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Isocyanic acid (HNCO) has recently been identified in ambient air at potentially concerning concentrations

for human health. Since its first atmospheric detection, significant progress has beenmade in understanding

its sources and sinks. The chemistry of HNCO is governed by its partitioning between the gas and liquid

phases, its weak acidity, its high solubility at pH above 5, and its electrophilic chemical behaviour. The

online measurement of HNCO in ambient air is possible due to recent advances in mass spectrometry

techniques, including chemical ionization mass spectrometry for the detection of weak acids. To date,

HNCO has been measured in North America, Europe and South Asia as well as outdoors and indoors,

with mixing ratios up to 10s of ppbv. The sources of HNCO include: (1) fossil fuel combustion such as

coal, gasoline and diesel, (2) biomass burning such as wildfires and crop residue burning, (3) secondary

photochemical production from amines and amides, (4) cigarette smoke, and (5) combustion of

materials in the built environment. Then, three losses processes can occur: (1) gas phase

photochemistry, (2) heterogenous uptake and hydrolysis, and (3) dry deposition. HNCO lifetimes with

respect to photolysis and OH radical oxidation are on the order of months to decades. Consequently,

the removal of HNCO from the atmosphere is thought to occur predominantly by dry deposition and by

heterogeneous uptake followed by hydrolysis to NH3 and CO2. A back of the envelope calculation

reveals that HNCO is an insignificant global source of NH3, contributing only around 1%, but could be

important for local environments. Furthermore, HNCO can react due to its electrophilic behaviour with

various nucleophilic functionalities, including those present in the human body through a reaction called

protein carbamoylation. This protein modification can lead to toxicity, and thus exposure to high

concentrations of HNCO can lead to cardiovascular and respiratory diseases, as well as cataracts. In this

critical review, we outline our current understanding of the atmospheric fate of HNCO and its potential

impacts on outdoor and indoor air quality. We also call attention to the need for toxicology studies

linking HNCO exposure to health effects.
Environmental signicance

New advances in instrumentation has recently allowed for the detection of isocyanic acid (HNCO) in ambient air at concentrations potentially able to cause
adverse health effects. We review the current knowledge of the atmospheric fate of HNCO by discussing and synthesizing its sources, sinks and chemical
transformations in the atmosphere. Recent research has identied coal combustion, biomass burning, photochemical transformation of amines and amides,
cigarette smoke and building material combustion as sources of HNCO to the atmosphere. HNCO is a weak acid and can partition to the aqueous particle phase
and undergo hydrolysis. Based on its thermodynamic data, its atmospheric lifetime can range from hours to months and may contribute to a small local effect
on the N budget.
1. Introduction

Isocyanic acid (HNCO) was rst identied and characterized in
the 19th century when Liebig and Wöhler investigated its
Toronto, 80 St George Street, Toronto,

ems, ETH Zürich, Universitätstrasse 16,

orduas@usys.ethz.ch; Web: www.twitter.

hemistry 2019
stability, structure and chemical production pathways in solu-
tion.1 They speculated on two tautomers, NCOH and HNCO,
and proposed the latter formula of HNCO based on its reactivity
with ammonia (NH3) to form urea.

HNCO is an organic acid with a pKa of 3.7 (at 298 K)2–4 and
a nearly-linear structure through the p-system of the N, C and O
atoms, experimentally conrmed by microwave and infrared
absorption spectroscopy and molecular modelling (Fig. 1).5–8

Until recently, there was limited knowledge regarding the
behaviour of HNCO in the atmosphere including its sources,
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Fig. 1 Lewis and resonance structures of HNCO.
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sinks, ambient concentrations, and exposure and risks related
to human health.

Biochemical studies identify NCO� as a toxic biomolecule
due to post-translational non-enzymatic protein modications
called carbamoylation.9–15 Both HNCO and its conjugate base,
NCO�, have been observed to be intermediates of carbamoyla-
tion reactions, the reaction of a nucleophile, such as an amine
on a lysine residue, with the electrophilic C atom of HNCO.9,16,17

Note that the carbamylation term is specic for a reaction
between an amine and CO2 yielding carbamates whereas the
carbamoylation term involves the reaction between an amine
and other electrophilic C substrates such as HNCO.15,18 For
instance, a nucleophilic amine could be at the terminal end of
a protein or on the side chain of a lysine residue.
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Carbamoylation can result in the development of cataracts,
cardiovascular disease, and rheumatoid arthritis and can thus
be potentially dangerous to humans.9–13 However, no study
directly links inhalation exposure of HNCO to adverse health
effects. Nonetheless, using Henry's law constant of HNCO, an
estimated exposure to a mixing ratio of 1 ppbv (parts per billion
by volume) through inhalation could lead to blood concentra-
tions of 100 mM,19 equivalent to threshold concentrations for
protein carbamoylation in vitro.14 Despite the potential for
toxicity, no ambient air quality standards or exposure limits for
HNCO currently exist.

The recent development of both chemical ionization mass
spectrometry (CIMS) using reagent ions (e.g. acetate or iodide)
capable of detecting acids and proton transfer reaction-mass
spectrometry has allowed for the measurement and quanti-
cation of HNCO in the atmosphere.20–25 With a growing dataset
of HNCO measurements, atmospheric chemists are able to
investigate the sources and sinks of HNCO. This weak acid is
a tracer of the oxidation of organo-nitrogen compounds as well
as a potential source of NH3 to the atmosphere. An improved
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understanding of HNCO in the atmosphere will better inform
local and regional estimates of potential risks of exposure.

HNCO is emitted into the atmosphere from primary and
secondary processes. Many forms of combustion including
biomass burning,19,20,22,26–29 fossil fuel combustion,19,30–37 and
cigarette smoke;19,38,39 are all known to produce HNCO.
Secondary sources such as the oxidation of atmospheric amines
and amides have also been identied as sources of HNCO.40–45

There is little direct evidence for the loss processes of HNCO
in the atmosphere. The atmospheric lifetime of HNCO by
photolysis and by oxidation by OH radicals is on the order of
months to decades.46,47 We thus expect that the main removal
processes in the atmosphere are dry deposition and heteroge-
neous uptake to water followed by either hydrolysis or wet
deposition.2

This review synthesizes the existing data on the atmospheric
fate of HNCO. Ambient measurement data are summarized and
the individual processes contributing to the sources and sinks
are discussed. In addition, modelling simulations looking at
potential atmospheric concentrations are described. Finally,
the toxicology and risks of exposure to HNCO are discussed with
a call for further investigations.
2. Ambient measurements

Prior to 2010, the detection and measurement of atmospheric
HNCO relied on methods such as sample derivatization,48

selective hydrolysis followed by the detection of NH3 (ref. 49) or
FTIR.27 While thesemethods are able to detect gas phase HNCO,
they are neither fast nor sensitive enough to measure real-time
concentrations. The recent development of the chemical ioni-
zation mass spectrometer (CIMS) enabled the selective detec-
tion of organic acids by using acetate as the reagent ion. This
so ionization through a proton transfer reaction led to the
detection and quantication as NCO�.20 This method is
Table 1 Average concentration of HNCO measured in the ambient a
Measurements weremade using a CIMS instrument with different reagen
flight (ToF)). Locations are reported from highest measured mean conce

