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Abstract: This study investigated the primary emissions and secondary aerosol formation from
a gasoline direct injection (GDI) passenger car when operated over different legislative and real-
world driving cycles on a chassis dynamometer. Diluted vehicle exhaust was photooxidized in a
30 m3 environmental chamber. Results showed elevated gaseous and particulate emissions for the
cold-start cycles and higher secondary organic aerosol (SOA) formation, suggesting that cold-start
condition will generate higher concentrations of SOA precursors. Total secondary aerosol mass
exceeded primary PM emissions and was dominated by inorganic aerosol (ammonium and nitrate)
for all driving cycles. Further chamber experiments in high temperature conditions verified that
more ammonium nitrate nucleates to form new particles, forming a secondary peak in particle size
distribution instead of condensing to black carbon particles. The results of this study revealed that
the absorption of radiation by black carbon particles can lead to changes in secondary ammonium
nitrate formation. Our work indicates the potential formation of new ammonium nitrate particles
during low temperature conditions favored by the tailpipe ammonia and nitrogen oxide emissions
from gasoline vehicles.

Keywords: secondary organic aerosol (SOA); ammonium nitrate; driving cycles; primary emissions;
gasoline direct injection

1. Introduction

Gasoline motor vehicles are an important anthropogenic source of particulate matter
(PM), nitrogen oxides (NOx), and volatile organic compounds (VOCs) [1,2]. Gasoline
vehicles are also known to significantly contribute to secondary organic aerosol (SOA)
formation, with a greater contribution to SOA mass in urban areas compared to diesel
vehicles [3–5]. SOA is formed in the atmosphere through the photooxidation of semivolatile
and volatile organic species, and is the largest component of the ambient organic aerosol
(OA) budget [6,7]. A number of studies have demonstrated the key role gasoline vehicles
are playing in the elevated SOA mass production, as a result of VOC and intermediate VOC
(IVOC) emissions that are considered precursors for SOA formation [8–11]. The majority of
these investigations have also reported significant exceedances of SOA mass compared to
primary organic aerosol (POA) levels [12–14].

Primary emissions and secondary aerosol production from gasoline vehicles are greatly
affected by driving and engine operating conditions [15–18]. It has been demonstrated
that semivolatile organic compound emissions from gasoline vehicles, such as polycyclic
aromatic hydrocarbons, which are known SOA precursors can be influenced by the engine
operating conditions, with higher emissions for the cold-start period compared to the
hot-stabilized period or highway cruise conditions [14,19]. For example, Miersch et al. [20]
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showed higher concentrations of alkylated naphthalenes from a Euro 5 gasoline direct in-
jection (GDI) engine during a municipal driving cycle representing urban driving, whereas
methyl-phenanthrenes and pyrene dominated the exhaust emissions for the high velocity
driving cycle. A recent study found greater emissions of reactive aromatics and alkenes
during hot idling conditions of a Euro 4 port-fuel injection (PFI) vehicle representing traffic
congestion and higher SOA production when compared to cruising conditions [21]. Other
studies utilizing oxidation flow reactors have shown greater SOA formation potential
during cold-start cycles compared to hot-start cycles [15,18,22,23].

Several metropolitan and rural areas are experiencing severe aerosol pollution, with
the majority of aerosol mass being ammonium nitrate and the remaining portion being
mostly organic [24–27]. In urban areas, gasoline passenger vehicles are known sources of
ammonia (NH3) emissions, which can react with nitric acid formed from the oxidation
of NOx emissions to produce nitrate aerosols in the troposphere [28,29]. In rural (or agri-
cultural) areas on the other hand, NH3 plumes are generated from dairy facilities and
fertilizers, which is a particularly severe issue in the San Joaquin Valley of California [25].
The important contribution of gasoline vehicles on the formation of secondary inor-
ganic aerosol (ammonium and nitrate) has been reported by several studies [13,15,24,30].
Vu et al. [13] showed greater formation of inorganic aerosol in the form of ammonium
nitrate, which dominated the total secondary aerosol mass when they introduced dilute
exhaust in a chamber from GDI vehicles operated on the LA92 cycle. Tkacik et al. [31]
reported two times more ammonium nitrate formation compared to SOA when they used
a potential aerosol mass (PAM) reactor in a highway tunnel in Pittsburgh.

Information on secondary aerosol formation from gasoline vehicles specific to different
driving conditions is limited. While a number of studies have investigated the SOA
formation from gasoline vehicles during idling, steady-state cruising, constant-load driving,
and regulatory cycles that include idle, acceleration/deceleration, and cruise periods, few
or no studies have focused on the non-regulatory cycles that have a better representation of
real-world driving patterns and vehicle emissions. The purpose of this work is to better
understand primary emissions and secondary aerosol formation from the exhaust of a GDI
vehicle when operated on different driving cycles, including certification driving cycles
used in the United States (US) and Europe, as well as real-world non-regulatory cycle
representative of California freeway driving conditions.

