertation). 

5.3.2 MACh Instrumentation: 

Particle phase instrumentation included a commercial scanning mobility particle sizer 

(SMPS) consisting of a TSI 3080 Electrostatic Classifier, TSI 3081 long column 

Differential Mobility Analyzer (DMA) column, and a TSI ultrafine condensation particle 

counter (CPC) 3776. The 3776 CPC was operated in ‘low flow mode’ with a sample flow 

of 0.3 LPM and the sheath flow was set to 3.0 LPM. The SMPS measured electrical 

mobility diameters from 14.6 nm to 661.2 nm. Black carbon mass was measured with an 

AVL Micro Soot Sensor (MSS) with a high power laser diode operating at 802 nm with a 

photoacoustic sensor.  

For the chemical composition of aerosol, an Aerodyne high-resolution time-of-

flight aerosol mass spectrometer (HR-ToF-AMS) was used (Aiken, et al, 2008). The HR-

ToF-AMS provided real-time information of the non-refractory aerosol, including sulfate, 

nitrate, ammonium, chloride, and organic. The HR-ToF-AMS was operated in both V and 

W modes, and the data processing was completed using the ToF-AMS Analysis Toolkit 
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1.57 and ToF-AMS HR analysis 1.16. The Unit Mass Resolution (UMR) and HR Frag 

table for CO2 were altered from the assumed concentration of 370 ppm to the measured 

CO2 concentration using a LI-COR ® LI-840A CO2/H2O analyzer.  

A Kanomax APM analyzer system was used to measure particle effective density. 

The APM was paired with a home built SMPS. Particles were initially selected by mass 

and later passed through a scanning DMA column where an effective density based on the 

electrical mobility diameter was calculated. The APM has the ability to select aerosol with 

a mass from 0.30 to 50.0 fg, which is equivalent to a particle of unit density with a diameter 

of 50 to 400 nm. A more detailed summary of the APM-SMPS system is described in 

Malloy, et al, 2009.  

SMPS data was used for the calculation of the volume of aerosol during the 

irradiation experiments. All SMPS data was corrected for particle wall losses using first 

order wall loss kinetics, as described in detail by Cocker et al. 2001. Vapor wall losses have 

been assumed and measured to be insignificant in past chamber experiments (Vu et al, 

2018).  From the volume, mass was calculated by using effective density measurements. 

Final mass calculations were determined from the effective density and volume calculated 

at the end of the irradiation experiments. 
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5.3.3 Vehicles: 

Table 5-1: Information on all vehicles, tested with the MACh, number in left column 

indicatex the number of experimental configurations (data points) for each vehicle  

Designation 
Make, 

Model 
M.Y. Displacement 

Certification 

Standard 

Exptl. 

Config. 

V1 Hyundai, Accent 2015 1.8 L LEVII 1 

V2 Honda, Accord 2015 3.6 L LEVII 1 

V3 Kia, Soul 2016 2.0 L LEVII 1 

V4 Chevy, Impala 2016 3.5 L LEVII 1 

V5 Mazda, Mazda 3 2016 2.0 L LEVIII 2 

V6 Ford, Fusion 2016 1.5 L LEVII 2 

V7 Ford, Focus 2016 2.0 L LEV II 8 

V8 Chevy, Equinox 2017 2.4 L LEV II 8 

VX Ford, Fusion 2017 1.5 L LEVIII 8 

 

The vehicles that are reported in this chapter are all vehicles tested thus far at UCR 

utilizing the Mobile Atmospheric Chamber (MACh).  The vehicles fall into four different 

projects with different funding sources.  V1-V4 were funded by AQMD and focused on 

the SOA formation from GDI vehicles of different makes and models.  The engines all had 

different displacements and relatively low mileage.  All vehicles were of the same 

certification standard (LEVII).  The main focus of this study was to classify the chamber, 

and gain an understanding of the secondary aerosol potential from GDI vehicles.  All 

vehicles were tested over a cold-start LA92 in triplicate.  A more detailed analysis of this 

work can be found in Vu et al (2018). 