Location Reagent ion/MS Ave. M

Mohali, India H3O
+/quad 0.940

Kathmandu Valley, Nepal H3O
+/ToF 0.900

Toronto, Ontario Acetate/ToF Fall: 0
Acetate/quad Summ
Iodide/ToF Summ

(medi
Winte

La Jolla, California Acetate/quad 0.081
Erie, Colorado Acetate/quad Winte

Acetate/ToF Summ
Fort Collins, Colorado Acetate/quad 0.055
Calgary, Alberta Acetate & iodide/quad 0.036

Winte
Pasadena, California Acetate/quad Summ

(medi
Canadian Arctic Archipelago Acetate/ToF 0.020
Manchester, UK Iodide/ToF 0.012

This journal is © The Royal Society of Chemistry 2019
sufficiently fast, selective, and sensitive (detection limits
reaching 0.005 ppbv), while not requiring labour-intensive
collection or preparation steps. An iodide reagent ion CIMS
technique has also been developed for HNCO.50 It allows for
greater signal-to-noise ratios by providing a lower and more
stable background signal, yet at the expense of lower sensitiv-
ities.50 In parallel to the development of CIMS techniques for
organic acids, a technique employing a proton-transfer reaction
mass spectrometer (PTR-MS) was also developed for detecting
high concentrations of HNCO within a health and safety context
for workplace exposure, particularly in the metal work and
welding industries. This instrument also uses so ionisation
through proton transfer but from hydronium ions (H3O

+) and
can detect HNCO mixing ratios from low ppbv up to 1000s of
ppbv.23–25,51–53

Online CIMS techniques with acetate and iodide reagent ions
and PTR-MS instruments have facilitated atmospheric measure-
ments of HNCO providing observations from eld campaigns
from 10 locations across three continents (Pasadena, California;19

Erie, Colorado;26,54 La Jolla, California;55 Fort Collins, Colorado;26

Toronto, Ontario;30,56 Calgary, Alberta;50 the marine boundary
layer in the Canadian Arctic Archipelago;57 Mohali, India;51

Kathmandu Valley, Nepal;52 and Manchester, UK58) (Table 1). The
number of ambient measurements continues to grow, yet long
term datasets are still missing (Fig. 2).

Furthermore, HNCO ambient measurements by mass spec-
trometry present challenges particularly in its calibration.
Indeed, HNCO is not commercially available as it polymerizes at
high concentrations. It therefore is synthesized in house from
thermolyzing solid cyanuric acid at 250 �C.19 Nonetheless, it is
well behaved inside Teon tubing and does not sorb to surfaces
compared to amines.43 HNCO also does not require a heated
inlet for detection. Both iodide CIMS and PTR-MS have an
HNCO signal that is humidity dependent, which can complicate
the quantication of the signal particularly while working
tmosphere at different sites across North America and South Asia.
t ions and differentmass spectrometers (quadrupole (quad) vs. time-of-
ntrations to lowest

ixing Ratio (ppbv) Reference

(mean) Chandra et al. 201651

(mean) Sarkar et al. 201652

.100 (mean), 0.080 (median) Hems et al. 2019104

er: 0.085 (mean) Wentzell et al. 201330

er: 0.045 (mean), 0.039
an)

Wren et al. 201856

r: 0.025 (mean), 0.015 (median)
(mean) Zhao et al. 201455

r: 0.072 (mean), 0.065 (median) Roberts et al. 201426

er: 0.030 (mean) Mattila et al. 201854

(mean), 0.050 (median) Roberts et al. 201426

(mean), 0.034 (median) Woodward-Massey et al. 201450

r: 0.028 (mean), 0.033 (median)
er: 0.025 (mean), 0.022
an)

Roberts et al. 2011, 201419,26

(mean), 0.016 (median) Mungall et al. 201757

(mean) Priestley et al. 201858

Environ. Sci.: Processes Impacts, 2019, 21, 793–808 | 795
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Fig. 2 Spatial distribution of ambient measurements of HNCO from currently published data. Field campaigns reporting HNCO concentrations
include 10 locations across three continents (Pasadena, California;15 Erie, Colorado;19,47 La Jolla, California;48 Fort Collins, Colorado;19 Toronto,
Ontario;23,49 Calgary, Alberta;43 the marine boundary layer in the Canadian Arctic Archipelago;50 Mohali, India;51 Kathmandu Valley, Nepal;52 and
Manchester, UK53). Markers are coloured with respect to their measured mean HNCO concentrations (Table 1). To add to this compilation, there
is also the opportunity to look back at existing CIMS datasets and quantify HNCO to gather a more extensive network of data.
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outdoors.50,59 In contrast, acetate CIMS has a negligible
humidity dependence and is thus a preferred measurement
technique for applications to ambient air.20

HNCO exhibits different diurnal proles at different
measurement locations, and Roberts et al. 2014 specically
compare diurnal proles from three data sets.26 In Pasadena,
themaximummixing ratio is observed in the early aernoon (1–
2 pm), with a steady decrease into a minimum in the early
morning (4–6 am).19,26 At this site, a midday peak is common for
many pollution tracers because of the time required to trans-
port air masses inuenced by morning rush hour emissions in
downtown Los Angeles.60 In the Fort Collins and Manchester
data sets, there is an early morning minimum with increasing
concentrations throughout the day to a late aernoon
maximum.26,58 One hypothesis for the late aernoon peak
observed in some datasets is the production of HNCO through
secondary photochemical sources.26 Support for secondary
production comes from two lines of evidence. First, the diurnal
proles of HNCO and common photochemically produced
species, such as HNO3, O3, and oxygenated VOCs,19,55 correlate
well with each other. Second, laboratory experiments have
observed HNCO production during the oxidation of amines and
amides in the gas phase.40–45 Measurements made in La Jolla,
Mohali, and Bode all have similar diurnal proles with early
morning minimum (4–6 am) and late morning (10–12 am)
maximummixing ratios.51,52,55 The summertime data set from the
Boulder Atmospheric Observatory tower in Erie, CO54 shows
a diurnal cycle similar to that of Pasadena, with an early morning
minimum and early aernoon maximum.54 The Toronto data
similarly has minimum mixing ratios in the early morning but
796 | Environ. Sci.: Processes Impacts, 2019, 21, 793–808
shows two distinct maxima throughout the day; one in mid-
morning (8 am, local max) and one in the early evening (7 pm,
absolute max).30 These measurements were made along the
roadside and suggest vehicle emission as a primary source of
HNCO. These measurements are in contrast to the measure-
ments in the winter in Calgary, in the winter at the Boulder
Atmospheric Observatory tower in Erie, CO26 and in the Canadian
Arctic, where no clear diurnal trend has been observed.26,50,57

A common theme among data collected at ground sites is
that observations made during the summer and fall months all
had diurnally varying concentration proles,26,30,51,55 while
observations during the winter months did not.26 Reduced
photochemistry in the winter months could explain the lack of
diurnal variation observed during measurements. Further
discussion of secondary HNCO production is in Section 3.4.

