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HNCQO’s fate in the atmosphere” by N. Borduas et al.

Anonymous Referee #1

Received and published: 7 October 2015

Summary and General Comments: Borduas and coworkers report on a series of laboratory
experiments designed to constrain the effective Henry’s law coefficient for HNCO at a range of
atmospherically relevant pH. Further, the authors determine the hydrolysis lifetime of HNCO as
a function of pH and temperature for three known hydrolysis mechanisms. The paper is well
written, systematic, and will have impact on the community. This paper should be published
following the authors attention to a few comments.

Specific Comments:

Page 24218 Line 24: The study of isocyanates from an environmental perspective predates the
work of Roberts. Some specific examples include the Bhopal Disaster in India. Perhaps a line on
this in the introduction is worthwhile?

This paper is based on the study of the HNCO molecule, whereas it was methyl isocyanate
that was leaked out during the Bhopal, India disaster. We prefer not to include the
discussion of the Bhopal Disaster in our introduction as it is not directly relevant to HNCO.
No changes to the manuscript were made.

Page 24221 Line 6: Where are Reactions 1-3? They were listed in the abstract, but should be
included in the main text.

They are presented in Scheme 1.

Page 24221: It would be interesting to note what additional condensed phase reactions involving
HNCO are potentially important. Is there any indication that NCO- reactions with condensed
phase organics are important to atmospheric chemistry?

We believe that the condensed phase reactive form of isocyanic acid is in its protonated
from, i.e. HNCO. The conjugate base, NCO-, is a poor electrophile as well as a poor
nucleophile and consequently is expected to be somewhat stable under ambient particle
conditions. Page 24233 lines 13-15 addresses the reviewer’s point on other potential
reactions with HNCO and we added that these nucleophiles may be amines and alcohols.

The sentence now reads, “There is also the possibility that HNCO has other currently
unknown sinks in cloud water that may be competitive with its hydrolysis and further work
on HNCO’s aqueous phase chemistry with nucleophiles such as amines and alcohols is
currently underway in our laboratories.”

Page 24222 Line 12: It is noted that 10 ions were tracked, although the manuscript discusses
only NCO- (and indirectly acetate ion). What other ions were measured, and why? Were any
other acids expected (or measured) in the system.



Other ions measured included m/z 59 (CH3COOQO"), m/z 119 ((CH3COOH)CH3COO")), m/z
51 (dark counts), m/z 35 (CI"), m/z 45 (HCOOQOH, as HCOQO"), m/z 46 (HONO, as NOy),
m/z 96 , m/z 102 and m/z 113. None of these ions was observed to change during the
experiments and they were monitored to ensure the CIMS was operating correctly. This list
of ions was added to the text after line 12.

The manuscript now reads, “lons measured included m/z 59 (AcO-), m/z 119
((AcOH)ACcO-), m/z 51 (black counts), m/z 35 (CI-), m/z 42 (NCO-), m/z 45 (HCOO-),
m/z 46 (ONO-), m/z 96, m/z 102 and m/z 113. For the exception of m/z 42, none of the
ions were observed to change during the experiments.”

Page 24222: Is there an absolute humidity dependence on the sensitivity to NCO- that needs to
be accounted for when changing the flow rate over the water solutions? Or is the NCO-
sensitivity not dependent on absolute water concentration (or the analysis independent of this
effect if it existed).

The reviewer raises a good point. Previous work suggests that there is no significant role of
water vapour in HNCO’s detection by acetate CIMS (Roberts et al. 2010), and so we did
not investigate the RH dependence of HNCO. In addition, we had a N2 dilution flow for
the inlet of the CIMS and thus was detecting HNCO under conditions of < 20% RH.

We added these clarifications in the text, “Previous work suggests there is no significant
role of water vapour in HNCO’s detection by acetate CIMS (Roberts et al. 2010). With the
CIMS’s inlet dilution, the RH within the ion molecule region was < 20%.

