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Abstract

Isocyanic acid (HNCO) is a potentially toxic atmospheric pollutant, whose
atmospheric concentrations are hypothesized to be linked to adverse health effects. An
earlier model study estimated that concentrations of isocyanic acid in China are highest
around the world. However, measurements of isocyanic acid in ambient air have not
been available in China. Two field campaigns were conducted to measure isocyanic
acid in ambient air using a high-resolution time-of-flight chemical ionization mass
spectrometer (ToF-CIMS) in two different environments in China. The ranges of
mixing ratios of isocyanic acid are from below detection limit (18 pptv) to 2.8 ppbv (5
min average) with the average value of 0.46 ppbv at an urban site of Guangzhou in the
Pearl River Delta (PRD) region in fall and from 0.02 ppbv to 2.2 ppbv with the average
value of 0.37 ppbv at a rural site in the North China Plain (NCP) during wintertime,
respectively. These concentrations are significantly higher than previous measurements
in North America. The diurnal variations of isocyanic acid are very similar to secondary
pollutants (e.g. ozone, formic acid and nitric acid) in PRD, indicating that isocyanic
acid is mainly produced by secondary formation. Both primary emissions and
secondary formation account for isocyanic acid in NCP. The lifetime of isocyanic acid
in lower atmosphere was estimated to be less than one day due to the high apparent loss
rate caused by deposition at night in PRD. Based on steady state analysis of isocyanic
acid during the daytime, we show that amides are unlikely enough to explain the
formation of isocyanic acid in Guangzhou, calling for additional precursors for
isocyanic acid. Our measurements of isocyanic acid in two environments of China
provide important constraints on the concentrations, sources and sinks of this pollutant

in the atmosphere.
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1. Introduction

Human health can be adversely affected by atmospheric pollutants, among which
toxic components are one of the main culprits. Isocyanic acid (HNCO), as a trace gas
in ambient air, can participate in the protein carbamylation reactions, leading to the
development of cardiovascular impairment, cataracts and rheumatoid arthritis, via
breath!~. As isocyanic acid is highly soluble at physiological pH, it is estimated that ~1
ppbv is the upper limit of the inhaled isocyanic acid concentration, more than which it
is sufficient to cause the protein carbamylation reactions at the interfaces of the
atmosphere with the human body (e.g. the lungs)®®. Thus, it is vital to accurately
quantify concentrations of isocyanic acid in ambient air for a better understanding of
variations, sources and sinks of isocyanic acid.

Since the first online measurements of isocyanic acid by chemical-ionization mass
spectrometry from emissions of biomass burning and in ambient air®, the knowledge on
isocyanic acid has improved significantly’. The sources of isocyanic acid include
primary emissions from biomass burning®, diesel vehicles!?-!2, gasoline vehicles'? 13,
extraction of oil sands'* and cigarette smoke!®> and secondary formation in
photochemical processes'®?2. The known precursors for isocyanic acid include
amides??, amines?3, urea®* and nicotine?!. In general, amines are oxidized to amides and
then amides are subsequently oxidized to isocyanates!®: 23, Besides, diesel exhausts are
also reported to form isocyanic acid substantially, although the components of diesel
exhausts contributing to the increase of isocyanic acid are unknown?’. The main sinks
of isocyanic acid are dry and wet deposition®>-?°. Due to the high water solubility,
isocyanic acid can be absorbed into the aqueous phase and then undergo hydrolysis to
produce NH; and CO,!8 25 27, However, the understanding of the atmospheric fate of
isocyanic acid is still incomplete, partially limited by the lack of measurement data in
various environments.

The earliest global modelling study, which treated all isocyanic acid from biomass
burning and anthropogenic emissions, predicted that parts of China would have the
highest annual mean concentration (0.47 ppbv) of isocyanic acid around the world in
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200839, while the latest global simulation demonstrates conflicting results with
relatively lower concentrations (below 0.2 ppbv) of isocyanic acid over most parts of
China?®. These different modelling results, due mainly to the different emission
inventories used to estimate the combustion sources of isocyanic acid, amplifies the
need for measurements of isocyanic acid in ambient air in this region. In this study, in-
situ measurements of isocyanic acid in ambient air were conducted in two different
environments (urban and rural) in China. The concentration levels and diurnal
variations of isocyanic acid were compared with previous measurement results in other
regions. The implications on the sources and sinks of isocyanic acid in the atmosphere

will be discussed.