In comparison to outdoor air, less is known about HNCO in
indoor air. However, larger isocyanates such as toluene diiso-
cyanate and 4,40-methylene diphenyl diisocyanate have known
serious health effects such as asthma, methemoglobinemia and
respiratory cancers and are thus regulated for occupational and
health in the workplace.61–63 HNCO is the smallest molecule
within the class of isocyanates and it is unclear if it triggers
similar health effects as its phenyl counterparts. Nonetheless,
HNCO has been quantied in the workplace particularly in the
welding, paint, and transport industry, where mixing ratios up
to 4.4 ppbv have been measured (Table 2).64 Mixing ratios as
high as 940 ppbv have been measured indoors from heating
polyurethane paint used in marine applications.25

Furthermore, growing interest in indoor air chemistry has
led to the recent detection of HNCO in residential indoor air
This journal is © The Royal Society of Chemistry 2019
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Table 2 Average concentration of HNCOmeasured in the indoor air. Measurements were made using a CIMS instrument with different reagent
ions and different mass spectrometers (quadrupole vs. time-of-flight). Indoor activities are reported from highest measured mean concen-
trations to lowest. HDI: 1,6-hexamethylene diisocyanate

Indoor activity Reagent ion/MS Ave. Mix. Rat. (ppbv) Reference

Thermal decomposition of polymer paint H3O
+/quad <940 Jankowski et al. 201625

Plasma welding of HDI-painted sheets of steel H3O
+/quad 3.440 (mean) Jankowski et al. 201424

Foundry H3O
+/quad 0.140–4.400 (range) Jankowski et al. 201764

Residential home, Toronto, Ontario Acetate/ToF 0.150 (mean), 0.150 (median) Hems et al. 2019104
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suggesting that HNCO exposure may not only be an occupa-
tional work place hazard (Table 2). Indeed, concentrations of
HNCO in a residential kitchen in Toronto, Ontario were up to
four times higher than outdoor concentrations.104 It is thus
clear that we as humans are exposed to HNCO outdoors and
indoors.

3. Sources

Emissions of HNCO into the atmosphere have been quantied
from a variety of anthropogenic and natural sources through
laboratory experiments and eld measurements. The primary
emission sources include biomass burning,19,20,22,26–29 fossil fuel
combustion (coal, gasoline, and diesel),19,30–37 and cigarette
smoke.19,38,39 The secondary production of HNCO, through the
oxidation of amines and amides is also a potential source.40–45,65

We rst summarize the studies of HNCO direct emissions in
Sections 3.1 and 3.2, and then describe HNCO secondary
production in Section 3.3. The contributions of cigarette smoke
to HNCO are described in Section 3.4. In Section 3.5, we
describe the sources of HNCO from the combustion of mate-
rials in the built environment.

3.1. Fossil fuel combustion

HNCO has been detected in exhaust gases from three major
fossil fuels: coal,19,31,32 gasoline,33,37 and diesel30,34,36,37 (Table 3).

3.1.1. Coal. Coal is a common source of fuel for home
heating and cooking in developing countries,66 and is still
a common source of fuel used for power generation in devel-
oped countries. HNCO has been identied as a by-product of
coal combustion through pyrolysis experiments and has since
been identied as a signicant source of HNCO emissions.19,31,32

HNCO emissions are dependent on both the quantity and the
functionalities of nitrogen-containing species within the coal.
Nitrogen-containing functional groups within coal oen include
pyrrolic and pyridinic compounds, amines, aminium salts, and
pyridones. During pyrolysis, pyrrolic and pyridinic compounds
produce hydrogen cyanide (HCN); amines and aminium salts
produce NH3; and pyridone produces HNCO and HCN.31,67,68

These functional groups can be quantied using a parameter
called the rank of coal, which represents the O/N ratio in coal.69

Lower ranking coals (low O/N ratios) contain higher concentra-
tions of amine, aminium salts, and pyridones and give rise to
higher yields of HNCO and NH3 upon combustion.68,69

The formation of HNCO from pyrolysis of coal is complex
due to the large number of precursor constituents in coal. Coal
This journal is © The Royal Society of Chemistry 2019
can be simplied into a material containing aromatic clusters
held together through intermolecular forces.68 Upon heating,
these weaker forces break and produce tars with less diverse
chemical functionalities. While the mechanism is not fully
understood, the cracking of cyclic amides (pyridones) seems to
be a likely pathway for HNCO production from coal burning.68

In addition to the elemental nitrogen fraction in coal, the
temperature of pyrolysis strongly inuences the release of
nitrogen species. When coal is pyrolyzed over a range of
temperatures, the HNCO/HCN emission ratios decrease with
temperature up to 1100 �C.68 In other words, high temperatures
lead to the preferential formation of HCN whereas lower
temperatures lead to higher concentrations of HNCO.68

3.1.2. Gasoline. The implementation of catalytic converters
has been benecial in the reduction of many primary pollutants
from incomplete combustion, such as NO, NO2, CO, and poly-
aromatic hydrocarbons. Catalytic converters provide surfaces
for the destruction of these primary pollutants, promoting
conversion to CO2, H2O, and N2 through redox reactions.
However, catalysis sites may also enhance unintended reac-
tions, as is the case for the production of HNCO. Indeed, HNCO
was recognized as a by-product of the catalytic conversion of CO
and NO in the presence of H2 over a Pt/Al2O3 catalyst—similar to
ones found in gasoline vehicles.70

The mechanism for HNCO formation is thought to occur
through a series of heterogenous reactions involving NO, CO,
H2, and NH3 (R1–R6).71 The asterisks (*) in the following reac-
tions indicate that the species is surface-bound.

NO and CO are thought to interact with the surface of the
catalyst creating surface-bound N and CO; which combine to
form surface-bound NCO (R1–R3).

NO(g) # *NO / *N + *O (R1)

CO(g) # *CO (R2)

*N + *CO # *NCO (R3)

In another set of heterogeneous reactions, surface-bound
hydrogen atoms are formed through the dissociation of either
hydrogen or NH3 (R4 and R5a–d).

H2(g) # 2*H (R4)

NH3(g) # *NH3 (R5a)

NH3(g) # *NH2 + *H (R5b)
Environ. Sci.: Processes Impacts, 2019, 21, 793–808 | 797
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Table 3 Summary of HNCO emission factors for different fuel types, engine types, and driving conditions. Emission factors are reported in mg
HNCO per kg fuel except where otherwise noted. Heeb et al. reported emission factors in mg HNCO per hour and Suarez-Bertoa et al. reported
emission factors in mg HNCO per km for their hybrid engine. ISO 8178/4: International Organization for Standardization driving cycle 8178.77

WLTC: World harmonized light-duty vehicle test cycle.78 Euro 5/6: European emission limits for vehicles.79 SCR: selective catalytic reduction
systems, DPF: diesel particle filters and LDGV: light duty gas vehicle

Fuel Engine tested Type of study Engine conditions
Rate
[mg HNCO per kg fuel] Reference

Laboratory measurements
Diesel Direct injection turbo

diesel IVECO, type F1C
Engine
dynamometer

ISO 8178/4 cycle – no SCR 28 � 1 mg
HNCO per h

Heeb et al.
2011, 201236,76

Diesel ISO 8178/4 cycle – SCR only 282 � 7 mg
HNCO per h

Diesel ISO 8178/4 cycle – DPF + SCR 245 � 6 mg
HNCO per h

Diesel Direct injection turbo diesel engine
from a Volkswagen Jetta 2001

Engine
dynamometer

Aggressive driving 3.96 � 1.1 Wentzell et al.
201330Diesel Highway economy driving 3.49 � 1.1

Diesel City driving 0.21 � 0.14
Diesel Idle state 0.69 � 0.06
Diesel Heavy-duty diesel engine John

