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Abstract Isocyanic acid (HNCO) is a well-known air pollutant that affects human health. Biomass burning,
smoking, and combustion engines are known HNCO sources, but recent studies suggest that secondary
production in the atmosphere may also occur. We directly observed photochemical production of HNCO
from the oxidative aging of diesel exhaust during the Diesel Exhaust Fuel and Control experiments at
Colorado State University using acetate ionization time-of-flight mass spectrometry. Emission ratios of HNCO
were enhanced, after 1.5 days of simulated atmospheric aging, from 50 to 230mgHNCO/kg fuel at idle
engine operating conditions. Engines operated at higher loads resulted in less primary and secondary HNCO
formation, with emission ratios increasing from 20 to 40mgHNCO/kg fuel under 50% load engine operating
conditions. These results suggest that photochemical sources of HNCO could be more significant than
primary sources in urban areas.

1. Introduction
Atmospherically relevant levels of isocyanic acid (HNCO) are expected to be toxic at biological pH [Roberts
et al., 2011]. Toxic effects of HNCO are associated with cataracts, atherosclerosis, cardiovascular disease, renal
failure, and rheumatoid arthritis [Jaisson et al., 2011]. Roberts et al. [2011] estimated exposure to only 1 ppbv
HNCO could produce aqueous isocyanate in the body, which can trigger harmful protein-modifying
processes [Wang et al., 2007; Mydel et al., 2010; Verbrugge et al., 2015]. Previous studies have recognized
the occupational hazard of exposure to isocyanates, including HNCO, and have measured mixing ratios of
HNCO near 1 ppbv in different workplace environments [Karlsson et al., 2001; Sennbro et al., 2004; Westberg
et al., 2005] underscoring the need to characterize its sources. Observations of HNCO have been performed
from direct sources such as light-duty gasoline vehicle emissions [Brady et al., 2014], light-duty diesel vehicle
emissions [Wentzell et al., 2013], biomass burning [Roberts et al., 2011], and from secondary sources such as
the photochemical oxidation of 2-aminoethanol [Borduas et al., 2013] and the aqueous dissociation of urea
[Verbrugge et al., 2015]. Studies in the ambient environment [Wentzell et al., 2013; Roberts et al., 2014;
Woodward-Massey et al., 2014; Zhao et al., 2014] have correlated HNCO with photochemically produced
species such as ozone, formic acid, and nitric acid, which is consistent with a photochemical source of
HNCO. However, direct measurements of the photochemical production of HNCO have only been made in
laboratory studies from isolated precursors such as 2-aminoethanol [Borduas et al., 2013]. While modeled
HNCO production from 2-aminoethanol oxidation only accounted for 14% of ambient measured HNCO in
one study [Karl et al., 2015], ambient mixing ratios of formamide, can account for almost all observed
HNCO in some rural environments [Roberts et al., 2014; Sarkar et al., 2015].

Emissions from nonroad diesel engines have received less attention than emissions from on-road vehicles.
Nonroad diesel vehicles contributed 18% and 15% to PM10 and nitrogen oxide (NOx) emissions, respectively,
in the United States in 2011 [Environmental Protection Agency, 2011]. Previous studies have demonstrated
that diesel exhaust is also a primary source of HNCO [Heeb et al., 2011;Wentzell et al., 2013]. The most recent
Environmental Protection Agency (EPA) Tier 4 standards of emissions reduction regulations have focused on
the reduction of NOx by requiring all nonroad diesel vehicles produced after 2015 to be equipped with
selective catalytic reduction systems (SCR) in addition to particle-reducing filters and hydrocarbon oxidation
catalysts required by previous emission control mandates. The addition of SCR systems to diesel vehicles
are known to produce HNCO as an intermediate in the NOx reduction process which has resulted in higher
emission factors of HNCO observed than without the addition of the SCR system [Heeb et al., 2012].
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Wentzell et al. [2013] measured HNCO emissions from light-duty diesel engine exhaust and concluded that
diesel engine emissions in the greater Toronto area are smaller HNCO sources than biomass burning
throughout Canada. They speculated, however, that HNCO emissions from heavy-duty diesel vehicles and
nonroad use of diesel may be much larger as these sources are dominant contributors to total mobile source
pollution [Wentzell et al., 2013].