2. Experimental

Isocyanic acid in ambient air was measured during two different field campaigns.
One was conducted in September 25 — November 20 of 2018 at an urban site in
Guangzhou (23.13°N, 113.26°E), a mega-city in Pearl River Delta (PRD) region.
Another set of measurements was carried out at a rural site (38.85°N, 115.48°E) in
North China Plain (NCP) in winter in November 26 — December 24, 2018. The detailed
descriptions of the two sites are provided in Section S1 of the Supporting Information
(SI). Supporting measurements were simultaneously performed including
meteorological parameters, carbon monoxide (CO), nitrogen oxides (NOy), ozone and
VOCs measured by a proton transfer reaction time-of-flight mass spectrometer (PTR-
ToF-MS) and an online gas chromatograph mass spectrometer/flame ionization
detector (GC-MS/FID). The detailed setup of the PTR-ToF-MS and the GC-MS/FID is
presented in Wu et al.3!. The PTR-ToF-MS with H;O" chemistry was calibrated by the
standard gas with 16 VOC components every day during two campaigns. Formamide
and C, amides were calibrated using a Liquid Calibration Unit (LCU) in the laboratory
before the campaigns. The sensitivities of C; — Cyy amides and methyl isocyanate were
determined from the averaged sensitivity of the calibrated VOC compounds during the

two campaigns. The detailed derivation process of the sensitivities and the specific
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information of the calibrated compounds are provided by Wu et al.3!.

Isocyanic acid was measured by a high-resolution time-of-flight chemical
ionization mass spectrometer with iodide reagent ion (I- ToF-CIMS) utilizing X-rays as
the ionization source. A 3-meter-long Teflon tubing (1/4”) was used for sampling
ambient air with a total flow of 9.0 L/min, 2.0 L/min of which was introduced into the
ion-molecule reaction (IMR) region through an orifice. The IMR body was heated to
100 °C to reduce the wall loss on the inner surface. The pressures of the IMR and small
segmented quadrupole (SSQ) were regulated at ~380 mbar and ~2.2 mbar, respectively.
Isocyanic acid was detected as the iodide adduct, IHNCO-, and quantified using the
counts at m/z 169.9108 Th (Figure S2 in SI). Calibration was performed after the
campaigns in the laboratory using a custom-built diffusion source by formation of
HNCO from thermal decomposition of cyanuric acid (C3H3N303) at 300 °C% 32, The
delivered concentration of the diffusion source for isocyanic acid was determined using
an ion chromatography method (see details in Section S2 of SI). The sensitivity of
1socyanic acid was obtained to be 236 + 3 ncps/ppbv at the dry condition, which is close
to the value of about 250 ncps/ppbv derived from another I- CIMS instrument32. The
humidity dependence of the sensitivity of isocyanic acid in I- ToF-CIMS was also
obtained (Figure S6 in SI). During the two campaigns, the I- ToF-CIMS was deployed
with the filter inlet for gases and aerosols (FIGAERO). As a result, isocyanic acid and
other gas phase species were measured for the first 24 minutes of each hour, with 21
minutes for ambient air and 3 minutes for background. The detection limits of isocyanic
acid with an integration time of 5 min at a signal-to-noise ratio of 3 were 18 pptv and 8
pptv during the field campaigns in PRD and NCP, respectively. The total uncertainty
of 1socyanic acid measurements was estimated to be <25% (see details in section S2 of
SI). In addition to isocyanic acid, formic acid and nitric acid were simultaneously
measured by the I- ToF-CIMS during the two campaigns. Formic acid was calibrated
using the LCU before the campaigns and nitric acid was calibrated in the laboratory
after the campaigns with a permeation tube. The calibration of levoglucosan was
conducted by injecting liquid standards with different concentration onto the filter of

FIGAERO manually.
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3. Results and Discussion