Page 24223 Line 12: Perhaps provide reference to one of the earlier Roberts papers (or perhaps
even earlier in the literature) that first sublimed cyanuric acid as a HNCO calibration source.

Agreed. We have added the Belson and Strachan 1982 and Roberts et al. 2010 references
to line 12.
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Roberts, J. M., Veres, P., Warneke, C., Neuman, J. A., Washenfelder, R. A., Brown, S. S,
Baasandorj, M., Burkholder, J. B., Burling, I. R., Johnson, T. J., Yokelson, R. J. and de
Gouw, J.: Measurement of HONO, HNCO, and other inorganic acids by negative-ion
proton-transfer chemical-ionization mass spectrometry (NI-PT-CIMS): application to
biomass burning emissions, Atmos. Meas. Tech., 3, 981-990, 2010.
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This paper discusses the measurements of the effective Henry’s law constant and true Henry’s
law constant for HNCO by acetate ion CIMS, as well as the hydrolysis rate constants for the
three decomposition pathways of HNCO using ion chromatography. Additionally, they
determine the pH dependence and temperature dependence of these parameters and use this
information to determine the likely lifetime of HNCO over a range of atmospherically-relevant
temperatures, pH values, and aerosol/fog/cloud liquid water contents. They find that based on
their measurements, the lifetime of HNCO will likely be a longer-lived species than previously
thought and exposure might be higher than previously predicted. | found this to be a nicely-
written, very thorough paper and recommend that it be published in ACP after addressing the
minor comments below.

Comments:

Abstract: The effective Henry’s law constant is more atmospherically-relevant than the true
Henry’s law constant because it encompasses any additional solubility due to the ability of
HNCO to possibly hydrate, and to dissociate in the aqueous phase. Therefore, KHeff should be
given in the abstract either instead or in addition to KH.

Agreed. In addition to Ku, K& is now also given at 298 K and pH3. We thank the reviewer
for this recommendation.

The abstract now reads, “By conducting experiments at different pH values and
temperature, a Henry’s Law coefficient Ky of 26 + 2 M atm™ is obtained, with an enthalpy
of dissolution of -34 + 2 kJ mol, which translates to a K& of 31 M atm™ at 298 K and at
pH 3.”

Equation 1: The effective Henry’s law constants for small aldehydes such as glyoxal and
methylglyoxal incorporate the fact that the carbonyl groups can hydrate to diol groups. HNCO
also has such a carbonyl group so the authors may wish to consider that there may be additional
processes beyond just pH dependence that determine KHeff .

HNCO has two ©-bond systems and so its reactivity is different than a carbonyl group. In
fact, water reacts with HNCO irreversibly rather than form diols like aldehydes (see page
24221, line 4). Once water adds to the C in HNCO, carbamic acid is formed which then
decomposes to NHz and COs..

Section 2.1: A very brief overview paragraph with an overview of the experimental work should
be added here prior to section 2.1.1. This will provide some context for the “The
CIMS was built in house :” sentence of section 2.1.1.

Good suggestion! A one sentence description was added, which reads, ““To measure the
effective Henry’s Law coefficient K& Tof HNCO, we use a bubbler column experimental set



up and detect HNCO through chemical ionization mass spectrometry.” We also did the
same for section 2.2.1.

Section 2.1.1: Are the detection limits and sensitivity of HNCO known for acetate

CIMS? Why was the acetic anhydride flow passed through a Po-210 radioactive source? You
mention that the CIMS monitored 10 m/z values, and then later say that NCO- is detected at m/z
42. Were other m/z values monitored, and if so which ones and why?

Detection limits and sensitivities for HNCO will depend on the CIMS instrument used. For
this work, we did not need to calibrate for HNCO as we report relative kinetics.
Background HNCO counts are about 5 x 10 ncps, whereas we were operating at HNCO
signals ~ 0.1 ncps. (The background counts were added to the text on page 24223, line 16.)