Here we investigate secondary production of HNCO by simulating photochemical oxidation (or aging) of
diesel and biodiesel exhaust from a nonroad diesel engine, and the extent to which this chemistry enhances
the HNCO source from diesel exhaust. Despite regulatory controls in the U.S., urban air pollution remains a
public health concern, particularly for highly sensitive groups [Correia et al., 2013]. Primary diesel particle
emissions, and their resulting secondary chemistry, have long been recognized as source of urban air pollu-
tion [Robinson et al., 2007], but here we investigate the role of photochemically enhanced HNCO diesel
engine emissions.

2. Materials and Methods
2.1. Experimental Set up

The Diesel Exhaust Fuel and Control (DEFCON) experiment took place at the Colorado State University
Engines and Energy Conversion Laboratory during 3–11 June 2015. A four-cylinder, turbocharged, inter-
cooled, heavy-duty diesel engine (John Deere 4045H), representative of those found in skid-steer loaders,
tractors, etc., was run on an engine dynamometer under idle and 50% load operating conditions using both
diesel (sulfur content 6–10 ppm) and biodiesel fuels to produce exhaust. No emissions control systems—
including diesel oxidation catalyst, diesel particulate filter, nor SCR unit—were included in the experiments
described herein. Raw exhaust was transferred through 4m of heated Silcosteel copyright stainless steel line
to a primary dilution system [Quillen et al., 2008]. The exhaust was mixed with high-efficiency particulate
arrestance (HEPA) filtered and activated charcoal- filtered room air (Figure S1.1 in the supporting information)
to achieve dilution ratios of 45–110 (air:exhaust). The diluted exhaust was transferred to a 300 L stainless steel
tank and had a residence time in the equilibration tank of 10min before undergoing continuous sampling.
Diluted engine exhaust is subsampled to the potential aerosol mass (PAM) reactor where oxidation occurs,
and this sample air is directed to both particle and gas phase instruments on different sampling lines
(Figure S1.1). Mixing ratios of CO2, CO, total hydrocarbons (THC), NO, and NO2 were measured by a five-gas
analyzer [Quillen et al., 2008] from the primary engine exhaust upstream of the dilution chamber (Table S1.2).

The diluted sample exhaust was introduced into a potential aerosol mass (PAM) reactor [Kang et al., 2007;
Lambe et al., 2011] to simulate atmospheric oxidation at a flow rate of 7 standard liters per minute (sLpm)
(residence time ~100 s). The PAM reactor is a 13.1 L conductive aluminum chamber equipped with high-
pressure mercury lamps (BHK Inc., model # 82-9304-03) to simulate atmospheric HO2 and OH oxidation
chemistry. UV light is emitted at 185 and 254 nm in the reactor and initiates the production of hydroxyl radi-
cals (OH) from the photolysis of O2 and H2O. The concentration of OH depends on the UV intensity emitted by
the lamps and can simulate atmospheric aging of hours to weeks [Kang et al., 2007].

The high reactivity (~5000 s�1) of the diesel exhaust suppressed OH by a factor of 2 at the lowest UV
light intensities and 14 at the highest intensities (see supporting information for detailed calculations),
comparable to the OH suppression observed during PAM experiments on biomass burning emissions
[Ortega et al., 2013]. The factor contributing most to variability in the estimated OH reactivity of the diesel
exhaust in the PAM chamber was the dilution of the exhaust sample in the dilution chamber. The OH
exposure in the PAM chamber is typically described in terms of equivalent days of OH exposure [Lambe
et al., 2011; Li et al., 2015; Peng et al., 2015], which is calculated by dividing the OH exposure (molecules cm�3 s)
by an average atmospheric OH concentration (1.5 × 106molecules cm�3 [Mao et al., 2008]). The experi-
ments described herein cover oxidative aging by OH of 0.2–1.5 (±50%) equivalent days of OH exposure
(OHexp) (Figure S2.3).