Deere 4045H
Engine
dynamometer

Idle state 54 � 3 Link et al. 201634

Biodiesel Idle state 54 � 1
Diesel 50% load 17 � 1
Biodiesel 50% load 17 � 2
Diesel/
biodiesel

Averaged 35 � 2

Diesel Heavy-duty diesel engine
John Deere 4045H

Engine
dynamometer

1500 rpm at 45 kW 38.80 Jathar et al.
201735Diesel 2400 rpm at 11 kW 56.20

Diesel 2400 rpm at 57 kW 30.90
Diesel Euro 5 light duty diesel vehicle Chassis

dynamometer
WLTC 37 Suarez-Bertoa

et al. 201637Gasoline/
hybrid

Plug in hybrid electric vehicle with
gasoline engine

WLTC 2.4 mg HNCO per km

Gasoline Average of a Euro 5 and Euro 6 LDGV WLTC 93
Gasoline 8 different light duty gasoline-

powered vehicles
Chassis
dynamometer

Engine start 0.46 � 0.13 Brady et al.
201433Gasoline Hard acceleration aer

warming up
1.70 � 1.77

Gasoline Averaged 0.91 � 0.58

Mobile measurements
Diesel Off-road diesel engines Aircra Oil sands eet 9.2 Liggio et al.

201772

Diesel/
gasoline

On-road vehicles Mobile Winter eet, plume based 2.3 (mean),
3.3 (median)

Wren et al.
201856

Winter eet, time based 2.6 (mean),
4.0 (median)

Summer eet, time based 3.1 (mean),
5.4 (median)

Environmental Science: Processes & Impacts Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
 2

01
9.

 D
ow

nl
oa

de
d 

on
 0

2/
11

/2
5 

06
:0

1:
03

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
NH3(g) # *NH + 2*H (R5c)

NH3(g) # *N + 3*H (R5d)

Lastly, the surface-bound hydrogen can combine with the
surface-bound NCO, forming HNCO (R6) that can subsequently
desorb to the gas phase. We further acknowledge that a water
molecule or a volatile organic compound could diffuse to the
surface and react with the surface-bound NCO radical
producing HNCO.

*H + *NCO / HNCO(g) (R6)

From the catalytic converter, the gas phase HNCO is then
propelled out of the tailpipe and into the atmosphere.
798 | Environ. Sci.: Processes Impacts, 2019, 21, 793–808
To better quantify the contributing role of traffic emission to
the HNCO atmospheric burden, emission factors for HNCO
from light-duty gasoline-powered vehicles have been developed.
HNCO emission factors are known for different phases of
a driving cycle (Table 3).33,37 Driving cycles are simulated by
engine programs aimed at reproducing on-road vehicle condi-
tions in a laboratory setting. HNCO was emitted from all
engines tested and the emission factors varied depending on
the stage of the driving cycle from engine start-up, warm-up, to
hard acceleration. The lowest emission ratios were observed
during start-up (0.46 � 0.13 mg HNCO per kg fuel) and HNCO
concentrations steadily increased until the catalytic converter
reached operating temperature. Furthermore, the maximum
emission ratios observed were during hard acceleration (1.70 �
1.77mg HNCO per kg fuel). An average HNCO emission ratio for
This journal is © The Royal Society of Chemistry 2019
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light-duty gasoline-powered vehicles is proposed to be 0.91 �
0.58 mg HNCO per kg fuel, and only correlates with NO and CO
emissions during hard acceleration indicating different mech-
anisms of production.33

In addition to laboratory measurements for HNCO directly
from exhaust, ambient measurements have also been used to
attribute HNCO emission to the combustion of gasoline and
diesel. In ambient measurements, HNCO correlated with
markers of vehicle exhaust including benzene, toluene, and
black carbon (BC).30,72 Further, from the diurnal cycle observed
in HNCO measurements in Toronto, two separate sources for
HNCO were identied based on time of day.30 First, concen-
trations of HNCO generally increased each morning due to
morning rush hour traffic. Concentration increases correlated
well with both benzene and toluene, common tracers for vehicle
emissions. Later in the day when maximum concentrations of
HNCO are generally observed, there are high correlations
between HNCO and the photochemically produced species
(Section 3.3).30,55,57

3.1.3. Diesel. Investigations into the emissions from diesel
engines have indicated several possible sources of HNCO.
Modern diesel systems are oen equipped with diesel oxidation
catalysts, diesel particulate lters, and selective catalytic
reduction systems to reduce tailpipe emissions of incomplete
combustion products and particulate matter.73 Similarly to
gasoline exhaust catalytic systems, diesel catalytic systems
provide potential surface sites for the generation of secondary
and unintended products such as HNCO.

Diesel oxidation catalysts function in similar ways to gaso-
line catalytic converters and aim to reduce NO, CO, and
unburned hydrocarbons. These diesel oxidation catalysts
however are not efficient at reducing NOx and thus, diesel
emissions require an additional clean-up step. Oen, the
method used to reduce NOx in diesel emissions is selective
catalytic reduction with urea.73

Today, diesel emissions of NOx are reduced through urea-
based selective catalytic reduction systems.74 In these systems,
urea thermally decomposes into NH3 and HNCO.35,49,75 The
reaction proceeds as follows (R7):35

(R7)

HNCO is then hydrolysed to produce NH3 and CO2 (R9). NH3

acts as the reducing agent for NO and NO2 yielding N2 and
H2O.35,76 However it is possible for some of the HNCO to be
emitted through the exhaust.

Several studies have investigated the emissions of HNCO from
light duty diesel vehicles with some conicting results (Table
3).30,34–37 In some cases, HNCO production was found to increase
signicantly with the selective catalytic reduction system on and
with increasing urea injection levels, from 0.028 gHNCOper h for
a low urea dosing to 0.26 g HNCO per h for a high urea dosing.36,76

However, in two other studies, the engines equipped with selec-
tive catalytic reduction systems, when compared to non-selective
This journal is © The Royal Society of Chemistry 2019
catalytic reduction systems, had lower emissions of HNCO.35,37

One possible explanation is that selective catalytic reduction
systems are not sources of HNCO to diesel exhaust, but rather
that HNCO is produced within the engine cylinder during
combustion.35 These contrasting results demonstrate the uncer-
tainties present in the quantication of HNCO emissions from
diesel engines. Differences could also arise from the different
measurement techniques employed in the studies. For instance,
Heeb et al. (2011, 2012)36,76 monitored the HNCO concentrations
using an offline system where HNCO was hydrolysed in the
aqueous phase and detected as NH3. This technique makes the
quantication of HNCO sensitive to any changes in the concen-
trations of NH3 emitted during testing.