2. Materials and Methods
2.1. Vehicle and Emissions Testing

A 2016 model year light-duty vehicle with a 2.4-L, 4-cylinder, wall-guided direct injec-
tion spark ignition engine was employed in this study. The engine had a rated horsepower
of 185 hp at 6000 rpm, a torque of 178 ft-lbs. at 4000 rpm, and a compression ratio of
10:1. The vehicle was equipped with a three-way catalyst (TWC) and was certified under
California LEVIII SULEV 30 emissions standard. Emissions testing was performed with a
typical California E10 fuel.

Emissions measurements 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. All gaseous
emissions were determined according to the US EPA protocols for light-duty emission
testing as specified in the Code of Federal Regulations (CFR), Title 40, Part 86. Cumulative
PM mass emissions were measured following the procedures in 40 CFR 1065. Total particle
number was measured using a TSI 3776 ultrafine-Condensation Particle Counter (CPC)
with a 2.5 nm cut point. The instrument operated at a flowrate of 1.5 L/min. Solid particle
number counts were measured with the use of a catalytic stripper. The particles were
counted downstream of the catalytic stripper with a TSI 3776 ultrafine CPC at a flow rate of
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1.5 L/min. An ejector diluter was used to collect particle number samples from the CVS
tunnel for the GDI vehicle.

2.2. Driving Cycles

Testing was conducted in duplicate over several different driving cycles, including
the FTP cycle, which is the cycle for emissions certification of light-duty vehicles in the
US, and the New European Driving Cycle (NEDC). The FTP includes three phases (i.e.,
cold-start, urban, and hot-start phases) with a maximum speed of 57 miles/h, whereas
the NEDC includes four ECE segments (known as urban driving cycle or UDC) repeated
without interruption, followed by one extra-urban driving cycle (EUDC). In addition, the
LA92 or the California Unified Cycle was also used. It has a similar three bag structure as
the FTP, but is a more aggressive driving cycle with higher speed and acceleration, fewer
stops, and less idle time.

A non-regulatory driving schedule was also employed in this study. This cycle was
developed by the California Department of Transportation (Caltrans) to better represent
typical driving patters in California freeways. This cycle (referred to as Caltrans) has been
derived from field driving data representative of freeway, arterial, collector road, and local
driving, and traffic congestion level typically found in Los Angeles freeways. The mean
and maximum speed is 53.8 miles/h and 90 miles/h, respectively. The speed-time profiles
of the test cycles are shown in Figure S1, Supplementary Material (SM).

2.3. Photooxidation Chamber Experiments

For the chamber experiments, diluted exhaust of the GDI vehicle was introduced
through the CVS into a 30 m3 Mobile Atmospheric Chamber (MACh), which is a
2-mil fluorinated ethylene propylene Teflon film reactor. Details on the construction
and characterization of MACh can be found in Vu et al. [13]. Experimental setup and
protocols are described in detail elsewhere [13,32]. Briefly, the chamber is equipped with
600 15W 18′′ black lights for irradiation with NO2 actinometry measurements inside the re-
actor averaging 0.23 min−1. Prior to the irradiation experiments, the chamber was cleaned
by injecting O3, H2O2, and purified air (H2O, NOx, CO, O3, hydrocarbons below detection
limits) and irradiated with UV light. The chamber was then subsequently emptied and
filled repeatedly until all gases and particles were below detection limits (H2O < −50 ◦C
dew point; NOx, CO, HC, O3 and PM being below detection limits) and then flushed with
purified air overnight. Prior to the injection of vehicle exhaust, the chamber was half-filled
with purified air. 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 provide an additional hydroxyl radical source in the chamber. However, subsequent
characterization experiments of m-xylene decay in the presence of 1 ppm H2O2 showed
insignificant amounts of hydroxyl radicals formed in the chamber via H2O2 photolysis.
Therefore, it was concluded that the light spectrum of the blacklights used in this study
were not optimal for H2O2 photolysis. As a result, the 1 ppm H2O2 injection did not
appreciably increase hydroxyl radical concentrations for this study. Prior to irradiation,
the diluted primary exhaust was evaluated for approximately 30 min to physically and
chemically characterize the primary emissions. The emissions were then photooxidized
continuously for 7–10 h or until particle formation subsided.