2.2. Exhaust Experiments

We measured HNCO from engine emissions during six different experiments: two replicates of diesel fuel
with engine at idle, two replicates of diesel fuel with engine at 50% load, one experiment with biodiesel fuel
and engine at idle, and one experiment with biodiesel fuel and engine at 50% load. Each experiment
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consisted of six steps of increasing UV light voltage in the PAM chamber; each voltage step was held for
20min. The 0 V voltage step in the PAM represents the exhaust exposed to no UV light.

2.3. Acetate-CIMS Operation and Calibration

HNCO was detected by a high-resolution time-of-flight acetate chemical ionization mass spectrometer
(acetate-CIMS) (Tofwerk AG and Aerodyne Research, Inc.). The ionization chemistry [Veres et al., 2008;
Roberts et al., 2010; Wentzell et al., 2013; Brady et al., 2014] and instrument [Brophy and Farmer, 2015] have
been described extensively in previous literature. Sample air for gas phase analytes was pulled through
3m of PEEK tubing from the PAM chamber to the acetate-CIMS and diluted at the entrance to the instrument
by 3.6 sLpm of ultrahigh-purity N2 to maintain first-order reactions of the analytes in the sample gas with the
acetate reagent ion. The acetate-CIMS pulled sample air through a critical orifice (ID 0.067 cm) at a flow rate of
1.5 sLpm. Thus, the emissions were diluted by a factor of 1200–3500 (air:exhaust) between the engine tailpipe
and the instrument. Despite this large dilution, the reagent ion signal was titrated by large signals observed at
m/z 45.99 (NO2

�) andm/z 61.99 (NO3
�) throughout the experiments, likely due to HONO and HNO3, respec-

tively. HNCO can be ionized through either a proton transfer or clustering reaction with acetate (Ac�),

Ac� þ HNCO → HAcþ NCO�(R1a)

HAc Ac�ð Þ þ HNCO → HAc NCO�ð Þ þ HAc(R1b)

The ion optics in the negative ion (NI)-(proton transfer) PT-CIMS were tuned to minimize clustering in the
observed spectra [Brophy and Farmer, 2015] so that HNCO is detected as NCO� at m/z 41.99. No interfering
species at same nominal mass as HNCO were observed through peak fitting procedures either during calibra-
tion or during the DEFCON experiments.

We calibrated the NI-PT-CIMS for HNCO with a stable source of HNCO that was produced by passing a stream
of zero air at 50 cm3min�1 STP over the outlet of a diffusion cell containing heated cyanuric acid (250°C)
[Roberts et al., 2010]. HNCO concentrations were determined with a custom-built analyzer that converts
HNCO to NO on a heated platinum catalyst (750°C) followed by a molybdenum catalyst (450°C) and detects
NO via chemiluminescence [Veres and Roberts, 2015]. The NI-PT-CIMS had a sensitivity to HNCO of 47.5
normalized counts per second/parts per trillion by volume (pptv) and a detection limit (S/N = 3) for HNCO
of 5 pptv at 1 s acquisition (supporting information for additional calibration details).

2.4. Calculation of Fuel-Based EEFts

Fuel-based emission factors have been recognized as a useful metric for comparing engines operating under
different conditions but using similar fuels [Brady et al., 2014]. Emission factors (EFs, mgHNCO/kg fuel) were
first calculated by

EF ¼ HNCO½ �
CO2½ �

MWCO2
þ CO½ �

MWCO

� �
AWC

Ci

where concentrations are in mg cm�3 (HNCO) or g cm�3 (CO and CO2); Ci is the carbonmass fraction of the fuel