Acetic anhydride was passed through a Po-210 radioactive source to generate AcO-, the
reagent ion. This reason was added to the sentence in the text.

Other ions measured included m/z 59 (CH3COO-), m/z 119 ((CHsCOOH)CH3COO-)), m/z
51 (black count), m/z 35 (CI-), m/z 45 (HCOOH), m/z 46 (HONO), m/z 96, m/z 102 and
m/z 113. None of these ions was observed to change during the experiments and they were
monitored to ensure the CIMS was operating correctly. This list of ions was added to the
text after line 12.

Section 2.1.2: What was the disodium phosphate concentration in your buffer? There is recent
evidence that the solubility of organic molecules is modulated by salt concentration

(e.g. Kampf et al. 2013, Endo et al. 2012, Wang et al. 2014, and Waxman et al. 2015). These
effects are more pronounced at the higher salt concentrations typically found in aerosols. Is your
phosphate concentration high enough to impact the solubility of HNCO?

The buffer solutions for the KH experiments were made with solid citric acid, disodium
phosphate and deionized water with citric acid concentrations ranging from 0.02 M to
0.0035 M to access a pH range of 2.5-4.0 (page 24223, line 14). The buffer solutions for
the hydrolysis experiments were all below 0.002 M. We believe that at these
concentrations, the ionic strength of the solution is low enough to have minimal impact on
the solubility of HNCO. However, the salting out effect for HNCO remains to be
investigated.

Clarification was added to the text, which now reads, “All buffer concentrations were <
0.002 M, and we assume that the ionic strength of these solutions had minimal impact on
the solubility of HNCO.”

Page 24223, lines 8-10: You state that the absolute gas phase concentration of HNCO is not
required. This statement makes perfect sense once one has read the Results and Discussion
section, but is confusing here as the reader will likely be assuming that you measure aqueous
phase concentration and gas phase concentration to calculate M/atm. You could consider adding
an additional sentence or two to elaborate on your analysis method to explain why this value is
not necessary.



Good point. The sentence now reads, “the absolute concentration of gas-phase HNCO is
not required in this approach since it relies on the decay of the signal, [HNCO]+/[HNCO]o
and not on the absolute gas phase and aqueous phase concentrations.”

Figures 3 and 4: Why show all measurements rather than average the measurements and
propagate the error bars where you have multiple measurements?

Each point in these figures show a K& determined using 5 different flows at the same pH
and same temperature. Each point cannot be averaged as they were determined at different
pH and temperatures.
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Solubility and Reactivity of HNCO in Water: Insights into
HNCO’s Fate in the Atmosphere
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[1]{Department of Chemistry, University of Toronto, Toronto, Ontario, Canada}
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Abstract

A growing number of ambient measurements of isocyanic acid (HNCO) are being made, yet
little is known about its fate in the atmosphere. To better understand HNCO’s loss processes
and particularly its atmospheric partitioning behavior, we measure its effective Henry’s Law
coefficient K5 with a bubbler experiment using chemical ionization mass spectrometry as the
gas phase analytical technique. By conducting experiments at different pH values and
temperature, a Henry’s Law coefficient Ky of 26 + 2 M atm™ is obtained, with an enthalpy of

dissolution of -34 + 2 kJ mol™*, which translates to a K& of 31 M atm™ at 298 K and at pH 3.-

Our approach also allows for the determination of HNCO’s acid dissociation constant, which
we determine to be Ka = 2.1+ 0.2 x 10 M at 298 K. Furthermore, by using ion chromatography
to analyze aqueous solution composition, we revisit the hydrolysis kinetics of HNCO at
different pH and temperature conditions. Three pH dependent hydrolysis mechanisms are in
play and we determine the Arrhenius expressions for each rate to be ki = (4.4 + 0.2) x 107 exp(-
6000 + 240/ T) M s, ko = (8.9 + 0.9) x 10%exp(-6770 + 450/ T) stand ks = (7.2 + 1.5) x 108
exp(-10900 + 1400/ T) s where ki is for HNCO + H* + H,0 — NH4* + CO, k; is for HNCO
+ H20 — NH3s + CO; and ks is for NCO™ + 2 H2O — NHs + HCO3". HNCO'’s lifetime against
hydrolysis is therefore estimated to be 10 days to 28 years at pH values, liquid water contents,
and temperatures relevant to tropospheric clouds, years in oceans and months in human blood.
In all, a better parameterized Henry’s Law coefficient and hydrolysis rates of HNCO allow for
more accurate predictions of its concentration in the atmosphere and consequently help define