A commercial scanning mobility particle sizer (SMPS) consisting of a TSI 3080 Elec-
trostatic Classifier, TSI 3081 long column Differential Mobility Analyzer (DMA) column,
and a TSI ultrafine condensation particle counter (CPC) 3776 were used to measure the
size-resolved number concentrations. Black carbon was measured with an AVL Micro Soot
Sensor (MSS) with a high-power laser diode operating at 802 nm with a photoacoustic
sensor. The chemical composition of the non-refractory aerosol was measured online us-
ing an Aerodyne high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS).
The HR-ToF-AMS was operated in both V and W modes, and the data processing was
completed using the ToF-AMS Analysis Toolkit 1.57 and ToF-AMS HR analysis 1.16. The
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Unit Mass Resolution (UMR) and HR Frag table for CO2 were altered from the assumed
concentration of 400 ppm to the measured CO2 concentration using a LI-COR®® LI-840A
CO2/H2O analyzer. A Kanomax aerosol particle mass (APM) analyzer system was used to
measure particle effective density. The APM was paired with a custom-built SMPS. A more
detailed summary of the APM-SMPS system is described in an earlier study [33]. Using the
HR-ToF-AMS, the organic, ammonium, nitrate, and sulfate ratios were calculated and ap-
plied to the total mass calculated using volume calculated from the SMPS and density from
the APM (after subtracting the black carbon contribution). First order size independent wall
loss corrections were applied to the suspended particulate [34], while wall-loss corrected
black carbon mass was assumed to be constant throughout the irradiation experiments.

Volatility measurements were made with a tandem differential mobility analyzer
(TDMA) consisting of two TSI 3081 DMAs and a TSI Model 3760A CPC. Particles selected
in their peak mode in the TDMA column pass through a thermodenuder at 100 ◦C with a
residence time of about 17 s. Heated particles are classified in the DMA column, measuring
the new aerosol size distribution. The initial diameter is then compared to the final diameter
to obtain the volume fraction remaining (VFR) of the particles.

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.

3. Results
3.1. Tailpipe Gaseous and Particulate Emissions

A summary of the gaseous emissions for each driving cycle is provided in Table 1.
THC and NMHC emissions were higher for the cold-start NEDC, FTP, and LA92 cycles
compared to Caltrans. When the engine is cold, the major THC and NMHC source is
the fuel vapor from the liquid fuel film on the cylinder surfaces that did not get effi-
ciently oxidized in the TWC, which was below its light-off temperature at the beginning
of the cycle. Comparing the cold-start cycles, NOx emissions were higher over the LA92
(0.012 g/mile) compared to FTP (0.006 g/mile) and NEDC (0.007 g/mile) because the LA92
cycle includes more acceleration and less idle periods than the other two cycles, resulting
in higher combustion temperatures and favoring thermal NOx formation. CO emission
levels were similar for the FTP and LA92 (0.342 g/mile on average), but elevated for the
Caltrans cycle and NEDC (0.760 g/mile on average). Generally, CO emissions are linked
to the occurrence of sharp accelerations at high-speed conditions encountered over the
Caltrans cycle, indicating that the engine was operating fuel-rich. For the NEDC, the more
extensive cold-start period due to the milder driving profile compared to FTP and LA92
was likely the cause for the elevated CO emissions.

PM mass and black carbon emissions were higher for the cold-start FTP, NEDC, and
LA92 compared to Caltrans, and above the 3 mg/mile PM mass FTP limit (Table 1). Similar
patterns were seen for the total and solid particle number emissions, with some exceptions.
Previous studies have also shown elevated PM and particle number emissions from GDI
vehicles, especially during cold-start conditions [35–38]. The higher particulate emissions
for the cold-start cycles can be attributed to the partially evaporated fuel at the beginning
of the cycle, causing increased wall wetting on the cold piston and cylinder surfaces. The
dominant pathway for elevated soot formation will be via the diffusion-controlled burning
of the non-evaporated liquid fuel thin films [39].

3.2. Tailpipe Aerosol Composition

Figure 1 shows the tailpipe aerosol composition for the GDI vehicle over the different
driving cycles. Evidently, tailpipe aerosol emissions were primarily comprised of black
carbon. This is consistent with previous studies showed that GDI PM emissions were
predominantly black carbon or soot in nature [35,40]. For the FTP, the cycle-averaged
black carbon was 1.67 ± 0.17 mg/mile, accounting for about 60% of the total PM before
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irradiation. For the LA92, the cycle-averaged black carbon was 1.96 ± 0.22 mg/mile,
accounting for about 70% of the total PM before irradiation and being about 17% lower
than FTP. For the NEDC, black carbon was 3.92 mg/mile and accounted for approximately
55% of the total PM before irradiation. The Caltrans cycle showed comparable levels of
black carbon (1.69 mg/mile) with the cold-start FTP and LA92 cycles, and accounted for
about 77% of the total PM before irradiation. While the Caltrans cycle was a hot-start,
the high demanding and high-speed driving conditions resulted in overall elevated black
carbon emissions for this cycle.