3.1 Concentration levels of isocyanic acid

The average mixing ratios of isocyanic acid in the gas phase in PRD and NCP were
0.46 = 0.41 ppbv and 0.37 £ 0.19 ppbv, respectively. The mixing ratio measured at
the two sites are compared with previous measurements in the literature, as shown in
Figure 1 (also in Table S1 and Figure S7 of SI). As urban sites, the average mixing ratio
of isocyanic acid in PRD were one order of magnitude higher than Los Angeles, USA
(0.025 ppbv)® 17 and Calgary, Canada (0.036 ppbv)?*2. The mixing ratio of isocyanic
acid in PRD ranged from below detection limit (18 pptv) to 2.8 ppbv (5 min average).
The maximum mixing ratio in PRD was measured on October 11, 2018, the day with
highest daily average mixing ratio of isocyanic acid (1.8 + 0.5 ppbv) during the entire
campaign. At the rural site, the mixing ratio of isocyanic acid ranged from 0.02 ppbv
to 2.2 ppbv (5 min average). The maximum mixing ratio was detected in the plume on
December 22, 2018. The average mixing ratio of isocyanic acid in NCP is also six times
higher than the values (0.055 ppbv) measured at rural sites in USA (e.g. Fort Collins)'”.
Besides, the number of days exceeding the mixing ratio threshold of 1 ppbv was used
to assess the pollution level of isocyanic acid*®. There were 20 days with the maximum
mixing ratio (5 min average) of isocyanic acid exceeding 1 ppbv in PRD, accounting
for more than one third (38%) of the total observation days. The exceedance days in
NCP were less than in PRD, with 5 days exceeding 1 ppbv in the total of 29 days of
measurements.

In summary, the concentration of isocyanic acid in China is much higher than that
in Canada and USA, which is significantly different from the latest global simulation
results that the concentrations of isocyanic acid in North American are higher than those
in China?®. The only two measurements showing higher than our results shown in this
study are from suburban sites influenced by crop residue burning in India*} and in
Nepal**. However, the instruments (i.e. PTR-ToF-MS) used for measurements in India

and Nepal were not explicitly calibrated for isocyanic acid and the water dependence
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in the PTR-ToF-MS response to isocyanic acid was also not taken into account
(discussed in Section S2 of SI)*% 3336, Note that the early global chemistry transport
model predicted an annual mean concentration of isocyanic acid in the range of 0.2 to
0.5 ppbv in PRD and NCP?°. Although the modelled concentrations are comparable to
our in situ measurements, the model treated all of isocyanic acid source as primary
emissions by simple scaling to HCN that is usually co-emitted with HNCO. As
discussed in the following parts, our observations show a significant fraction of
isocyanic acid comes from secondary production.

As the I ToF-CIMS was equipped with a FIGAERO, isocyanic acid in particle
phase was also measured (Figure S7 in SI). The average concentrations of isocyanic
acid in the particle phase were 0.001 = 0.001 ppbv during the PRD campaign and 0.005
+ 0.006 ppbv during the NCP campaign, respectively. Accordingly, the average
fractions in the particle phase (F,) were 0.004 + 0.005 in PRD and 0.015 + 0.021 in
NCP. The higher F,, in NCP than in PRD is probably due to the higher concentrations
of organic aerosol in NCP (37.2 + 26.3 pug/m?) than in PRD (14.8 + 8.7 pg/m?) and the
lower temperature in NCP (0.5 + 3.6 °C) than in PRD (24.3 + 3.2 °C)*". Since the
lifetime of isocyanic acid against hydrolysis in aqueous phase ranges from five hours
to over a month at atmospherically relevant water pH values and temperatures’, the low
F, in both sites suggests that only a very small portion of gaseous isocyanic acid were
absorbed into the particle phase, which is consistent with the judgement that the
partition into wet aerosol is not a significant sink for gaseous isocyanic acid due to the
low aerosol liquid water content®. As the concentrations of isocyanic acid in the
particle phase were rather low, this study mainly focused on the isocyanic acid in the

gas phase.
3.2 Diurnal variations of isocyanic acid

Diurnal variations of isocyanic acid along with other air pollutants, including CO,
NOy, O3 and Oy (i.e. O3+NO,), measured at the two sites are shown in Figure 2. The
concentration of isocyanic acid in PRD showed a pronounced diurnal profile with