exposure of this toxic molecule.
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1 Introduction

Until recently, the interest in studying HNCO was from a fundamental science perspective with
research conducted on its structure, preparation and physical properties (Belson and Strachan
1982) and on its theoretical rovibrational spectra (Mladenovi¢ and Lewerenz 2008). Both
theoretical and experimental data indicate that HNCO is the most stable CHNO isomer with a
near-linear n-bond system (Hocking et al. 1975, Jones et al. 1950, Poppinger et al. 1977). -In
2010, Roberts et al. reported detection of HNCO using negative ion proton transfer chemical
ionization mass spectrometry (CIMS) from laboratory biomass burning and later determined its
emission factor to be 0.25 — 1.20 mmol per mol of CO for different types of biomass fuels
(Veres et al. 2010). Shortly afterwards, the same authors reported the first ambient atmospheric
measurements of HNCO in Pasadena, California, reaching 120 pptv and raising concerns of
HNCO exposure due to its toxicity (Roberts et al. 2011). Indeed, HNCO has been observed to
cause protein carbamylation leading to cardiovascular disease, rheumatoid arthritis and
cataracts (Beswick and Harding 1984, Lee and Manning 1973, Mydel et al. 2010, Wang et al.
2007).

Since Roberts et al.’s initial measurements, ambient HNCO has also been measured in Boulder
and in Fort Collins, Colorado, (Roberts et al. 2014), in Toronto, Ontario (Wentzell et al. 2013)
and in Calgary, Alberta (Woodward-Massey et al. 2014). HNCO has also been detected
simultaneously in the gas phase and in cloud water in La Jolla, California (Zhao et al. 2014).
From these studies, typical urban concentrations range from below detection limits to
approximately 100 pptv, whereas concentrations as high as 1.2 ppbv, enough to be of health
concern, have been measured in air masses impacted by biomass burning in Boulder, Colorado
(Roberts et al. 2011, Roberts et al. 2014, Woodward-Massey et al. 2014).

HNCO has a variety of anthropogenic and biogenic sources to the atmosphere. HNCO has been
quantified from diesel engine exhaust (Kroecher et al. 2005, Wentzell et al. 2013) and light duty
vehicles (Brady et al. 2014) as well as from biogenic sources such as biomass burning (Roberts
et al. 2010, Roberts et al. 2011, Roberts et al. 2014, Veres et al. 2010). There also exist
secondary sources of HNCO to the atmosphere, including the gas phase oxidation of amines
and amides by OH radicals producing HNCO via H-abstraction mechanisms (Barnes et al.
2010, Borduas et al. 2013, Borduas et al. 2015). Evidence of secondary sources of HNCO has
also been demonstrated in the field, with peak HNCO concentrations occurring during daytime
(Roberts et al. 2011, Roberts et al. 2014, Zhao et al. 2014)
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The sinks of HNCO however remain poorly constrained. HNCO has a lifetime of decades
towards OH radicals in the atmosphere as estimated by extrapolating high temperature rate
coefficients to atmospheric temperatures (Tsang 1992, Mertens et al. 1992, Tully et al. 1989).
It is also not expected to photolyze in the actinic region since its first UV absorption band is
observed below 280 nm wavelengths (Brownsword et al. 1996, Dixon and Kirby 1968, Rabalais
et al. 1969). Nonetheless, HNCO has served as a benchmark system in understanding
photodissociation decomposition pathways such as direct and indirect dissociation processes
and remains an area of active research (Yu et al. 2013) and references therein. HNCO is most
likely removed from the atmosphere by wet and/or dry deposition. HNCO’s gas-to-liquid
partitioning is therefore an important thermodynamic property that can be used to predict its
atmospheric fate. Specifically, the Henry’s Law coefficient Ky for the solubility of HNCO
represents the equilibrium ratio between its gas phase and aqueous phase concentrations at
infinite dilutions according to Eq. (1) (Sander 2015, Sander 1999). The Henry’s Law coefficient
for HNCO has only recently been measured by Roberts and coworkers but their experimental
set up was limited to a single pH measurement (Roberts et al. 2011). As HNCO is a weak acid
with a pKa of 3.7, its Henry’s Law coefficient is expected to have a large pH dependence as
described in Eq. (2). Furthermore, the enthalpy of dissolution for HNCO is currently unknown.
In lieu of measurements, modelling studies on HNCO have used formic acid’s enthalpy of
dissolution to model the temperature dependence of HNCO’s Henry’s Law coefficient (Barth
et al. 2013, Young et al. 2012). In our present study, we measure the effective Henry’s Law
coefficient of HNCO at a range of pH and temperatures to determine its enthalpy of dissolution