Table 1. Tailpipe gaseous and particulate emissions over the different driving cycles.

LA92 FTP NEDC Caltrans

Cold-Start Hot-
Running Hot-Start Weighted Cold-Start Hot-

Running Hot-Start Weighted UDC EUDC Weighted

THC (g/mile) 0.091 0.002 0.010 0.008 0.090 0.002 0.003 0.020 0.151 0.003 0.058 0.004
NMHC
(g/mile) 0.070 0.002 −0.004 0.005 0.072 0.000 0.000 0.015 0.123 0.003 0.047 0.003

CO (g/mile) 1.227 0.276 1.037 0.379 0.900 0.124 0.202 0.306 1.524 0.160 0.660 0.859
NOx (g/mile) 0.034 0.011 0.003 0.012 0.013 0.003 0.005 0.006 0.015 0.002 0.007 0.004

PM Mass
(mg/mile) - - - 2.85 - - - 5.53 - - 8.76 2.19

Black Carbon
(mg/mile) 21.55 0.92 0.26 1.95 20.63 0.44 0.83 1.29 15.98 0.30 3.79 1.69

Total Particle
Number

(particles/mile)
1.39 × 1013 1.37 × 1012 6.02 × 1011 2.09 × 1012 1.43 × 1013 1.23 × 1012 1.67 × 1012 4.34 × 1012 1.13 × 1013 6.78 × 1011 4.57 × 1012 3.93 × 1012

Solid Particle
Number

(particles/mile)
1.42 × 1013 1.23 × 1012 4.80 × 1011 1.97 × 1012 1.09 × 1013 1.01 × 1012 1.44 × 1012 3.41 × 1012 1.07 × 1013 5.38 × 1011 4.26 × 1012 7.38 × 1011
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Figure 1. Tailpipe PM emissions composition.

The bulk aerosol chemical composition shows that the organics fraction of the to-
tal tailpipe PM mass for the FTP, LA92, and Caltrans was about 40% (1.15 mg/mile),
27% (0.78 mg/mile), and 5% (1.10 mg/mile), respectively. The moderate NEDC showed the
highest organics fraction of about 44% (3.21 mg/mile) among all other test cycles. It appears
that a combination of the cold-start operation and the aggressive nature of the test cycle
were the contributing factors for the organic aerosol in total PM, which was likely generated
by unburned or partially burned low and intermediate volatility hydrocarbons in the fuel
and lubricating oil. It is interesting to note that the organics fraction corroborates with the
NMHC emissions. The higher concentrations of organics for the cold-start cycles compared
to Caltrans was likely a result of the cold-start period and associated fuel impingement,
which deeply influenced unburned hydrocarbon emissions formation and their inefficient
oxidation in the cold TWC.

3.3. Total Secondary Aerosol Composition and SOA Formation

Figure 2 presents the aerosol composition for each driving cycle after 400 min of
photooxidation in the chamber. The total aerosol particle emissions after the exposure of
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the exhaust to irradiation for the GDI vehicle over each cycle exceeded primary emissions
due to the formation of secondary aerosol. Total aerosol for the FTP, LA92, NEDC, and
Caltrans cycles was 1.6, 4.8, 1.6, and 3 times higher, respectively, than primary PM. Our
findings are consistent with previous studies of gasoline vehicles operated over transient
cycles or idling conditions [12,13,16,23,32]. For all cycles, at the end of the photooxidation
experiments there was a significant growth of inorganic aerosol (ammonium and nitrate)
along with organic aerosol. As shown in Figure S2 (SM), the ratio of NO3 to NH4 ions in the
PM was consistently at 3.44 throughout the photooxidation period in the chamber, which
indicates the almost all of the nitrate in the secondary aerosol was ammonium nitrate and
the amount of organic nitrate in the chamber was negligible. Evidently, the highest growth
of ammonium nitrate concentration in the chamber was observed for LA92 and Caltrans
cycles, followed by FTP and NEDC. Ammonium nitrate accounted for more than 72% and
68% of the total secondary aerosol for the LA92 and Caltrans cycles, respectively, and about
7% and 18% for the NEDC and FTP. Previous studies have also shown elevated ammonium
nitrate formation from the photooxidation of gasoline exhaust [11–13,24,31,41].

Atmosphere 2022, 13, x FOR PEER REVIEW 6 of 17 
 

 

and lubricating oil. It is interesting to note that the organics fraction corroborates with the 

NMHC emissions. The higher concentrations of organics for the cold-start cycles com-

pared to Caltrans was likely a result of the cold-start period and associated fuel impinge-

ment, which deeply influenced unburned hydrocarbon emissions formation and their in-

efficient oxidation in the cold TWC. 