In an investigation by Link et al., diesel engine emissions
were monitored for HNCO under both idle and 50% load
conditions with both conventional diesel and biodiesel.34

Emission factors were found to be 3 times larger for engines
during idle compared to those at 50% load with values of 54 mg
kg�1 fuel and 17 mg kg�1 fuel, respectively. Biodiesel did not
have a signicant difference in emission factors when
compared to conventional diesel. These values are in good
agreement with those obtained by Jathar et al. (2017), who
studied the emission factors on the same engine.35 These values
are much larger than those obtained in Wentzell et al. (2013),
who calculated emission factors between 0.21 and 3.96 mg kg�1

fuel for measurements during city driving and aggressive
driving, respectively.30 The range in reported emission factors
could result from the differences in measurement techniques,
for example between on-road (Wentzell et al. (2013)) and labo-
ratory (Link et al. & Jathar et al.) measurements34 as well as
differences in engine size.35

The emission factors of diesel engines ranged from 0.21 �
0.14 mg HNCO per kg fuel for a consumer diesel vehicle
undergoing a driving procedure (FTP75) that simulates city
driving,30 to 282 � 7 mg HNCO per kg fuel for a commercial
diesel engine running the ISO 8178/4 cycle with selective cata-
lytic reduction equipped (Table 3).36,76

Furthermore, two mobile studies have quantied HNCO
emissions from traffic. Wren et al. (2018) conducted a mobile
study using a CIMS operated in a mobile lab to measure real
time HNCO and HCN mixing ratios of on-road vehicles.56 They
found that on-road vehicles were clear emitters of HNCO to the
atmosphere, with higher emissions observed in winter than in
summer. Algorithms were used to calculate both plume-based
and timed-based emission factors from the combined diesel
and gasoline emissions. The winter and summer time-based
emission factors (mean) were 2.6 and 3.1 mg kg�1 fuel,
respectively. These values agree closely to the values obtained
for diesel vehicles in Wentzell et al. (2013)30 and gasoline vehi-
cles in Brady et al.,33 but much lower than dynamometer
measurements by Suarez-Bertoa et al.,37 Link et al.,34 and Jathar
et al.35 Further evidence of summer and winter emission
differences are provided by Suarez-Bertoa et al. who found that
on average in their eet (both gasoline and diesel vehicles) that
vehicles operated at �7 �C had emission ratios more than four
times greater than when operated at 23 �C.37
Environ. Sci.: Processes Impacts, 2019, 21, 793–808 | 799
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In the second mobile study, Liggio et al. conducted
a regional aircra study in the Athabasca oil sands in northern
Alberta, Canada, where bitumen deposits are extracted and
rened to crude oil resulting in heavy industrial activity.72 In the
study, HNCO was measured using a time-of-ight CIMS over 22
ights. Elevated HNCO concentrations were attributed to diesel
exhaust through correlation with black carbon levels. Their
study found that off-road oil sands diesel activities had emis-
sions factors of 9.2 mg HNCO per kg fuel (mean) contributing
approximately 0.15 tons HNCO per day to the atmosphere. In
the Alberta Oil Sands region, the diesel emissions are domi-
nated by large industrial engines compared with relatively
smaller commercial and freight trucks on Toronto highways,
which may explain the higher emission factors compared to
Wentzell et al. (2013)30 and Wren et al. (2018).56 Additionally,
because the plane intercepted the vehicle exhaust much further
downwind of the source that the on-road mobile lab, there was
more time for secondary production of HNCO to occur.
3.2. Biomass burning

Biomass burning, which includes wildres and agricultural
burning, can occur on a large scale with important local to
regional impacts on air quality and health. Furthermore, the
occurrence and intensity of wildres are expected to increase in
the future due to the effects of climate change.80

Several laboratory studies have looked at the constituents of
biomass burning emissions from different types of materials.
Shea nut meal, yellow peas, soya beans, and whey protein have
been used as model compounds to study the combustion
emission of these N-containing biomass material.27 Indeed, all
these crops emit HNCO during pyrolysis. The whey and soya
beans emissions of HNCO are temperature dependent with
higher temperatures corresponding to lower HNCO production.
Similar to the pyrolysis of coal, the cracking of cyclic amides
likely explains the production of HNCO from biomass burning.

During the burning of California sage brush, HNCO/CO
emission ratios can be 5–10 times larger during the aming
state of combustion than during the smoldering stage.19 This
result is consistent with measurements made during a nation-
wide bonre event in the UK where HNCO/CO ratios were
observed to be 3 times higher during a period when emissions
were thought to be dominated by aming combustion compared
to smouldering.58 In addition, this Guy Fawkes Night study found
that plumes associated with bonres had maximum mixing
ratios of 1.64 ppbv HNCO, a two-order of magnitude enhance-
ment of the mean non-bonre mixing ratio of 0.012 ppbv.58

Different parameters such as protein content and tempera-
ture determine how much HNCO is released during biomass
burning.27 HNCO emission ratios can vary from 0.80 �
0.57 mmol per mole of CO for fuels commonly found in
southwestern USA28 to 4.6 mmol mol�1 of CO for fuels
commonly found in northern USA.81 Similar results with emis-
sion ratios reaching 0.76 mmol mol�1 of CO for fuels common
to the southwestern USA burned in laboratory studies.21

Further, emissions from 30 laboratory biomass burning res
during the 2016 Fire Inuence on Regional Global Environment
800 | Environ. Sci.: Processes Impacts, 2019, 21, 793–808
Experiment (FIREX 2016) were found to contain on average 1%
HNCO, in terms of total ion count measured by HR-TOF-CIMS
using iodide reagent ion.82 In these same experiments, the
high- and low-temperature pyrolysis proles were compared.83

High-temperature pyrolysis resulted in larger emissions of
HNCO versus low-temperature pyrolysis experiments and had
mole fractions of HNCO over double that of HCN.83

During the Fourmile Canyon re in 2010, enhancements in
HNCO and CO were measured in nearby Boulder, CO. HNCO
was measured at mixing ratios up to 0.220 ppbv; about 20 times
the ambient background concentrations in that region.19 Simi-
larly, in areas affected by local agricultural burning in Mohali,
India mixing ratios were increased by approximately 0.500
ppbv, 30%, versus times when there was no agricultural
burning.53 Regional scale wildres are known to have important
consequences on local and regional air quality, yet whether
HNCO is causing part of adverse health effects related to
biomass burning events remains unclear.
3.3. Secondary production

HNCO might have important secondary photochemical sources
in the atmosphere. In fact, we know that amines, such as mon-
oethanolamine, oxidize to amides and are subsequently oxidized
to isocyanates.43–45,65 In laboratory studies, HNCO is the main
oxidation product from the oxidation of formamide with OH,
NO3, or Cl (common atmospheric oxidants).40–42 Urea also
produces HNCO as the sole C-containing oxidation product upon
Cl-initiated urea oxidation.40 Other amides including N-methyl-
formamide, acetamide, and propanamide produce HNCO as
either a rst or second generation product of oxidation.41

Secondary production of HNCO from diesel exhaust was
observed by photochemically aging the exhaust in a potential
aerosol mass reactor.34 The enhancement factor for HNCO
increased by a factor of four when compared to the emission
factor of fresh diesel exhaust. When aged for 1.5 days, HNCO
enhancement factors reached 230 mg HNCO per kg fuel
during idle conditions. In addition, the aging of diesel
exhaust was studied in the Athabasca oil sands.72 Plumes
downwind of oil sands sites were examined using a top down
emission rate retrieval algorithm to lter out primary emis-
sions. Indeed, photooxidation of diesel exhaust accounted for
the production of 116–186 kg HNCO per h or approximately
1.5 tons HNCO per day. Compared to the value measured for
direct (primary) HNCO emissions of 6.2 kg HNCO per h,
photooxidation of diesel exhaust accounts for over 20 times
the HNCO production than what is directly emitted from the
tailpipe. This process of exhaust aging should be further
investigated to determine which components of exhaust are
contributing to the large HNCO increase and whether this
increase in HNCO holds true for exhaust from other
combustion sources.