 The next project included V5 and V6, which was funded by AQMD and MECA.  

The focus of the study was to investigate the secondary aerosol production from two low 
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mileage GDI vehicles with and without a catalyzed GPF.  This study is first of its kind, as 

there is no current information on how a catalyzed GPF can alter the secondary aerosol 

potential from vehicle exhaust, however one project looked at secondary aerosol from a 

vehicle operated with a standard GPF (Pieber, et al, 2018).  For this work both V5 and V6 

were tested over a cold-start LA92 both with and without a catalyzed GPF in triplicate.  A 

more detailed analysis of this work can be found in Chapter 2 of this dissertation. 

 The third project included V7 and V8, and was funded by ICM Inc.  The goal of 

this project was to observe the effects that high ethanol fuel blends can have on both the 

tailpipe and the secondary aerosol formation from vehicle exhaust.  This study evaluated 

four fuels, including two low ethanol content fuels (E10 and E10 high aromatic), a 

moderate ethanol content fuel (E30), and a high ethanol content fuel (E78).  Another focus 

of the study was to evaluate the effect of driving cycle on each fuel.  For this study, both 

vehicles, on each fuel, were tested over both a cold-start and hot-start LA92 in triplicate.  

Similar work was done by Timonen et al (2017) who found lower SOA production with 

higher ethanol blending when they tested a GDI FFV over the NEDC using a potential 

aerosol mass (PAM) reactor.  They also reported that the cold-start phase of the cycle 

dominated the SOA production.  More information on this project can be found in Chapter 

3 of this dissertation. 

 The final project completed utilizing MACh was funded by Growth Energy.  The 

focus of this study was to evaluate the effects of ethanol and aromatic content of fuel at 

lower ethanol fuel blends (E0-E20).  In this work, the fuel blends were closer to what is 

commercially available and spans the range of aromatic content that can be found across 
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the country.  In this work, eight fuels were tested, two E0s, two E10s, 3 E15s, and an E20.  

This study allowed the evaluation of similar fuels with small variations to determine what 

factors in fuel can change the secondary aerosol formation potential of the emission.  The 

vehicle was tested on all eight fuels over a cold-start LA92 driving cycle in duplicate.  More 

information on this work can be found in Chapter 4 of this dissertation. 

 All the data shown in this chapter will be the averaged secondary aerosol formation 

for each testing condition. This work splits data into multiple groupings.  The first grouping 

is set by the certification standard (LEVII and LEVII).  The LEVII grouping includes V1-

V4, V5, V5 GPF, V7 E10, V7 HA E10, V8 E10, and V8 HA E10 (all cold-start).   The 

LEVIII grouping includes, V5, V5 GPF, and all VX tests.  This was done to keep similar 

driving cycles (all cold-start LA92 tests), and all similar composition fuels (all E0-E20 

fuels).   

 The second set of groupings only focused on the ethanol content of the fuel. In the 

E0-E20 grouping included V1-V6 (including V5 GPF and V6 GPF), V7 E10s (only cold-

start), and all VX tests.  The E30-E78 included V7 and V8 all tests for E30 and E78.  For 

the high ethanol blends the hot-start tests were included due to a lack of data points. 
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 Summary: 

 

Figure 5-1: SOA formation measured in this work (orange) compared to previously 

peer reviewed publications (blue).  Comparisons were make for the certification 

standards (left) and for similar ethanol fuel compositions (right)  