3.3. Total Secondary Aerosol Composition and SOA Formation 

Figure 2 presents the aerosol composition for each driving cycle after 400 min of pho-

tooxidation in the chamber. The total aerosol particle emissions after the exposure of the 

exhaust to irradiation for the GDI vehicle over each cycle exceeded primary emissions due 

to the formation of secondary aerosol. Total aerosol for the FTP, LA92, NEDC, and Cal-

trans cycles was 1.6, 4.8, 1.6, and 3 times higher, respectively, than primary PM. Our find-

ings are consistent with previous studies of gasoline vehicles operated over transient cy-

cles or idling conditions [12,13,16,23,32]. For all cycles, at the end of the photooxidation 

experiments there was a significant growth of inorganic aerosol (ammonium and nitrate) 

along with organic aerosol. As shown in Figure S2 (SM), the ratio of NO3 to NH4 ions in 

the PM was consistently at 3.44 throughout the photooxidation period in the chamber, 

which indicates the almost all of the nitrate in the secondary aerosol was ammonium ni-

trate and the amount of organic nitrate in the chamber was negligible. Evidently, the high-

est growth of ammonium nitrate concentration in the chamber was observed for LA92 and 

Caltrans cycles, followed by FTP and NEDC. Ammonium nitrate accounted for more than 

72% and 68% of the total secondary aerosol for the LA92 and Caltrans cycles, respectively, 

and about 7% and 18% for the NEDC and FTP. Previous studies have also shown elevated 

ammonium nitrate formation from the photooxidation of gasoline exhaust [11–

13,24,31,41]. 

 

Figure 2. PM mass composition after 400 min of photooxidation in the environmental chamber. 

In urban areas, a major source of inorganic aerosol is due to the elevated NH3 emis-

sions from gasoline vehicles equipped with TWCs [28]. Ammonia is generated via the 

catalytic reduction of nitric oxide (NO) and hydrogen (H2) produced through the water-

gas shift reaction between CO and water [29]. Although not a regulated pollutant, vehic-

ular NH3 emissions are known to enhance the formation of secondary inorganic aerosols 

[24,26,41]. Ammonia is strongly favored when the engine is running with rich air-fuel 

mixtures during acceleration events, where excess CO emissions also occurred [29]. While 

20

15

10

5

0

P
M

 M
a
s
s
 A

ft
e
r 

Ir
ra

d
ia

ti
o

n
 (

m
g

/m
i)

FTP LA92 NEDC CalTrans

 Nitrate
 Ammonium
 Organics
 Black Carbon

Figure 2. PM mass composition after 400 min of photooxidation in the environmental chamber.

In urban areas, a major source of inorganic aerosol is due to the elevated NH3 emissions
from gasoline vehicles equipped with TWCs [28]. Ammonia is generated via the catalytic
reduction of nitric oxide (NO) and hydrogen (H2) produced through the water-gas shift
reaction between CO and water [29]. Although not a regulated pollutant, vehicular NH3
emissions are known to enhance the formation of secondary inorganic aerosols [24,26,41].
Ammonia is strongly favored when the engine is running with rich air-fuel mixtures
during acceleration events, where excess CO emissions also occurred [29]. While NH3
measurements were not available for this study, higher levels of CO emissions were seen
for the more dynamic LA92 and Caltrans cycles, suggesting elevated NH3 emissions for
these cycles [24,29]. The correlation of higher NH3 emission driving cycles with greater
inorganic PM formation suggests that NH3 may be a limiting reagent for the formation of
ammonium nitrate aerosol for the experiments over the LA92 and Caltrans cycles.

Figure 3 shows the SOA mass for the different driving cycles. Compared to ammo-
nium nitrate, SOA does not account for a significant fraction of secondary aerosol. The
results reported here agree with other studies on gasoline vehicles reported exceedances
of ammonium nitrate formation compared to SOA [11,13,31]. For example, Vu et al. [13]
reported significantly higher ammonium nitrate mass compared to SOA mass formed in
a chamber from different GDI vehicles over the LA92 cycle. Kuittinen et al. [15] showed
elevated formation of nitrate and ammonium aerosols due to the higher NOx and NH3
emissions, when they tested the same GDI vehicle used in the current study with an oxida-