Correlations of HNCO diurnal cycles with respect to several
photochemically produced species including HNO3, O3, and
formic acid, have been observed.30,55,57 Early aernoon peaks in
mixing ratios along with the aforementioned correlations have
provided additional evidence for secondary production.
This journal is © The Royal Society of Chemistry 2019
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Therefore, the combined contributions of ambient HNCO
from photochemical enhancements of vehicle exhaust and from
formation by amine and amide oxidation are likely to be more
relevant to ambient HNCO concentrations than primary emis-
sions. However, the ratio of primary emissions to secondary
emissions would be dependent on geographic location and re
activity.

3.4. Cigarette smoke

There are three potential sources of HNCO from cigarettes: (1)
pyrolysis of the protein-enriched tobacco and other N-
containing organics, (2) the pyrolysis of urea, a common
ingredient added to many cigarettes, and (3) the oxidation of
nicotine.38 In an approximation made by Roberts et al.19 based
on parameters developed by Baker and Bishop,39 an estimated
36 mg and 108 mg of HNCO is inhaled from just one ltered and
unltered cigarette, respectively. This concentration translates
to a mixing ratio of 40 000 to 140 000 ppbv being inhaled by the
smoker, well above the estimated 1 ppbv threshold for human
carbamoylation risk.19

In a laboratory study, nicotine was found to produce form-
amide and HNCO upon photo-oxidation, which could occur in
both indoor and outdoor environments.38 The photo-oxidation
of nicotine therefore, leads to an important exposure path-
ways of HNCO through rst, second, third hand smoke.38,84

3.5. Material combustion from the built environment

The combustion of materials from the built environment
presents a diverse and potentially large yet sporadic source of
HNCO to air. HNCO and other isocyanates have been measured
to be a combustion product of materials commonly found in
buildings, such as glass, rubber, wool, foam, optical cables,
carpet, mattresses and wood.85–89 Glass wool, nitrile rubber and
melamine emitted isocyanates between 2000 and 4000 ppbv in
laboratory test res.86 HNCO was consistently the major product
quantied in test res with manufactured polyurethane mate-
rials.86 In laboratory test res of both exible polyurethane foam
and viscoelastic memory foam mattresses, the total yields of
isocyanates ranged from 1.43–11.95 mg m�3 and 0.05–6.13 mg
m�3, respectively.89 Further, it was found that HNCO made up
34–99% and 2–98% of total NCO emissions from exible poly-
urethane foam and viscoelastic memory foam mattresses,
respectively.89 These results depended on the re temperature,
with the highest yield percentage corresponding to the highest
burn temperature.89

Fire tests involving vehicles and their interior, exterior, and
engine components have also been investigated for their
emissions of isocyanates.90,91 Signicant amounts of isocyanates
were found to be emitted from vehicular res ranging from
0.0059–0.0668 mg m�3.85,90 Of those emissions, all of the
isocyanates originated from the combustion of the cabin
materials and not from the engine compartment. The implica-
tions of the combustion of building materials for exposure to
HNCO remains constrained to a building re, and likely
contributes negligibly to the global budget of atmospheric
HNCO.
This journal is © The Royal Society of Chemistry 2019
4. HNCO loss processes
4.1. Gas phase photochemistry

The atmospheric removal of HNCO though gas phase reac-
tions is thought to be slow. By extrapolating available data at
high temperatures,92,93 Tsang et al.47 recommends 1.06 � 10�18

T2 exp(�1290/T) cm3 per molecule per s for the temperature-
dependent rate coefficient for reaction with OH radicals.
This value corresponds to a rate coefficient of 1.24 � 10�15 cm3

per molecule per s at 298 K, and to a lifetime of several
decades.

Moreover, HNCO is stable against photolysis from sunlight.
The lowest energy absorption band of HNCO is below 280 nm
and thus the molecule cannot absorb in the actinic region of
radiation in the troposphere.94 Consequently, the lifetime of
HNCO with respect to gas phase photolysis is on the order of
months.19 Most loss of HNCO in the atmosphere is therefore
thought to be through dry deposition or uptake to the aqueous
phase followed by hydrolysis or wet deposition.19,95
4.2. Heterogeneous uptake and hydrolysis

The lifetime of HNCO with respect to heterogenous uptake and
hydrolysis depends strongly on atmospheric parameters such
as the liquid water content, temperature, and pH of cloud
droplets.2,4 The air–water phase partitioning of HNCO is thus
an important parameter to investigate. Roberts et al. reported
an intrinsic Henry's law coefficient of 21 M atm�1, inferred
from measurements made at pH ¼ 3.19 This value was later
conrmed by Borduas et al. who determined the Henry's law
coefficient and enthalpy of dissolution to be 26 � 2 M atm�1

and �34 kJ mol�1, respectively.2 The Ka for HNCO is 2.1 �
10�4 M.2,3 The enthalpy of dissociation for HNCO is
5.4 kJ mol�1.95 With these values, the partitioning of HNCO
from the gas phase to the aqueous phase can be predicted at
varying temperatures and pH values. Additionally, HNCO
exhibits a salting out effect—a decrease in the solubility of
a solute with the increase in ionic strength of the solution – at
increasing NaCl concentrations at pH 3.4 Roberts and Liu re-
ported the Setschenow constant, ks, a measure of a solute's
solubility as a function of salt content, of HNCO to be 0.097 �
0.0011 M�1 from a series of solubility experiments at varying
ionic strengths.4 The Setschenow constant for HNCO is also
well predicted with its octanol–water constant, Kow,96 which
was recently measured to be 4.4.4

Once HNCO is dissolved into an aqueous solution, it can
undergo hydrolysis, through three pH dependent reactions, to
irreversibly produce NH3 and CO2. These two products may
then form ammonium and bicarbonate depending on the pH
(R8–R10).2,97

HNCOþHþ þH2O!k1 NH4
þ þ CO2 (R8)

HNCOþH2O!k2 NH3 þ CO2 (R9)

NCO� þ 2H2O!k3 NH3 þHCO3
� (R10)
Environ. Sci.: Processes Impacts, 2019, 21, 793–808 | 801
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Fig. 3 Overall hydrolysis rate constant khyd for varying pH values at
298 K. Graph is coloured with respect to the contributions of each
term of the overall rate constant equation (eqn (1)). Values of k1, k2, and
k3 were calculated using the activation energies reported in Borduas
et al. 2016.2 The Ka value used was 2.1 � 10�4.
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The overall pseudorst order rate constant for the hydrolysis of
the total amount of isocyanate in solution [HNCO + NCO�] can be
written as eqn (1).2,97 Because each hydrolysis rate is pH depen-
dent, each term (k1, k2, or k3) in eqn (1) changes in importance
with respect to the overall rate as pH changes (Fig. 3). The values
for each of the individual rate constants k1, k2, and k3 were
calculated using k1¼ (4.4� 0.2)� 107 exp(�6000� 240/T) M s�1,
k2 ¼ (8.9 � 0.9) � 106 exp(�6770 � 450/T) s�1, and k3 ¼ (7.2 �
1.5) � 108 exp(�10 900 � 1400/T) s�1 as recommend in Borduas
et al. 2016.2 We note that similar values were obtained by Roberts
et al. for atmospherically relevant temperatures and pH.4 The Ka

value used for this calculation was 2.1 � 10�4 M. At this
temperature, the k1 term dominates the overall rate constant
equation at pH values between 0 and 1; while at pH values above
9 the k3 term dominates. The k2 term dominates the overall rate
constant in the pH range of 3–7.