 When compared with previous peer reviewed studies exploring the SOA formation 

from gasoline powered vehicles, this work falls right in line with what has been previously 

measured.  Gordon et al (2014) measured the SOA formation of 15 light-duty gasoline 

vehicles with a model year range from 1987 to 2011.  These vehicles were categorized by 
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certification standards of pre-LEV, LEVI, and LEVII.  All vehicles were tested over a cold-

start LA92 (identical to this work), and measured the SOA formation in an atmospheric 

chamber.  The vehicles were tested on typical commercial, E10 fuel.  The SOA formation 

potential dropped as the certification standard became more stringent.  For the LEVII 

certification standard, Gordon measured 27.5 mg/kg-fuel compared to the 33.2 mg/kg-fuel 

measured in this work.  Liu et al (2015) and Nordin et al (2013) also measured the SOA 

formation potential from gasoline vehicle exhaust and found that with the Euro1-4 

emissions the SOA formation potential was approximately 22 mg/kg-fuel on average.  This 

is slightly higher than what was measured for the LEVIII for this work at 10.5 mg/kg-fuel.  

 In regards to the higher ethanol content fuel, Suarez-Bertoa et al (2015) looked at 

the SOA formation potential of a GDI vehicle (Euro 5a certification standard) measured 

that on average there was an SOA formation potential of 11.6 mg/kg-fuel.  This once again 

is right in line what was measured in this work for the E30 fuels and the E78 fuels tested.  

Ultimately, this work falls right in line with many previous studies. 

5.4.1 Non-Methane Hydrocarbon Relationships: 

The secondary organic aerosol formation (SOA) formed from vehicles in Table 1 

are compared to their respective non-methane hydrocarbons (NMHC) emission factor.  In 

the following comparisons, all vehicles, and fuels will be initially combined into a single 

plot.  The data will then be separated by varying engine certifications, and fuel 

compositions to further explore notable trends. 
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Figure 5-2: Plot comparing the SOA formation to the NMHC emissions of the nine 

vehicles tested, with all fuels, and all driving cycles included 

Figure 5-2 shows the SOA formation for all vehicles, in all testing configurations 

vs the NMHC emission factor from the vehicles.  There is a convincing increasing trend in 

SOA formation with the increased NMHC emissions.  This result is expected due to NMHC 

emissions being the complex mixture consisting of the reactants that undergo oxidation 

reactions to ultimately form SOA (Kroll and Seinfeld, 2008).  The increasing trend is 

definitive, however there is variability in the measured data.  The higher emitting vehicles 

(NMHC emissions >20mg/mi) display a linear increasing trend.  When the emission factor 

increases, there is a simultaneous and consistent increase in the SOA formation. 

The aerosol formation from the experiments with lower NMHC emission factors 

(<20 mg/mi), however, display much more variability.  This result could be due to a host 
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of reasons; lower VOC concentrations in the chamber experiments, variability in the 

composition of the NMHC emissions, or error within the formation and measurement of 

SOA in chamber experiments.  The duration of this section will focus on separating and 

evaluating the variations in the experimental conditions. 

The first distinction in aerosol formation explored focused on observing any 

variability due to engine certification standards.  Previous work by Gordon et al observed 

different SOA formation from different engine certification standards.  Thus here we 

explore if any clustering was present in the data set.  Specifically, we probe two different 

certification standards of vehicles; LEVII (V1, V2, V3, V4, V6, V7, V8) and LEVIII (V5, 

VX).  In this figure only similar fuel tests, and the similar drive cycle tests were included.  

Meaning in the below figure, only cold-start LA92 cycles, and only vehicle tests were 

operated on fuel containing 0%-20% ethanol content by volume. 
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Figure 5-3: Plot of the SOA formation vs NMHC emissions for the cold-start LA92 

driving cycles, and E0-E20 fuels separated by certification standard of the engine 

(LEVII (red) & LEVIII(blue)) 

Figure 5-3 shows some obvious clustering with the two different certification 

standards.  The older more relaxed certification standard LEV II has more spread in NMHC 

emissions and SOA formation, while the more stringent certification LEVIII bunched to 

the lower left corner.  On average the NMHC emissions were reduced from 20.03 mg/mi 

to 4.87 mg/mi (76% reduction).  As a result, the SOA formation was decreased from 3.59 

mg/mi to 1.80 mg/mi (50% reduction).  This, in addition to the 36% average reduction in 

the tailpipe PM, ultimately results in a 42% reduction in the total carbonaceous aerosol 

emitted from the vehicles (including black carbon, POA, and SOA).  The results indicate 
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that as the certification standards are increasing, regulators are effectively reducing the 

tailpipe aerosol and also reducing the SOA potential from vehicle exhaust.   