for the first time.

C
Ky = HNCO/ Punco (1)
Kq
K" = Ky (1+7%) )

HNCO reacts irreversibly with water in the agueous phase, an unusual property for an
atmospheric molecule. Once HNCO partitions to the agueous phase, three mechanisms for its
hydrolysis are possible. The first (R1) is acid-catalysed and is therefore termolecular whereas
the second (R2) and third (R3) are bimolecular reactions involving either the protonated or
deprotonated form of HNCO (Scheme 1) (Amell 1956, Belson and Strachan 1982, Jensen
1958). In 1958, Jensen determined the hydrolysis rate of the three mechanisms through addition
of AgNOs to buffered solutions at different time points to precipitate unreacted isocyanate as
AgNCO, followed by back titration of excess AgNOs with NH4SCN. Considering the

3



0o N oo o B~ W N P

10

11
12

13
14

15

16

17
18

importance of these mechanisms in evaluating the fate of HNCO in the atmosphere, we follow
up on the study by Jensen with our own experiments using ion chromatography to determine
the pH and temperature dependencies of the overall rate of hydrolysis of HNCO. Quantitative
knowledge of the ability of HNCO to partition to the agueous phase and its subsequent reactions
with water allows for an accurate understanding of the chemical fate of HNCO in the
atmosphere (Fig. 1). In this study, we therefore provide laboratory measurements of HNCO’s
Henry’s Law coefficient and enthalpy of dissolution as well as its three rates of hydrolysis and

their respective activation energies.

H

\ k

N=C=0 + H' + H,0 — T - NH; + H" + CO, (R1)
H P

N=C=0 + H,0 —2%—> NH; + CO, (R2)
S ks _

N=C=0 +2H,0 —23—>= NH; + HCO; (R3)

Scheme 1: The three mechanisms involved in HNCO’s hydrolysis.

gas phase aqueous phase

NHs" + CO;

Ky /f
H K H

\ N k
N=C=0 ===  N=C=0 —= NH; + CO;

\"

- k3
N=C=0 — NH3 + HCOy

Figure 1: The fate of HNCO in the atmosphere includes its partitioning between the gas and
aqueous phases and its hydrolysis through three different mechanisms governed by ki, k2, and
ks.