Atmosphere 2022, 13, 433 7 of 16

tion flow reactor over similar driving cycles. The largest SOA production was observed
for NEDC (1.94 mg/mile), followed by LA92 (1.09 mg/mile), FTP (0.96 mg/mile), and
Caltrans (0.14 mg/mile). These findings agree well with those of Kuittinen et al. [15] when
they introduced the exhaust into an oxidation flow reactor as opposed to an environmental
chamber. Thus, the different methods to determine the SOA potential of vehicle exhaust,
i.e., oxidation flow reactor versus environmental chamber, can be used to detect differences
in SOA precursor emissions. Differences in precursor emissions formation can include
driving conditions as in the current study, or differences in engine technology, exhaust af-
tertreatment, and fuel composition. In this study, the cold-start cycles resulted in more SOA
production than the hot-start Caltrans cycle due to the higher SOA precursor emissions that
were generated when the engine was cold and the TWC not yet at operating temperature.
This phenomenon is depicted in Figure S3 (SM), showing the positive correlation between
SOA and tailpipe NMHC emissions, which was also observed in previous works [15,32].
The higher NMHC emissions and SOA production for the NEDC could be explained by the
fact that the first acceleration hill for the NEDC occurred at 11 s from engine start, whereas
for the FTP and LA92 at 23 s and 29 s, respectively. This caused a possible inefficient TWC
heating period and a delay in the warm-up of the engine components (i.e., cylinders) dur-
ing NEDC operation, causing more NMHC emissions at the tailpipe during the extended
cold-start period.
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Figure 3. SOA mass formation after 400 min of photooxidation in the environmental chamber.

3.4. Particle Size Distributions and Composition

Figures 4 and 5 show the particle size distribution and evolution during photooxi-
dation in the chamber, the wall-loss corrected particle volume and mass concentrations,
and particle density and VFR for the FTP and NEDC cycles, and the Caltrans and LA92
cycles, respectively. Note that VFR data was not available for the FTP and NEDC due to
instrument availability. Results reported here on particle number and particle size growth
during photooxidation in the chamber present three distinct cases; (1) no particle growth,
(2) single particle growth, and (3) double particle peaks. For the first case (single peak
with no growth), the FTP and NEDC showed no significant growth on peak particle size
and number from primary particles to photochemically aged particles (Figure 4). The
total wall-loss corrected particle concentrations remained at similar levels after about
400 min of photooxidation. Particle effective density showed an increase from 0.5 g/cm3 to
0.7–1.0 g/cm3, resulting in particle mass increases. Increasing density suggests that con-
densing organic and ammonium nitrate species may have filled voids in the primary
aerosol by condensing into the fractal-shaped black carbon particles, filling void spaces and
increasing aerosol mass, but not increasing electrical mobility diameter. For both the FTP
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and NEDC, there was very little new particle formation, while the existing particles grew
after photooxidation in the chamber. Similar findings were observed in previous studies of
gasoline vehicles and diesel engines [13,32,42].
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Figure 4. Real-time particle size distributions for the FTP (A) and NEDC cycles (B), wall-loss
uncorrected particle volume and wall-loss corrected particle mass for the FTP (C) and NEDC (D),
and volume fraction remaining (VFR) and effective density of particles for the FTP (E) and NEDC (F).
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Figure 5. Real-time particle size distributions for the Caltrans (A) and LA92 cycles (B), wall-loss
uncorrected particle volume and wall-loss corrected particle mass for the Caltrans (C) and LA92 (D),
and volume fraction remaining (VFR) and effective density of particles for the Caltrans (E) and LA92 (F).

For the second case (single peak with growth), a large population of primary particles
was observed in the chamber for the Caltrans photooxidation experiments (Figure 5).
Although the particle number decreased after photooxidation, the particles peak size
continuously grew into larger sizes from about 50 nm to 100 nm in diameter. The VFR at
100 ◦C of the aerosol at the onset of the photooxidation was approximately 0.2, indicative of
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the aerosol composition being majorly volatile ammonium nitrate or volatile organics with
a small fraction of lower volatility compounds, such as high molecular weight organics and
black carbon. Some increases in VFR were seen from 0.2 to 0.4 from the condensation of
lower volatility organic oxidation products. The density of 1.6 g/cm3 further indicates that
the major composition of particles after photooxidation of the GDI exhaust during Caltrans
operation was ammonium nitrate (1.73 g/cm3).