Overall rate constant for the hydrolysis of HNCO:

khyd ¼ k1½Hþ�2 þ k2½Hþ� þ k3Ka

Ka þ ½Hþ� (1)

The extent to which aqueous phase hydrolysis can impact the
lifetime of HNCO in the atmosphere depends on the liquid
water content of the atmosphere, and the temperature and pH
of the liquid water droplets.2 At atmospherically relevant cloud
water pH values between 4 and 6, and temperatures between
273 K and 298 K, the lifetime of HNCO in solution can range
from ve hours to over a month. At a given liquid water content
of 1 g m�3, the pH-dependence of the solubility and the pH-
dependence of the hydrolysis rate (between pH 4 and pH 8)
counteract each other, yielding a lifetime of HNCO against
uptake and hydrolysis relatively insensitive to pH.2 In this pH
range, the temperature dependence of the overall loss rate is
driven by the temperature dependence of k2, which increases by
an order of magnitude between 273 K and 298 K. The
802 | Environ. Sci.: Processes Impacts, 2019, 21, 793–808
atmospheric fate of HNCO relies heavily on an accurate
measurement of k2.

In addition to hydrolysis, it has recently been reported that
HNCO reacts with ammonia in solution to form urea (R11).4 The
reaction has a rate constant of 1.2 (�0.1) � 10�3 M�1 s�1 and
proceeds at almost twice the rate of hydrolysis at pH 3.4 Note
that ammonium has a pKa of 9.24 and thus, at pH 3 virtually all
of the ammonia will be protonated to ammonium.

HNCO + NH3 / H2NC(O)NH2 (R11)

In regards to the heterogeneous uptake of HNCO, Zhao et al.
201455 investigated the ability of HNCO to be scavenged by
cloud droplets. To do so, atmospheric concentrations of HNCO
were measured pre-cloud, in the gas-phase, and then during
a cloud event, in the aqueous phase, while excluding interstitial
air. The fraction of the HNCO in the water ranged from 7–17%
of the original gas phase amount depending on the pH of the
cloud droplet; with the higher percentage of aqueous HNCO
corresponding to a higher pH value. These values far exceeded
the theoretical values calculated using the pH and effective
Henry's law constant which ranged between 0.02% and 0.7%.
These discrepancies cannot be explained solely by partitioning
even when considering the updated information available
regarding temperature dependence of HNCO's Henry's law
coefficient and suggests the existence of an aqueous source of
HNCO.2,4 A recent study proposed the increase in HNCO
measured in the cloud droplets55 could be due to NCO� present
in seawater from biological activity.4 The resulting NCO�

enriched sea spray and subsequent acidication could be
a source of gaseous HNCO to the atmosphere.4

4.3. Dry deposition

Given the absence of other gas-phase loss processes, it seems
likely that dry deposition may be an important sink for HNCO.
Prior to the calculation of the deposition velocity of HNCO, its
deposition has been implemented into a chemical transport
model (discussed further in Section 5) by assuming the same for
formic acid.95 The resulting lifetimes against deposition are
currently estimated to be 1–3 days over the ocean and, 1–2
weeks over vegetation.95 Roberts et al. recently revisited these
numbers, and estimate that the lifetime with respect to dry
deposition is 1–2 days and the lifetime with respect to aerosol
deposition is 6–12 days.4

5. Fate modelling
5.1. Chemical transport modelling

Chemical transport models are a necessary tool in atmospheric
chemistry to evaluate our current understanding of chemical
and physical processes, to estimate exposure risks where
measurements have yet to be made and to help identify missing
and/or inaccurate sources and sinks of pollutants of interest.
Young et al., used the chemical transport model, MOZART-4
(Model for Ozone and Related Chemical Tracers), to simulate
the global tropospheric budget and spatial distribution of
HNCO.95 The model inputs included biomass burning sources
This journal is © The Royal Society of Chemistry 2019
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along with anthropogenic emissions, but did not include
secondary photochemical sources. Emissions were determined
by scaling the emissions of HCN by a factor of 0.3 for biomass
burning, and of 0.3 for anthropogenic emissions. However,
based on recent biomass combustion studies, we now know that
the scaling factor of 0.3 is likely low for many fuels.81,83 The
authors identied biofuel combustion as the major anthropo-
genic source of HNCO within their model.95 The result of this
scaling exercise generated global HNCO emissions of 1490 Gg
per year.95

The loss processes within the MOZART-4 simulation
included OH radical oxidation, using a temperature-
independent rate coefficient of 10�15 cm3 per molecule per s
which itself was extrapolated to 298 K from Tsang et al. (1992),47

and dry deposition, using deposition velocities for formalde-
hyde, a previously used surrogate for formic and acetic acid in
models.95 Heterogeneous uptake was included as an irreversible
loss process and was calculated using an intrinsic Henry's law
coefficient of 21 M atm�1, taking into account both pH and
liquid water content dependence of solubility. The pH and
temperature dependences of the hydrolysis reactions were not
considered however; hydrolysis was assumed to occur with unit
probability following dissolution. As a result of considering the
pH-dependence solely of the solubility, the importance of the
heterogeneous loss was strongly pH-dependent.

In the simulations, the lifetime of HNCO reached
a minimum of 5 days, which seems somewhat inconsistent
with the diurnal trends observed for HNCO in the atmosphere.
The model output was compared to observations from Erie,
CO, where it simulated mixing ratios of a reasonable magni-
tude (0.030–0.080 ppbv) but did not match the patterns of
variability in the observations. The model simulations iden-
tied several regions across the globe where mixing ratios
were predicted to exceed the 1 ppbv threshold for potential
carbamoylation and health effects.19,95 Regions of potentially
high HNCO exposure were those affected by wildres or high
anthropogenic emissions. Note that these simulation results
predict ppbv levels of HNCO without the inclusion of photo-
chemically produced HNCO, thereby likely underestimating
ambient concentrations near amine and amide emissions.
Since the publication of the modelling study, measurements
in India and Nepal have conrmed that mixing ratios can
reach values in excess of 1 ppbv, especially in regions with
agricultural burning.51,52

Regional HNCO emissions have also been modelled with
respect to areas downwind from the Athabasca oil sands in
Alberta, Canada.72 Using the Canadian regional air quality
model (GEM-MACH v2.0), mean HNCO concentrations of 0.025
ppbv and 0.052 ppbv were predicted for Fort McMurray, 70 km
away from oil sands industrial activity, and Edmonton, an
urban city 575 km from the oil sands, respectively.72 Emissions
of HNCO were separated into two categories: emissions from
primary sources and emissions from secondary production.
Contributions from primary oil sands emissions were deter-
mined through source specic emission factors of 0.0028, 2.3,
and 2.9 mmol HNCO per mol of CO for gasoline, on-road diesel,
and off-road diesel emissions, respectively. Secondary
This journal is © The Royal Society of Chemistry 2019
production was also taken into account and was calculated for
the oxidation of VOCs and enhancement of diesel exhaust. Both
primary and secondary oil sands activity accounted on average
for 55% of HNCO mixing ratio in Fort McMurray and increased
to values greater than 80% when directly impacted by oil sands
plumes.72 Indeed, modelled concentrations reached levels of
0.600 ppbv in Fort McMurray during oil sands plume events, 60
times the mixing ratio of non-plume times. These studies are
helping us understand the potential exposure to HNCO on
global and local scales.