2 Experimental Methods

2.1 Henry’s Law coefficient experiments

To measure the effective Henry’s Law coefficient KSfof HNCO, we use a bubbler column

experimental set up and detect HNCO through chemical ionization mass spectrometry.
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2.1.1 Acetate reagent ion CIMS

The quadrupole chemical ionization mass spectrometer (CIMS) was built in house and is
described in detail elsewhere (Escorcia et al. 2010). We opted to use acetate as the reagent ion
which has been shown to be sensitive for the detection of acids (Roberts et al. 2010, Veres et
al. 2008). For this experimental set up, the reagent ion was generated by flowing 20 sccm of
nitrogen over a glass tube containing acetic anhydride (from Sigma-Aldrich and used as is) and
maintained at 30 °C. This flow was subsequently mixed with a nitrogen dilution flow of 2 L

min! and passed through a polonium-210 radioactive source to generate acetate ions. All flows

were controlled using mass flow controllers. The data acquisition was done under selected ion
mode where 10 m/z ratios were monitored with dwell times of 0.2 s each and each duty cycle
was 4 s. lons measured included m/z 59 (AcO-), m/z 119 ((AcOH)AcO-), m/z 51 (black counts),
m/z 35 (Cl-), m/z 42 (NCO-), m/z 45 (HCOO-), m/z 46 (ONO-), m/z 96, m/z 102 and m/z 113.
The raw signals are then normalized to m/z 59 and reported as normalized counts per second

(ncps). For the exception of m/z 42, none of the ions were observed to change during the

experiments. The inlet flow of the CIMS was-is governed by a pin hole at 0.5 L min, geverned
by-a-pin-hele-and a N2 dilution flow of 0.4 L min into the inlet was used to avoid depletion of
the acetate reagent ion by high HNCO concentrations._Previous work suggests there is no

significant role of water vapour in HNCO’s detection by acetate CIMS (Roberts et al. 2010).
With the CIMS’s inlet dilution, the RH within the ion molecule region was < 20%. Fhe-CHMS

2.1.2 Experimental set up for measurement of Kn

To obtain the Henry’s Law coefficient, Ky, we monitored the decrease in gas phase HNCO
exiting a buffered aqueous solution for a range of volume flow rates-threugh-the-buffer. Fhus;
aA bubbler column experimental set up is used with online gas phase detection. This method is
employed to measure HNCQO’s partitioning and take into account the concurrent hydrolysis of
HNCO in the buffer solution at high time resolution. Our experimental setup is based on
previous work (Kames and Schurath 1995, Roberts 2005, Roberts et al. 2011) and our apparatus
is comprised of one fritted bubbler with an approximate volume of 70 mL which contained 15
mL of a citric acid/NaHPO, buffer at varying pH. The 15 mL volume was chosen to reduce
HNCO equilibration times and to simultaneously ensure that the bubbler’s frit was submerged.

Experiments performed in 30 mL of buffer yielded identical results. The water lost to the gas

phase during the experiments (< 1 h) was at most 5% of the original buffer volume and so no

5
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corrections to the latter were required. The bubbler was held in a temperature-controlled bath

of approximately 1:1 mixture of deionized water and ethylene glycol. -Upstream of the bubbler,

where the RH was measured to be ~ 50%, was a valve and a tee connection where the_dry

HNCO flow could be connected and disconnected during the experiments. Downstream of the
bubbler was another tee which connected to both the exhaust and the acetate reagent ion
chemicakionization-mass-speetrometer{GCHAS}CIMS. Conveniently, the absolute concentration
of gas-phase HNCO is not required in this approach sinee-treties-en-since it relies on the decay
of the signal, [HNCO]«/[HNCO]o_and not on the absolute gas phase and aqueous phase

concentrations.

HNCO was produced using a permeation source which sublimes solid cyanuric acid at 250 °C
in a flow of dry nitrogen and is described in detail elsewhere-(Borduas et al. 2015). This source

is based on HNCO sublimation technigues and on a similar source previously developed by

Roberts et al. (Belson and Strachan 1982, Roberts et al. 2010). The buffer solutions were made

with solid citric acid, disodium phosphate and deionized water with citric acid concentrations
ranging from 0.02 M to 0.0035 M to access a pH range of 2.5-4.0.