(850 and 770gC/kg fuel for diesel and biodiesel, respectively [Gordon et al., 2014]); andMWCO2, MWCO, and AWC

are themolecular weights of CO2 and CO, and the atomic weight of carbon. All concentration values used in the
EF calculation were calculated from the dilution ratio in the dilution chamber to produce tailpipe exhaust emis-
sion concentrations. We define fuel-based enhanced emission factors (EEFts, mgHNCO/kg fuel) as the HNCO
produced from a given amount of fuel via atmospheric aging of diesel exhaust. EEFts thus describe the extent
of pollutant production from a given photochemical oxidation of engine exhaust originating from the combus-
tion of a known amount of fuel. The EEFt of a pollutant is a function of photochemical exposure and will vary
with time the pollutant spends in the atmosphere. EEFts were calculated to quantify the contribution of second-
ary production of HNCO from primary exhaust. EEFts were then calculated via equation (2):

EEFt ¼ EFvoltage step � EF0V step

where EFvoltage step is the EF for HNCO at a given UV light voltage step and EF0V step is the EF for HNCO at the UV

light voltage step representative of diesel exhaust unperturbed by oxidation. The EEFt is defined as a difference
from the EF at the 0V step in order to separate the primary HNCO emission from the secondary HNCO formation.

(2)

(1)
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3. Results and Discussion
3.1. Primary Emission of HNCO

EFs were within experimental error of one another for diesel and biodiesel under the same engine operating
conditions (Table 1).

EFs were, however, 3 times larger for idle engine conditions (54mgHNCO/kg diesel fuel) versus 50% load
conditions (17mgHNCO/kg fuel). EFs reported in the study herein are considerably higher than those
reported in previous literature. EFs for HNCO reported by Heeb et al. [2011] were similar between engine
operating conditions at 4mgHNCO/kg of diesel fuel for on-road light-duty engines. Similarly, Brady et al.
[2014] measured EFs for HNCO on the order of 1–2mgHNCO/kg of gasoline fuel for light-duty gasoline
vehicles. We note that Wentzell et al. [2013] observed a difference in primary HNCO emission as a function
of engine operating condition, but with higher EFs (4.0mgHNCO/kg diesel fuel) during active engine operat-
ing conditions and lower EFs for idle conditions (0.7mgHNCO/kg diesel fuel). Our data suggest that nonroad
diesel engines produce more primary HNCO than either the on-road light-duty gasoline or diesel engines
described in previous studies. Further, this type of engine produces much wider ranging primary HNCO emis-
sions than reported for other engine types. These comparisons suggest that similar engine operating condi-
tions may produce different effects on the emissions between nonroad diesel engines, such as the one used
in this study, and on-road diesel engines like those used in previous studies.

Idle operating conditions generally result in less efficient combustion than more active engine operating condi-
tions such as the 50% load conditions in this study as evidenced by the difference in THC concentration between
operating conditions (Table S1.2). Our observations suggest that incomplete combustion can also be accompa-
nied by increased primary HNCO emissions. This suggests that more precursors for HNCO could be available
in the incompletely combusted exhaust under idle conditions than 50% load conditions [Chin et al., 2012].
Emissions of CO, NOx, and THC measured from the engine in this study agree well with measurements reported
from the same engine in another study [Drenth et al., 2014] suggesting that the emissions from this engine are
reproducible. The COmixing ratiosmeasured in this study are nearly twice as high as thosemeasured byWentzell
et al. [2013] under similar (idle) engine operating conditions, consistent with our observations of higher primary
HNCO. The lower bound of the variability of THC measured in this study under idle conditions captures the aver-
age THC mixing ratio measured byWentzell et al. [2013]. In contrast,Wentzell et al. [2013] reports NOx emissions
that are larger by a factor of 6–7 than the NOxmeasured in this study. Indeed, the HNCO/NOx ratios measured in
this study (Table S4.3) are much higher than the ratios reported in Wentzell et al. [2013].

Previous studies have shown that steady state engine cycles, such as those used in this study, can underesti-
mate and misrepresent emissions of particles [Karjalainen et al., 2015] as well as pollutants such as HNCO. For
instance, Brady et al. [2014] measured the highest emissions of HNCO during acceleration from gasoline
exhaust. By measuring HNCO from steady state engine conditions, we are providing a lower bound to what
can be expected for real-world emissions of HNCO from nonroad diesel engines. Unlike on-road vehicles, non-
road vehicles typically operate at steady state, either idle or peak, engine loads. This suggests that the HNCO
emissions presented herein are similar to what could be expected from real-world engine performance.