5.2. Cloud modelling

A gas-aqueous zero-dimensional model study was conducted to
investigate the fate of HNCO in various cloud chemistry
conditions.98 The model included 25 chemical species partici-
pating in 34 gas-phase reactions and 31 aqueous-phase reac-
tions. The pH of the clouds could be held constant or could vary
depending on the chemical constituents in the system. Unlike
the Young et al. study, this model treated the kinetics of the
aqueous phase hydrolysis reactions explicitly. Dissolution of
HNCO into cloud water was reversible and as the liquid water
content decreased or the pH decreased, HNCO could return to
the gas phase. The conditions associated with cumulus clouds
were found to cause the largest reduction of HNCO in the
atmosphere with a corresponding lifetime of around 2 h for
a cloud-containing airmass. It should be noted that the droplets
in the cumulus clouds corresponding to the shortest lifetimes
had a pH of 3.7 due to a SO2 concentration of 2 ppbv. This short
lifetime assumes that a given airmass has constant contact with
clouds and thus an overall lifetime of HNCO in an air mass is
more likely closer to 3–5 days.98 The cloud properties were
shown to have an effect on HNCO loss, with larger reductions
corresponding to lower pH and higher temperature. Thus, the
most efficient removal of HNCO is suggested to occur in warm
low-lying clouds near urban regions.

5.3. HNCO as a source of NH3

The hydrolysis of HNCO in an aqueous droplet leads to the
production of NH3, and here we consider whether this
production could be a secondary source of NH3. Young et al.
estimated the global emissions of HNCO to be 1.5 Tg per year,95

and since N represents a third of the mass of HNCO, it corre-
sponds to a nitrogen emission of around 0.5 Tg N per year. If we
assume that the oxidation of amines yields HNCO, then we can
use the global amine production estimated by Schade and
Crutzen99 at 0.3 Tg N per year in combination with the estimate
that oxidation accounts for 25–75% of the sinks for amines.100

This calculation yields, at maximum, 0.2 Tg N per year of HNCO
from amines. Combining the primary emissions estimates to
the secondary production and allowing every HNCO to hydro-
lyze to NH3 suggests that the maximum amount of NH3

produced through HNCO hydrolysis would be on the order of
0.7 Tg N per year. Comparing this value to the global estimate of
NH3 emissions of 60 Tg N per year,101 HNCO seems to be an
insignicant source globally, contributing only around 1%.
However, there could be local environments where NH3 sources
Environ. Sci.: Processes Impacts, 2019, 21, 793–808 | 803
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are low and the contribution of HNCO hydrolysis may not be
negligible for a particular ecosystem.

6. Exposure and risks

Much of the motivation for the study of HNCO is rooted in the
risk associated with human exposure. HNCO is in equilibrium
with its anion, cyanate (NCO�). When in the presence of
molecules with amino groups, NCO� will react to form carba-
moyl derivatives.16 Further, the enzyme activity of ribonuclease
can be lost when exposed to cyanate due to protein function
alteration through reaction with cyanate by carbamoylation.13,16

Changes in amino acid structure by carbamoylation alters the
folding and functional ability of proteins leading to major
complications such as renal failure,15,102 cardiovascular
disease,10,14,103 cataracts,12 and rheumatoid arthritis.13

Based on an effective Henry's law constant of 105 M atm�1,
Roberts et al. estimated that with an ambient gas phase
concentration of HNCO of just 1 ppbv, inhalation could result
in blood cyanate concentrations high enough to participate in
carbamoylation reactions.19 Furthermore, revised values to
include the temperature dependences of the solubility and the
acid dissociation constants, produces only a 15% difference
(1.15 ppbv) in the inhaled concentration required to cause
blood concentrations of 100 mM. Yet, the connection between
inhalation of HNCO and its presence in the blood stream is to
the best of our knowledge unknown. Another possible fate of
cyanate in the blood is hydrolysis; using a temperature of 310 K,
a pH of 7.4 and the Arrhenius expressions, the lifetime against
hydrolysis is calculated to be 291 h,2 implying that the hydro-
lysis pathway is likely not fast enough to destroy the cyanate
before it enters cells to further undergo carbamoylation. The
transfer of HNCO from the blood stream into cells should be an
efficient process with a log KOW value of 0.64 at 298 K.4

However, there has yet to be any direct epidemiological or
toxicological studies relating HNCO exposure via inhalation to
adverse health effects. Such studies would help uncover if
HNCO in fact does cause in vivo carbamoylation and at which
ambient mixing ratios. Until then, there are several options to
reduce the rate of carbamoylation including amino acid
supplementation, modied dialysis prescriptions and anti-
inammatory therapies.15

7. Future research

Since the atmospheric chemistry community has identied
HNCO in the atmosphere, efforts have been focused on iden-
tifying and quantifying its sources and sinks. Importantly, there
is potential for this molecule to have adverse health impacts
and so understanding its fate to better predict its location and
its concentrations is an important problem. Furthermore,
HNCO can serve as a tracer of photochemically processed
organo-nitrogen as well as wet partitioning. Ambient measure-
ments remain scarce and geographically limited (Fig. 2) though
additional unpublished datasets may exist due to the increasing
deployment of time-of-ight CIMS and PTR-MS instruments in
eld campaigns. In fact, there is the opportunity for datamining
804 | Environ. Sci.: Processes Impacts, 2019, 21, 793–808
existing acetate- and iodide-CIMS measurements to better
quantify HNCO temporally and spatially. Chemical transport
models will continue to help ll in data gaps, but require
updated information on emissions, secondary sources, and
heterogeneous loss processes. We foresee the need for further
ambient measurements particularly through biomass burning
and residential cooking, with a focus on developing countries.
Understanding seasonal differences in mixing ratios and
diurnal cycles could also be prioritized.

The main sinks of HNCO are wet and dry deposition. Yet
these sinks are typically slow, giving signicant time for HNCO
to react through other processes. For example, organic mole-
cules with nucleophilic moieties present in the atmosphere
could be a sink for HNCO. Moreover, the amplitude of the
HNCO diurnal prole could be suggesting a relatively fast sink
in the atmosphere.

Development of emission factors and enhancement ratios,
hydrolysis rate constants, and amine and amide oxidation
pathways might warrant a revisit of a chemical transport model
study. Model predictions could help identify geographic loca-
tions at risk of high exposure to HNCO and assist in informing
policy in regard to its regulation.

Finally, the pre-eminent gap in the understanding of HNCO
is its impact on human health. The study of the fate of this weak
acid has been led by atmospheric chemists speculating through
the use of Henry's law coefficient that HNCO could be present in
the blood and cause carbamoylation reactions, leading to
cardiovascular problems. However, no direct study has linked
ambient air HNCO exposure to carbamoylation and thus to
health effects. These toxicological and even epidemiological
studies could help motivate our understanding of the fate of
HNCO. If this compound is truly toxic through inhalation and/
or dermal uptake, then more resources could then be allocated
to mitigating HNCO exposure.
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