Next, to further explore the variation observed in the lower emissions factors in 

Figure 5-2, the vehicles were split by the fuels.  Variations in fuel’s ethanol content are 

directly related to the varying gas phase composition and thus SOA forming potential of 

the emissions.  For this comparison, the vehicles were split into two categories; low ethanol 

blends (0-20% ethanol by volume), and mid to high ethanol blends (30%-78% ethanol by 

volume).  All results in this comparison utilized data on similar driving cycles (cold-start 

LA92), however for the very few experiments with E30-E78 fuels all drive cycles (hot-

start and cold-start LA92) were used in the analysis.   
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Figure 5-4: Plot of the SOA formation vs NMHC emissions for the cold-start LA92 

driving cycle experiments operated on the E0-E20 test fuels, and all driving cycle 

experiments operated on the E30-E78 fuels 

Contrary to Figure 5-3, where the different certification standards clustered 

together, the groups in Figure 5-4 showed similar increasing trends between the two 

categories with the main difference being the shift right for the mid to high ethanol blended 

fuels.  The experiments shown for the E0-E20 fuels show a strong natural log relationship 

between NMHC emissions and SOA formation (R2=0.92).  This relationship agrees with 

the work done by Saliba et al (2017) where the composition of the emissions are similar 

enough such that a trend can be observed between the emission factors of the NMHC and 

SOA.  Interestingly, the high ethanol blends also display a trend (R2=0.83) even with the 

limited data points.  This distribution falls below the lower ethanol fuel blend trend line, 
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indicating that a similar NMHC emission factor will result in a lower SOA formation 

potential.   

The NMHC emission factors for the two fuel content groups were virtually identical 

with an average of 13.8 mg/mi for both the E0-E20 and the E30-E78 groups.  However, 

when comparing the average SOA formation from these two groups, there is a 46% 

reduction in the SOA for the high ethanol blends compared to the low ethanol blends.  This 

is most likely attributable to variations in the composition of the NMHC emitted from the 

tailpipe.  The reduction is reasonable, as the addition of ethanol will displace some of the 

heavier, less volatile components in fuel.  Less volatile compounds require fewer reactions 

to form SOA.  The results shown here indicate that similar mass emissions are yielding 

smaller, more volatile products which would ultimately have lower yields of SOA 

formation. 

5.4.2 Yield Relationships: 

For the yield calculations, it was assumed that 100% of the total hydrocarbon 

(THC) emissions were consumed.  The yield varied based on the concentration of HC 

present, and the reactivity of the environment (i.e. VOC:NOx ratio).  Typically the yield 

curves are lognormal in distribution and at the plateau, would be considered the maximum 

yield of formation from a single precursor or mixture.   
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Figure 5-5: Yield vs the SOA formed for the vehicle exhaust irradiation experiments 

from all vehicles, driving conditions, and fuels 

Figure 5-5 shows all vehicles, in all testing configurations and fuels, vs the SOA 

formed in the irradiation experiments.  In Figure 5-5 there is no convincing trend (natural 

log trend with R2=0.14).  With this wide spread variation in yields and SOA formation, 

modelers would struggle to have confidence in a predicted SOA yield from the emissions 

data.  However, the deviation in the data does seem to display trends in regards to the 

VOC:NOx ratios (color scale).  To further investigate this, the experiments were separated 

into two groups; a VOC limited regime (VOC:NOx ratio <3) and a moderate VOC regime 