3.2. Secondary Source of HNCO

We observe a strong secondary source of HNCO from diesel engine exhaust as a result of 0.4 to 1.5 days
of photochemical aging for both biodiesel and diesel fuel and under both idle and high load operating

Table 1. EFs and EEFs After 1.5 Days of Photochemical Aging (EEF1.5 days) for Both Fuel Types and Under Both Engine
Operating Conditionsa

Idle 50% Load

EF
(mgHNCO/kg fuel)

EEF1.5 days
(mgHNCO/kg fuel)

EF
(mg HNCO/kg fuel)

EEF1.5 days
(mg HNCO/kg fuel)

Diesel 54 ± 3 183 ± 13 17 ± 1 26 ± 2
Biodiesel 54 ± 1 187 ± 17 17 ± 2 10 ± 2

aThe EF describes primary emission of HNCO from the combustion of the fuel, whereas the EEF1.5 days describes
howmuch HNCO is photochemically produced after 1.5 days of aging. The total emission of HNCO from the combustion
of a given fuel source (EF + EEFt) contributed from both primary emission and secondary formation of HNCO are shown
in Figure S4.1.
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conditions. Oxidation of diesel exhaust in the PAM chamber produced HNCO, enhancing observed con-
centrations by up to a factor of 4 (Figures 1 and S4.1). All fuel types and engine operating conditions
demonstrated similar behavior with photochemical enhancement of HNCO. Figure 1 shows an example
of secondary HNCO production from diesel under idle and 50% load engine operating conditions. HNCO con-
sistently increased with photochemical exposure.

Idle conditions produced consistently higher HNCO mixing ratios than 50% load operating conditions.

EEFts of secondary HNCO from photochemical oxidation of diesel and biodiesel exhaust increase as a func-
tion of OH exposure under idle and 50% load conditions (Figure 2).

EEFts of HNCO were higher under idle engine operating conditions than 50% load conditions for both
fuels. Under idle conditions, HNCO emissions were enhanced by a factor of 4 after 1.5 OH equivalent days.
This enhancement is the equivalent of 230mgHNCO per kg of fuel, compared to primary emissions of
54mgHNCO/kg of fuel (Figure S4.2). In contrast, the HNCO emissions were only enhanced by a factor of
1.5–3 after 1.5 OH equivalent days under 50% load conditions, or an increase of 26mgHNCO/kg fuel. We
hypothesize that HNCO EEFts are higher under idle conditions because there are more precursors for photo-
chemical production available in incompletely combusted diesel exhaust (Figure S4.4).

3.3. Implications for Diesel Emission Reduction Technologies

Primary emissions of HNCO have been observed to be higher in the exhaust of diesel systems equipped with
SCR (or de-NOx) systems. Heeb et al. [2011] measured HNCO from diesel exhaust filtered through a de-NOx

Figure 1. HNCO mixing ratio (ppbv) during a typical PAM oxidation experiment under idle (orange) and 50% load (blue)
engine operating conditions with diesel fuel. Increasing UV light voltage increases the OHexp (red).
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system and observed an increase in primary HNCO emissions by almost an order of magnitude under
engine conditions similar to primary emissions observed in this study (from 3 to 79mgHNCO/kg fuel).
Kröcher et al. [2005] also reported tailpipe mixing ratios of HNCO much higher than those measured in this
study (16–80 ppmv) with the use of a de-NOx system. The decomposition of urea to HNCO and the subse-
quent hydrolysis of HNCO are temperature and catalyst dependent often resulting in emission of HNCO from
the inefficient operation of the SCR system known as “HNCO slip” [Kröcher et al., 2005]. Future studies should
investigate the photochemical enhancement of HNCO from diesel exhaust treated with EPA Tier 4 emission
abatement technologies such as diesel particle filters, oxidation catalysts, and SCRs.