For the third case (double peak and double growth), two distinct particle peaks were
seen for the LA92 cycle (Figure 5). This phenomenon has been previously reported for
GDI vehicles when tested over the LA92 cycle using an environmental chamber [13,32].
The initial particle size peak remained relatively constant at 70 nm in diameter throughout
the photooxidation experiment. A secondary particle peak appeared at about 30 min
after the start of the photooxidation experiment, centered at about 400 nm. At the same
time, total particle number concentration increased, indicating new particle formation and
lower-volatility products forming in the chamber. These products likely condensed onto
the newly formed particles instead of existing primary particles. These newly formed
particles played an important role since their final size was about 5 to 6 times greater
than those of the primary particles, leading to significantly higher single particle volume
(125 to 216 times). Prior to the photooxidation process (UV lights of the chamber turned off),
the density and VFR of peak particles in the range of 75–100 nm were ~0.5 g/cm3 and 1,
respectively, indicating that the major composition of primary particles was non-volatile
black carbon, agreeing with the bulk composition data shown in Figure 1. Between
30 and 100 min after the beginning of photooxidation, the density of particles with 100 nm
diameter increased from 0.5 g/cm3 to 1.6 g/cm3, and then dropped and remained relatively
constant at ~1.0 g/cm3. Within this timeframe, particles of 100 nm in diameter consisted
of black carbon, organics, and ammonium nitrate. As the fraction of ammonium nitrate
rapidly increased, the average density of particles with 100 nm diameter also increased.
When ammonium nitrate particles grew larger than 100 nm in diameter, a second peak of
particles appeared. For the second peak of particles, the VFR was 0 and density was at
1.5 g/cm3–1.7 g/cm3, which is consistent with ammonium nitrate, indicating the major
composition of this peak is ammonium and nitrate. For the smaller particle peaks (100 nm
particles), the fraction of ammonium nitrate in the smaller particle peak dropped over time
as ammonium nitrate migrated to the larger particle peak, leading to a subsequent density
drop in the smaller particle peak. The VFR of the smaller peak increased to 0.9 with a final
density 0.7 g/cm3–1.0 g/cm3, indicating the smaller particles were a combination of black
carbon and organics. It should be noted that the production of ammonium nitrate in the
chamber for the larger particles dominated the total particle mass due to its larger density
and significantly larger volume.

3.5. Ammonium Nitrate Condensation Experiments

To the best of our knowledge, the reasons behind why ammonium nitrate would
nucleate into new particles instead of condensing onto existing black carbon particles are
not well understood. A hypothesis was proposed that the high heat-absorbing properties
of black carbon particles and high volatility of ammonium nitrate may cause the avoidance
of ammonium nitrate condensing onto black carbon particles during photooxidation. Black
carbon was the major component of particles at the onset of photooxidation and it tends
to absorb more heat than other types of particles [43]. Therefore, the higher volatility
ammonium nitrate instead of condensing onto ‘hot’ black carbon particles, tended to
nucleate to form new particles. Therefore, for the better understanding of temperature
impacts on ammonium nitrate formation mechanisms with the presence of black carbon,
additional experiments were performed in a 10-m3 temperature-controlled chamber at
20 ◦C and 30 ◦C, respectively. In this experiment, black carbon was generated to the
chamber by a Pramac 3.6 kW diesel generator following the same setup and experimental
procedures described in Nakao et al. [42]. Ammonia and NOx were injected to the chamber
as the precursors of ammonium nitrate formation.
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Figure 6A–F shows the particle growth and bulk composition for the experiments at
20 ◦C and 30 ◦C, respectively. The particle size evolution is shown in Figure 6A,B, whereas
the particle-size-dependent non-refractory particle bulk composition for the primary par-
ticles prior to the photooxidation and the particles after the photooxidation process are
shown in Figure 6C–F, respectively. The primary black carbon particles were peaked
at 100 nm before the beginning of the photooxidation at both temperature conditions
(Figure 6A,B). Prior to the photooxidation process, while some organics were observed
in the primary particles, their formation was insignificant compared to black carbon
(Figure 6C,D). During photooxidation at both temperature conditions, a separate large
particle peak was formed and levelled off at 400–500 nm in diameter besides the ini-
tial particle peak (Figure 6E,F). During photooxidation, the major fraction of particles at
400 nm was ammonium and nitrate, similar to the GDI vehicle exhaust experiments over
the LA92 cycle. The initial black carbon peak growth was only seen at 20 ◦C, indicating
that the smaller particle peak only grew at colder temperature conditions from the conden-
sation of ammonium, nitrate, and organics (Figure 6A,B). For the chamber experiments at
20 ◦C, ammonium nitrate was detected for both the black carbon peak (dm/dlogDp = ~160 µg/m3)
and the larger ammonium nitrate peak (dm/dlogDp = ~200 µg/m3). The increased conden-
sation of ammonium nitrate onto black carbon particles at 20 ◦C can be explained by the
greater driving force of ammonium nitrate formation at lower temperature conditions that
enables ammonium nitrate condensation to overcome the resistance due to the heating
of the black carbon core. These phenomena indicate that black carbon particles have the
tendency to prevent the ammonium nitrate condensing onto them.

Diluted vehicle exhaust over all driving cycles was photooxidized at about 30 ◦C. There
was no observation about the temperature influence on ammonium nitrate condensation
onto black carbon for the first and second cases discussed earlier, since no significant
ammonium nitrate was produced in the first case (operation over the FTP and NEDC) and
very little amount of black carbon was detected in the primary emissions of the second
case (operation over the Caltrans cycle). For the third case, which describes testing over the
LA92, ammonium nitrate formation dominated secondary aerosol along with the presence
of black carbon, indicating that the formation of ammonium nitrate was primarily through
nucleation mechanisms rather than condensation at 30 ◦C. This finding can be verified by
the particle number measurements in the chamber, which showed that intense nucleation
would increase with particle number (Figure S4).