highest concentrations in the afternoon. The diurnal profile of isocyanic acid was very
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similar to many secondary pollutants, including O; and Oy, but clearly different from
primary species, e.g. CO, NOy and hydrocarbons (Figure S9 in SI), which exhibited
higher concentrations at night and lower ones in the daytime. The comparisons of
diurnal variations of isocyanic acid and levoglucosan, a tracer of biomass burning,
indicates that the high daytime concentration of isocyanic acid was unlikely from
biomass burning (Figure S10 in SI). As the fraction in particle phase (F,) for isocyanic
acid was below 0.04 throughout the PRD campaign (Figure S7 and Figure S8 in SI),
the gas-particle partitioning contributed little to the increase of gaseous isocyanic acid
during the daytime. Thus, we conclude that isocyanic acid was predominately produced
by secondary formation during the campaign in PRD.

Diurnal variations of isocyanic acid in NCP were obviously different from those in
PRD. Concentrations of isocyanic acid were relative stable throughout the day, with
somewhat higher concentrations in the morning. This diurnal profile of isocyanic acid
was different from both primary pollutants (CO, NO,, hydrocarbon and acetonitrile)
and secondary pollutants (O3, O, and HNO;) shown in Figure 2 and Figure S9 - S11 of
SI. The primary pollutants had much higher concentrations at night and lowest
concentrations in the afternoon, while secondary pollutants show higher concentrations
in the afternoon. In addition, isocyanic acid had moderate correlations with both CO
(r=0.57) and O (r=0.65) during the NCP campaign (Figure S14 and Figure S16 in SI).
These observations suggest isocyanic acid in NCP had contributions from both primary
emissions and secondary formation.

Diurnal profile analysis indicates sources of isocyanic acid are different between
measurements in PRD and NCP. This is also reflected by correlations of isocyanic acid
with CO, O3 and Oy during two campaigns (Figure S14 - S16 in SI). Moderate
correlation between isocyanic acid and CO is observed in NCP, while little correlation
is obtained in PRD. In addition to the differences between urban and rural sites, the
different seasons of the two campaigns also have an important impact on the sources of
isocyanic acid. Furthermore, we also conduct a combined analysis of diurnal profiles
for isocyanic acid in different environments, based on reported data in the literature

(Figure S13 in SI). We observed large variability in diurnal variations observed in
8
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different environments, indicating the complexity of sources influencing the

concentrations of isocyanic acid in ambient air.
3.3 High loss rates of isocyanic acid at night

As shown in Figure 2, we observed a strong diurnal profile of isocyanic acid in
PRD during the campaign, with much higher concentrations during the daytime. After
reaching the concentration plateau in the afternoon (14:00 - 16:00), the concentrations
of isocyanic acid started to decrease in the evening until midnight. The time series of
isocyanic acid in October 12-19 also clearly demonstrated this phenomenon, as shown
in Figure 3. Along with isocyanic acid, we also observe similar quick decline of
concentrations for nitric acid, formic acid and ozone, which results in good correlations
with each other at night (Figure S17 in SI). As the measurements were conducted at the
urban site with strong primary emissions, the decline of ozone in the evening is the
result of titration by local NO emission. However, there are no known gas-phase
chemical loss pathways for the three acids that can induce the decline of concentration
at night. Considering that these acids are highly water-soluble and it is not the rainy
season during the campaign, this evidence suggests that there must be some losses (e.g.
dry deposition) contributing to the concentration decline in the evening.

Here, we extract the daily data between 19:00 and 24:00, and use an exponential
curve to derive the apparent loss rate for isocyanic acid, along with nitric acid and
formic acid, which is detailedly described in Section S9 of SI. Four typical cases
measured during the PRD campaign were shown in Figure S20. The average value of
the apparent loss rates for isocyanic acid at every night with an obvious decline in
concentrations was calculated to be 0.39 + 0.12 h-!, equivalent to a lifetime of 2.6 + 0.8
h for isocyanic acid in the nocturnal boundary layer. The apparent loss rates for formic
acid and nitric acid are calculated as 0.28 + 0.04 h'! and 0.44 + 0.08 h™! using the same
method, respectively.