Changing the composition of diesel fuel to biodiesel has been suggested to reduce emissions from older
diesel vehicles that are not equipped with emissions control technologies [Varatharajan and Cheralathan,
2012]. While changing the composition of diesel fuel has been shown to be useful in reducing particle emis-
sions [Lapuerta et al., 2008], we demonstrate here that changing the composition of diesel fuel may not have
a significant effect on reducing primary or secondary emissions of other pollutants such as HNCO.

3.4. Atmospheric Relevance

We evaluate the relative contributions of primary vehicle emissions and secondary sources for the California
South Coast Air Basin (SoCAB) as well as California statewide wildfire sources to total HNCO emissions in

Figure 2. EEFts of HNCO plotted against OHexp (assuming average [OH] = 1.5 × 106molecules cm�3) for biodiesel (green)
and diesel (black) fuels under idle (circles) and 50% load (triangles) engine operating conditions. Vertical error bars
represent the errors in measured mixing ratios of HNCO, CO2, and CO propagated throughout the calculations of EFs and
EEFts. Horizontal error bas are the ±1 standard deviation of the output from the OHexp estimation model (Figure S2.3).
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Table 2. Contributions of HNCO to this airshed from differentmobile sources include on-road light-duty gasoline
vehicles (using an average HNCO/CO ratio calculated from the work of Brady et al. [2014]) and on-road light-
duty diesel vehicles [Wentzell et al., 2013], as well as contributions from nonroad use of diesel (nonroad diesel
engines are assumed to be representative of the engine used in this study), using an average HNCO/CO
measured in this study, were evaluated from emissions reports estimates published in 2013 [California
Environmental Protection Agency Air Resources Board, 2013]. Inclusion of on-road light-duty gasoline vehicles,
nonroad use of diesel and on-road light-duty diesel accounts for 80% of total CO emissions frommobile sources
reported by the California Air Resources Board (CARB) project emissions for 2015 totaling 1505 tonnes/d. The
largest sources of CO excluded from this calculation are from on-road medium duty trucks and recreational
boats which accounts for ~17% of total reported CO emissions. Using HNCO/CO ratios for the respective vehicle
types, HNCO is calculated to be emitted in the greatest abundance by the nonroad use of diesel (Table 2).

Although light-duty gasoline vehicles contribute>55% to the total CO emissions from mobile sources in this
estimate, they contribute <2% of the HNCO directly emitted from mobile sources. Total mobile sources of
HNCO emissions in SoCAB are less than statewide emissions from wildfires. If the HNCO emissions frommobile
sources are assumed to be enhanced by a factor of 3, as measured in this study from 1.5 OH equivalent days of
atmospheric aging, then the secondary photochemical production of HNCO from mobile sources becomes
several tons per day greater than primary contributions from wildfires. Previous modeling has suggested that
the most important anthropogenic source of HNCO to the atmosphere is biomass burning [Young et al., 2012],
but here we provide evidence to suggest secondary production of HNCO, from anthropogenic sources, may
be more important than primary sources in certain regions. Further, we speculate that secondary production
of HNCO from biomass burning precursors is likely to be a large global source of HNCO due to the large amount
of reduced nitrogen potentially released to the atmosphere during fire events.

The estimates of secondary production of HNCO presented in Table 2may represent an upper bound for HNCO
production from these sources because sinks for HNCO are not considered. The above estimate assumes that
all the precursors leading to secondary HNCO production from these sources are oxidized to form HNCO as
opposed to being lost through deposition or uptake to aerosol surfaces. Additionally, we assume that exhaust
from all the emission sources included in this estimate experience photochemical enhancements of HNCO
similar to the exhaust measured in this study. The above estimates, however, may represent a lower bound
because our observations of photochemical production are limited to 1.5 days of equivalent OH exposure.
Experiments that observe HNCO production within a greater range of OHexp could provide insight into more
realistic upper bounds of photochemical production. Other precursor compounds for photochemically
produced HNCO, such as 2-aminoethanol [Borduas et al., 2013] and formamide [Barnes et al., 2010], have been