3.6. Atmospheric Relevance

Atmospheric secondary aerosol formation is a complex process depending on precur-
sor and oxidant concentrations, reactions kinetics and environmental parameters such as
temperature, humidity, and the amount of radiation. All of these parameters vary spatially
and temporally, leading to the situation that laboratory experiments for secondary aerosol
formation are challenging to conduct so that they represent exactly certain real-world
environments. However, laboratory studies can produce information about how the emis-
sion sources differ from each other. In this study, we can conclude that experiments with
the environmental chamber clearly showed the differences between the driving cycles
and how they can significantly affect the potential of exhaust to cause secondary aerosol
formation in the atmosphere. However, it should be noted that the real atmospheric pro-
cesses and real secondary PM formed from the exhaust compounds strongly depend on
environmental parameters.

Furthermore, laboratory studies conducted by environmental chambers can produce
valuable information about the aerosol processes and indications of the phenomena that
could occur in real atmosphere. This study showed extremely important observations that
the absorption of radiation by black carbon particles can lead to significant changes in
formation of secondary ammonium nitrate to particle phase. We showed that this kind
of radiation-induced process can lead to formation of externally mixed aerosol, instead of
internally mixed. This process can change the effects of resulted aerosol in respect of climate,
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but also in respect of human health. However, we emphasized that the understanding of all
possible impacts of this observation requires more laboratory and real-world experiments.
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Figure 6. Particle size distribution for experiments conducted at 30 ◦C and 20 ◦C (A,B) and bulk
composition of non-refractory particles before (C,D) and at the end of photooxidation (E,F) at 30 ◦C
and 20 ◦C.
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4. Conclusions

This study explored the influence of driving cycles on the primary gaseous and partic-
ulate emissions, as well as on the formation of secondary aerosol using an environmental
chamber from a GDI vehicle. Testing was conducted over duplicate FTP, LA92, and NEDC
cycles, and on a non-regulated cycle that represents typical driving conditions in California
highways (Caltrans cycle). Overall, the cold-start cycles showed higher THC, NMHC, CO,
PM, and black carbon emissions than the hot-start Caltrans cycle. Total and solid particle
number emissions were considerably higher during the cold-start periods primarily due
to fuel wetting effects from non-evaporated fuel, which resulted in diffusive combustion
and PM generation. Tailpipe PM composition was dominated by black carbon followed by
organic material. Results revealed that total secondary aerosol mass exceeded primary PM
mass. The formation of ammonium nitrate dominated secondary aerosol and it was found
to be significantly higher compared to SOA formation for all test cycles. SOA precursor
emissions (i.e., NMHC emissions) affected by the length of the cold-start period and the
inefficient operation of the TWC not being able to oxidize these species.

Under the present test conditions and in previous works with vehicle exhaust we
observed double peaks in the particle size distribution. Additional experiments were per-
formed in this study to explain these phenomena and to prove that at higher temperatures
(30 ◦C) with lights on, more ammonium nitrate tends to nucleate to new particles and form
a distinct secondary peak in particle size distribution instead of condensing onto the heated
black carbon particles. These findings are important in highlighting the temperature effects
on ammonium nitrate formation in the chamber in the presence of black carbon leading to
externally mixed particles within the chamber. In addition, our results indicate potential
atmospheric implications with the formation of urban new ammonium nitrate particles
during low temperatures (i.e., wintertime) favored by the tailpipe NH3 and NOx emissions
from gasoline vehicles.

While this study presents some limitations by focusing on a single GDI vehicle, it
provides valuable information on secondary aerosol formation from various driving con-
ditions, as well as valuable insight on the formation mechanisms of ammonium nitrate
aerosol. More research is necessary to better understand the impacts of different realistic
driving conditions on precursor emissions and secondary aerosol formation from current
technology vehicles, with more diverse powertrain designs such as vehicles equipped with
port-fuel injection engines, diesel vehicles, and electric drive vehicles with different degrees
of hybridization.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/atmos13030433/s1. Figure S1: Speed-time profiles of
the driving cycles; Figure S2: Nitrate and ammonium concentrations in PM during photooxi-
dation; Figure S3: Relationship between SOA emission factor versus tailpipe NMHC emissions;
Figure S4: Wall-loss uncorrected particle number in the environmental chamber; Top panel (A) shows
measurements for all driving cycles and bottom panel (B) shows measurements for the NEDC, LA92,
and FTP only for improved readability.
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