The average boundary layer height in the evening is estimated to be ~400 m during
the campaign based on the NOAA HYSPLIT model (Figure S21 in SI), which is

consistent with observations of average nocturnal boundary layer height in Guangzhou
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measured by Micro Pulse Lidar3®. Using the equation of the deposition velocity (V) :

Vi=1 ()
where h is the boundary layer height and 7 is the lifetime of isocyanic acid, it can be
roughly estimated that the deposition velocity for isocyanic acid is 4.3 + 1.3 cm/s in the
evening. Based on the same method, the deposition velocities for formic acid and nitric
acid are estimated to be 3.1 £ 0.4 cm/s and 4.9 = 0.9 cm/s. The determined deposition
velocities for these water-soluble acids are consistent with previous parameterization
of dry deposition (4.2 cm/s for formic acid and 5.1 cm/s for nitric acid)?® .

The deposition velocity during the daytime is usually higher than that at night*, as
the result of the strong convection during the daytime. If we assume a similar daytime
deposition velocity as nighttime and using the same eq 1 with the average boundary
layer height of 1000 m during the day (Figure S21 in SI), the lifetime of isocyanic acid
due to deposition is estimated to be 6.5 + 2.0 h in the day (corresponding to loss rate of
0.15£0.05 h").

Here, we perform a back-of-the-envelope estimate for the longest effective lifetime
of isocyanic acid throughout the day. A simplified atmospheric structure of boundary
layer is supposed, consisting of daytime boundary layer, nocturnal boundary layer and
nocturnal residual layer (Figure S22). The average boundary layer height of 1000 m
during the daytime is used. During the nighttime, the average boundary layer height
decreases to 400 m and the nocturnal residual layer with a height of 600 m appears
(Figure S21). It is assumed that Cppyco 1s the concentration of isocyanic acid at the end
of the daytime in the entire boundary layer. The concentration of isocyanic acid in the
nocturnal boundary layer would decrease with the loss rate of 0.39 + 0.12 h! by dry
deposition (the orange curve in Figure S22). As the night lasts for 12 hours, using the
equation of € = Cyyco * e ¥ (k=0.39 h'!, t=12 h), the concentration in the nocturnal
boundary layer would be 0.01 * Cyyco in the morning. The concentration of isocyanic
acid in the nocturnal residual layer would be still Cyycp in the morning (the green

curve in Figure S22) with the negligible loss as discussed in Section S11 of SI.

Assuming a prompt atmospheric mixing between the nocturnal boundary layer and
10

ACS Paragon Plus Environment



288
289
290

291

292
293
294
295
296
297
298

299

300

301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316

Environmental Science & Technology

residual layer, the concentration of isocyanic acid in the convective boundary layer

would be 0.60 * Cyyco in the morning after the convective boundary layer develops.

Thus, it would take additional 3.2 h for the concentration of isocyanic acid to decrease

to 1/e * Cyyco with the loss rate of 0.15 + 0.05 h'! in the daytime (the red curve in

Figure S22). Therefore, the effective lifetime for isocyanic acid in ambient air would
be less than 16 h, which is slightly shorter than about one day of lifetime estimated for
deposition to neutral pH surfaces in boundary layer?’. As shown in the discussions in
Section S11 of SI, the assumptions underlying the calculation affect little on the
conclusion that the effective lifetime for isocyanic acid would be less than 16 h. To sum
up, the effective lifetime for isocyanic acid mainly against dry deposition ranges from

6 h to 16 h in ambient air.

3.4 Strong secondary formation of isocyanic acid and possible

precursors

Based on discussions in section 3.2 and 3.3, we observed both strong secondary
formation and deposition during the PRD campaign. As the concentrations of isocyanic
acid show a plateau without obvious variations in the afternoon (14:00-16:00), we can
apply a steady state analysis to evaluate the rates of secondary formation for isocyanic
acid during this period!’:

[HNCO]koss = Emissongnco + karecursor[OH] [Precursor|Yynco  (2)
where  [HNCOlkjpss, Emissonynco and — Xkprecursor[OH][Precursor]Y ynco
represent loss rates, primary emission rates and secondary formation rates for isocyanic
acid, respectively. According to the discussion in Section S8 of SI, the contribution of
primary emission to isocyanic acid was below 10% in the afternoon. Then, assuming
that Emissonyyco was 10% of the total production rate of isocyanic acid, the steady-
state equation can be derived to:

[HNCO]kjoss * 0.9 = Xkprecursor[OH][Precursor]Y ynco 3)
where [HNCO], [Precursor], [OH] are the average concentration of isocyanic acid,
its precursors and OH radicals in 14:00-16:00, respectively. The average concentration

of OH radical between 14:00 and 16:00 (3.0 £+ 1.3 x 10° molecule cm™) is determined
11
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from simulation using a box model with MCM v3.3.1 as chemical mechanism and
constraints of observed VOCs, NOy and other environmental parameters during the
PRD campaign?!-37 (Section S12 of SI). kj,ss is the first order loss rate of isocyanic
acid. Here, we use the inverse of lifetime due to deposition determined in section 3.3
for the daytime (0.15 + 0.05 h'!). kyecursor is the rate coefficients for the reactions of
OH radicals with the precursors of isocyanic acid. Yyyco 1s the yields of isocyanic acid
from oxidation of precursors.

Using the average isocyanic acid concentration of 0.67 + 0.02 ppbv in 14:00-16:00,
we can estimate production rates of isocyanic acid should be 0.090 + 0.030 ppb/h to
maintain its concentration during this period (Figure 4a). Amides has been identified as
important precursors of isocyanic acid!”> 224, Using measured concentrations of
formamide, C, amides, C; amides C, amides and Cs — C;y amides by PTR-ToF-MS

along with the reported yield of isocyanic acid from these amides, the production rate

of isocyanic acid was rather low ((4.4 = 1.7)x103 ppb/h, Figure 4a and Table S3 in SI),

which is significantly lower than the production rate needed to maintain isocyanic acid
concentration. We also considered another extreme case that assumes all nitrogen in
amides is converted to isocyanic acid as the upper limit of production for isocyanic
acid. Using this method, the production rate is determined as 0.038 + 0.013 ppb/h,
which is significantly enhanced compared to production rate from amides determined
using reported yield. However, this production rate is still significantly lower than the
rate needed to maintain its concentration in this period. This result suggests that there
must be some other precursors contributing to secondary formation of isocyanic acid.
Several previous studies also reported that secondary formation of isocyanic acid is
higher than expected!’”> '8 41| though contributions from different precursors are
considered in these studies. In addition to amides, other nitrogen-containing organic
compounds may account for the “missing” formation of isocyanic acid. For example,
oxidation of urea®*, monoethanolamine!¢ and nicotine?! in the atmosphere is reported
to form isocyanic acid without going through an amide intermediate. However, these

nitrogen-containing species (urea, moethanolamine and nicotine) were not observed

12

ACS Paragon Plus Environment



346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375

Environmental Science & Technology

with significant signals by PTR-ToF-MS during the campaign.

It is interesting to observe that concentrations of C; amides are largest among
amides and C; amides account for 74% of the production rate for isocyanic acid from
all amides if assuming all nitrogen in amides is converted to isocyanic acid (Figure 4a).
The C; amides measured by PTR-ToF-MS (m/z 74.0600, CsH;NOH") showed
relatively high concentrations during the campaign with a maximum of 5.6 ppbv (1 h
average) observed on October 25, 2018. The diurnal variations of C; amides exhibited
higher concentrations at night and lower concentrations during the daytime. This
diurnal profile is similar to various primary species during the campaign, as shown in
Figure 2. A recent study also observed large signals of m/z 74 in mass spectra of PTR-
MS at a site in an industrial region of Guangzhou, about 16 kilometers east of our
measurement site*?, Owing to low mass resolution of the PTR-MS used in that study,
the signals at m/z 74 were tentatively attributed to butylamine (C4H;;N) with the
average concentration of 123 ppbv#2. Based on the high-resolution peak fitting of m/z
74 for mass spectra of PTR-ToF-MS (Figure S25 in SI), we confirmed that the signals
at m/z 74 are mainly from C; amides, rather than butylamine. Among various VOCs
species, we observe good correlations between C; amides and styrene, another tracer of
emissions from industrial sources* 44, It implies that C; amides were mainly from
industrial emissions*. Among various isomers of C; amides, N,N-dimethylformamide
is known to be used as solvents and intermediates involved in a variety of industrial
applications, including the manufacture of pharmaceuticals, pesticides, fibers and
films?* 46, The diurnal variations of methyl isocyanate, a first or second generation of
photo-oxidation products of C, to C, amides'® 2447, were very close to that of isocyanic
acid (Figure S12 in SI).