(10 > VOC:NOx > 3) as shown in Figure 5-6 and Figure 5-7.  The moderate VOC regime 

would be most similar to atmospheric conditions. 
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Figure 5-6: Yield vs the SOA formed for the vehicle exhaust irradiation experiments 

for all experimental conditions with a VOC:NOx ratio less than 3.0 (white circles 

are experiments with VOC:NOx greater than 3.0) 

Figure 5-6 shows only the yields for vehicle tests with an VOC:NOx ratio below 

3.0.  The experiments in this category would be considered to be VOC limited.  Previous 

work studying yield in different conditions have found that in VOC limited or excess NOx 

environments, produce a lower SOA yield (Kroll, et al, 2005).  This is what is observed for 

the vehicles measured throughout this work.  A log normal fit line was calculated for these 

subset of experiments, and it was found that the plateau that is typical in yield curves 

appears to level off around 0.13 indicating that in a regime with excess NOx, it is expected 

for 13% of the tailpipe NMHC emissions mass to ultimately form SOA mass.  The R2 for 
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the log normal trend for the VOC limited regime was measured to be 0.56 which still 

displays a large variability however due to the complexity of the experiments, is much 

improved. 

 

Figure 5-7: Yield vs the SOA formed for the vehicle exhaust irradiation experiments 

for all experimental conditions with a VOC:NOx ratio between 3.0 and 10.0 (white 

circles are experiments with VOC:NOx less than 3.0) 

Figure 5-7 shows the more atmospherically relevant VOC:NOx ratios; between 3 

and 10.  In this regime, the yield curve increases much more quickly, resulting in a higher 

plateau level (~0.35).  The log normal R2 did increase up to 0.27 displaying a stronger 

trend, however there still is quite a bit of variability with this data.  Experiments with 

similar SOA formation, have much higher yields meaning less NMHC emissions are 
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needed to form comparable SOA.  As a result, in these conditions, reactivity is increased 

in relation to the organic species resulting in a larger SOA formation.  The values measured 

here are in the same realm of yield as many aromatic species (Benzene 27%, Toluene 30%, 

xylenes 35% yields etc) (Derwent, et al, 2010).   This may indicate that SOA formation 

from vehicle exhaust most commonly mimics the yields measured for single aromatic 

species. 

 

Figure 5-8: SOA yield vs the THC emission factor for all vehicle tests in all driving 

cycles and fuel compositions.  The color scale relates to the NOx emission factor 

Another relationship that was explored was the SOA yield vs the THC emissions.  

This result displayed some interesting results where the highest yields measured correlated 

with the lowest THC emission factors.  This is contrary to what typically occurs, where 

increased gas phase concentration, results in a higher SOA yield, given other reactive gas 
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phase species are constant.  One reason may be that for all vehicles with a low THC 

emission factor, the NOx emission factors were also low.  This resulted in a “low NOx” 

regime as discussed in the previous section. 

 

Figure 5-9: SOA yield vs the VOC:NOx ratio for all vehicles in all driving 

conditions, and fuel compositions.  The color scale relates to the SOA emission 

factor measured in irradiation experiments. 

 The last trend with yield that was explored focused on the the yield vs the 

THC:NOx ratio (with color determined by the amount of SOA formed) (Figure 5-9).  As 

the VOC:NOx ratio increased, so did the measured yield.  This conclusion was reported in 
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the relationship with the two different yield curves, however this is a new way to visulize 

the effect that the reactivity can have on the yields. With this, it is hard to conclude what 

SOA would form in which condition so it is not as useful for researchers when exploring 

the SOA potential from the vehicle exhaust. 

5.4.3 Secondary Inorganic Trends 

The inorganic aerosol formation that was observed in these chamber experiments, 

consisted of mainly ammonium nitrate.  Ammonium nitrate is formed when nitric acid 

(formed through the oxidation of NOx) reacts with gaseous NH3.  Ammonia is a secondary 

pollutant of the three way catalyst (TWC) rather than combustion product and is generated 

from NO and H2 during the water gas shift reaction of CO (Suarez-Bertoa, et al, 2014). 