Table 2. Comparison of Mobile and Statewide Wildfire HNCO Sources Calculated From Reported CO Emissions by the
CARB Projected for 2015a

Emission Source
CO Emissions
(tonnes/d)

HNCO Emissions
(tonnes/d)

Secondary HNCO
Emissions (tonnes/d)b

On-road light-duty gasoline vehiclesc 881 0.04 0.12
On-road light-duty diesel vehiclesd 5 0.02 0.06
Nonroad use of diesele 619 2.76 8.28
Total mobile sources and nonroad sources 1505 2.82 8.46
Wildfires (statewide)f 4787 5.14 NA

aPhotochemically enhanced HNCO emissions describe total emissions of HNCO from mobile sources after ~1.5
equivalent days of atmospheric aging. NA: not available.

bEnhanced HNCO emissions are calculated by multiplying primary mobile source HNCO emissions by a photochemical
enhancement factor of 3 based on our observations for 1.5 OH equivalent days of aging. While this represents a lower
bound for oxidative production, as precursor molecules may have lifetimes longer than 1.5 days, we note that this estimate
ignores the role of deposition, which may rapidly remove HNCO precursors from the atmosphere.

cHNCO emissions are calculated using an average HNCO/CO ratio of 0.028mmol HNCOmol CO�1 calculated from the
work of Brady et al. [2014] measured from light-duty gasoline vehicles.

dHNCO emissions are calculated using HNCO/CO ratio of 2.3mmol HNCOmol CO�1 reported byWentzell et al. [2013]
for a light-duty diesel engine.

eHNCO emissions are calculated using an average HNCO/CO ratio of 2.9mmol HNCOmol CO�1 measured in this
study from a nonroad diesel engine.

fHNCO emissions were calculated using an average HNCO/CO ratio of 0.7 mmol HNCOmol CO�1 reported in [Veres
et al., 2010].
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suggested to be important for contributing to ambient atmospheric HNCO and were not included in this
estimate. Possible precursors for secondary HNCO production include formamide and acetamide, which
were observed during the diesel, but not biodiesel, experiments. A rough estimate of formamide and
acetamide concentrations suggests that they could account for up to ~15% of the observed HNCO in
the diesel experiments (Text S4.4 for further discussion of this analysis and uncertainties). Importantly,
the nitrogen-containing organic species were observed to have clear secondary photochemical sources,
suggesting that HNCO may be the result of multiple generations of oxidation; the precursors for formamide
and acetamide in the diesel mixture are not known at this time. Other nitrogen-containing organic compounds
must contribute to HNCO photochemical production in the biodiesel experiments, and potentially to the
diesel experiments as well. Further investigation into the emissions of such compounds and their chemistry
is warranted. Studies focusing on the photochemical production of HNCO from biomass burning emissions as
well as different vehicle sources would help clarify the precise contribution of secondary HNCO to the total
atmospheric burden.

4. Conclusions

We present a direct observation of a photochemical source of HNCO from nonroad diesel engine exhaust.
This photochemical source is larger than the primary emission source, consistent with previous ambient
HNCO observations [Roberts et al., 2014; Zhao et al., 2014]. Both primary emissions and secondary production
of HNCO were observed to be higher under idle engine operating conditions compared to active conditions.
No difference in primary emissions or secondary production of HNCOwas observed through the use of diesel
or biodiesel as a fuel source. While localized emissions of HNCO, either from biomass burning or mobile
sources, greatly influence mixing ratios observed in ambient air, we suggest that photochemical production
of HNCO could be a dominant contributor to regional HNCO budgets, and potentially to the global burden
of HNCO.

An understanding of HNCO sources is essential for predicting human health effects and for identifying
controllable sources. This study demonstrates that compounds that are normally thought of as having primary
sources from mobile combustion sources can be enhanced through secondary processing in the atmosphere.
Inclusion of secondary pollutant sources in emissions regulation may lead to a more accurate portrayal of
the potential impact of mobile sources or emissions control procedures on regional air quality.
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