In summary, concentrations and diurnal variations of isocyanic acid in ambient air
were obtained in two field campaigns in China, which makes the scarce measurements
of isocyanic acid more extensive, especially in East Asia, an area for which there are
conflicting model estimates. The average concentration of isocyanic acid in Guangzhou
is about one order of magnitude higher than those in North America. We show that

isocyanic acid in Guangzhou is largely induced by the secondary formation, validating
13
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the recent proposal that photochemical sources of isocyanic acid could be more
significant than primary sources in urban areas?’. The secondary formation process of
isocyanic acid must be considered in the model study, otherwise the simulation results
will be severely underestimated in some areas. Based on steady state analysis,
formation of isocyanic acid from amides is shown to be significantly lower than the
production rate to maintain concentration of isocyanic acid, indicating additional
precursors for isocyanic acid are needed. The diurnal analysis of isocyanic acid also
indicates rapid dry deposition of isocyanic acid, which strongly limits the lifetime of
isocyanic acid in the lower atmosphere. Our measurements of isocyanic acid in two
environments of China provide important constraints on the concentrations, sources and

sinks of this pollutant in the atmosphere.

Supporting Information

Detailed information on measurement sites, calibrations for isocyanic acid,
comparisons of isocyanic acid with other pollutants, calculations of apparent loss rates,
discussions of the effective lifetime for isocyanic acid, simulations of OH radicals and

production rates from different precursors of isocyanic acid.
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582  Figure 1. Comparisons of mean concentration levels of isocyanic acid in this study
583  (PRD and NCP) and results reported in previous studies (Mohali?, Bode?*, Toronto!?,
584  LaJolla!'®, Weld County!’, Fort Collins'?, Calgary3?, Los Angeles!” and Arctic*®). The
585  data of isocyanic acid measured at Mohali, India** and Bode, Nepal** are shown with

586  the dashed box, as these data were not explicitly calibrated for isocyanic acid.
587

22

ACS Paragon Plus Environment



588
589
590

591
592

142

1.0 —

0.8 —

0.6 —

HNCO (ppbv)

0.4 —

0.2 —

0.0~

0.8 —

0.6 —

0.4 —

HNCO (ppbv)

0.2

0.0 —

Environmental Science & Technology

— HNCO NO, == CO = 0; = O,
100 N I BN B A E O A OO A 0.6
- (a "
45— _—0.5
i — 0.4
s B ®)
3 60 E
= = 03 3
g - /\ , :
0 L I I L L LY L O RO
00:00  06:00 12:00 18:00 24:00
200 NI BRI U A N 0 O A RO A AN O A 2.5
] — 2.0
150 — r
% . F o @
3 §i — 1.5 S
E 100 — - =
= —10 2
50 — -
- / &jo.s
O_\\\\1!\|]1I|II|IE|II[\\_0-0
00:00 06:00 12:00 18:00 24:00

Time of day

— 140
— 120

— 100

— 60
— 40

— 20

— 50

— 40

— 30

— 20

— 10

(aqdd) *o pue £

(Aqdd) "0 pue O

Figure 2. Average diurnal variations of isocyanic acid, CO, NOy, O; and Oy in (a)

PRD and (b) NCP. The shaded areas represent standard deviations of 1 h average for

isocyanic acid.
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594  Figure 3. Time series of isocyanic acid, ozone, O, and NO for part of the study period

595  in PRD. The grey regions represent the nighttime (before 07:00 and after 19:00).
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Figure 4. Amides as precursors of isocyanic acid during the PRD campaign. (a)
Comparison of the determined isocyanic acid production rates from steady state
analysis and calculated contributions from various amides during 14:00-16:00.
Reported yields: production rate determined from reported yields of amides. Extreme
case: production rate determined assuming all nitrogen in amide is converted to
isocyanic acid (i.e. yield is 100%). (b) Time series of isocyanic acid and C; amides for
part of the study period in PRD. The grey regions represent the nighttime (before 07:00
and after 19:00). (c) Comparisons of diurnal variation profiles between C; amides and
isocyanic acid. (d) Correlations of C; amides with styrene during the entire PRD

campaign.
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