Ammonia formation in the TWC is enhanced at rich conditions where more CO can 

produce more H2 (Calirotte, et al, 2013).   

The ammonia concentrations were not measured for a majority of the tests, however 

it has been found that ammonia emissions correlate with CO emissions, due to the 

previously mentioned water gas shift reaction. 
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Figure 5-10: Ammonium nitrate formation vs the NOx emission factor for all 

vehicles over all test cycles, and fuels (color indicates CO emission factor) 
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Figure 5-11: Ammonium nitrate formation vs the CO emission factor for all vehicles 

over all test cycles, and fuels (color indicates NOx emission factor) 

 Figure 5-10, and Figure 5-11 show the relationship with the ammonium nitrate 

formation and the emission factors for both NOx and CO.  Neither CO nor NOx have a 

strong increasing trend with the ammonium nitrate concentration. From this it may be 

gathered that it is a combination of the two, or other factors may change the amount of 

formation from the system.  It is also possible that the ammonia emissions from the GDI 

engines do not closely mimic the CO emissions as previously reported.  More work is 

needed to fully understand the inorganic aerosol formation from the vehicle exhaust. 
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 Conclusions & Future Work: 

Strong trends were observed in the NMHC emission factor vs the SOA formation 

factor graphs (Figure 5-2).  Within these data points, it was found that the stricter 

regulations (LEVII to LEVII) resulted in a 50% reduction in the SOA formation potential 

(42% reduction in total carbonaceous aerosol) (Figure 5-3).  Another factor that affected 

the NMHC emissions’ reactivity was the fuel composition (Figure 5-4).  The trend for the 

mid to high ethanol fuel blends shifted to higher NMHC emission factors, indicating that 

a higher mass of emission was necessary for a similar SOA formation when compared to 

the lower ethanol fuel blends.  

When utilizing the calculated yield for the experiments, no strong trend was 

observed when looking at the reactions as a whole (Figure 5-5).  However, when the 

experiments were split into the VOC limited regime (VOC:NOx ratio <3) and moderate 

VOC regime (10 > VOC:NOx > 3), two stronger trends emerged (Figure 5-6, Figure 5-7).  

In the VOC limited regime, a smaller fraction of the total hydrocarbon mass converted to 

SOA mass; indicating the reaction of VOCs were constrained. 

All vehicle tests completed utilizing UCR’s Mobile Atmospheric Chamber has only 

measured emissions from GDI vehicles.  In the future a study looking at the comparisons 

between older technology PFI engines compared to GDI engines with some varying 

conditions (driving conditions or fuels) may be useful to see if the mass of SOA formation 

are similar.  Furthermore, it would be interesting compare the reactivity of the exhaust to 

see if the yield of PFI vehicles fall on a similar trend to what was observed for the GDI 

vehicles over the different reaction conditions.  With this information, a more specific yield 
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could be determined for the different technologies and could be applied to vehicular 

emission models.  With this information, modelers may be able to close the gap between 

predicted and measured SOA in the atmosphere.  

Another important note from this work, is that the yield trends in this chapter may 

be specific to the emissions measured from cold-start LA92 driving cycles.  As confirmed 

here, yield can vary due to a host of reasons, so it may be imperative for future researchers 

to investigate other driving conditions.  If the vehicles are found to have varying 

composition of reactive organic gases in emissions due to variations in driving cycle, more 

work will be needed to understand how that will affect the SOA yield from the vehicle 

emissions.   

The ammonium nitrate formation that was also measured did not appear to have 

any strong trends with the NOx or CO emission factors.  More work is needed to determine 

the main contributing factor of the inorganic salt formation.  It may also be important to 

measure the ammonia concentrations at the tailpipe.  This may better allow the 

understanding of the formation of the inorganic salt in these irradiation experiments.  It 

may also allow modelers to understand vehicular emissions impact on ammonium nitrate 

formation in the atmosphere.  The emissions of ammonia from the tailpipe is not currently 

garnering much attention.  
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