Each experiment began with gaseous HNCO flowing through a fresh buffer solution until a

reasonably stable signal (> 0.01 ncps) was obtained by the CIMS (background counts ~ 5 x 10

* ncps). The solution did not need to reach equilibrium for the experiment to proceed and so
lower temperatures and higher pHs (when the equilibration time is longest and may reach over
4-5 hours) were feasible. Once a normalized signal (i.e. relative to the reagent ion signal) of at
least 0.025 for HNCO was obtained, the flow of HNCO through the bubbler was turned off,
and only pure nitrogen continued to flow through. The HNCO signal then decayed
exponentially as a function of time due to partitioning as well as hydrolysis. This decay was
monitored until it had decreased to less than one quarter of the original signal. This method also
has the advantage of extracting an effective Henry’s Law coefficient without needing to monitor

the aqueous phase HNCO concentration.

2.2 Hydrolysis rate experiments

HNCO in the agueous phase was measured using ion chromatography at different pH and

temperatures to determine its rates of hydrolysis.
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2.2.1 lon chromatography

The measurements for the hydrolysis of HNCO were made using a Dionex 1C-2000 lon
Chromatography (IC) System. An lonPac (AS19) anion column consisting of a quaternary
ammonium ion stationary phase with diameter and length dimensions of 4 mm and 25 mm
respectively was employed. Sample runs used a concentration gradient of the eluent KOH
ranging from 2 mM to 20 mM. An optimized elution program was written for each pH range
measured (between 25-60 minutes for each injection). Samples were injected using a Dionex
(AS40) automated sampler into a 25 uL loop for pre-injection. The use of a loop rather than a
concentrator was important and ensured that the total HNCO/NCO™ concentrations were being
measured. The IC was calibrated using matrix-matched standards of known HNCO/NCO"

concentrations prepared from serial dilutions of KOCN (Sigma-Aldrich, 96% purity).

2.2.2 Hydrolysis kinetics experiments

The kinetics of the hydrolysis reactions in the pH range of 1-2 are very fast; complete decays
occurred in a matter of minutes. The decay of HNCO at these low pH values is therefore too
quick for the 25 min IC method to capture. To circumvent this issue, we used a quenching
method. Specifically, we prepared an aqueous solution of 50 mL of sulphuric acid at the desired
pH. 5 mL of this acidic solution was subsequently added to a 0.02 M solution of KOCN in eight
different falcon tubes to initiate the rapid hydrolysis reaction. Each reaction was then quenched
at different times by a 0.1 M aqueous solution of KOH. Increasing the pH to more than 10
slowed the hydrolysis kinetics by orders of magnitude and allowed for subsequent IC
measurements. Replacing sulphuric acid by nitric acid and/or KOH by NaOH yielded identical

hydrolysis rates and ensured the results were reproducible with different acids and bases.

Buffer solutions in the pH range of 3-5 were prepared by using appropriate molar ratios of citric
acid and disodium phosphate whereas buffer solutions in the pH range of 9-10 used sodium

carbonate and sodium bicarbonate. All buffer concentrations were < 0.002 M, and we assume

that the ionic strength of these solutions had minimal impact on the solubility of HNCO. For

the room temperature set of kinetic experiments, the experiment was initiated by the addition
of 0.1 g of KOCN to 50 mL of the desired buffer solution. The solution was further diluted by
a factor of 500 and then split into 8 samples for analysis at succeeding intervals on the anion
IC.
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Hydrolysis reactions were run at different temperatures to assess the activation energies of each
of the three hydrolysis mechanisms. Room temperature reactions were conducted inside the IC
autosampler AS40 (with a cover) and monitored by a temperature button (iButtons, Maxim
Integrated, San Jose, CA with 0.5 °C resolution)). Colder temperature reactions were done in a
water ice bath and monitored by a thermometer. Finally, warmer temperature reactions for high
pH samples were run in a temperature-controlled water bath. These reactions took days to
weeks to reach completion, and so 5 mL samples from the reaction mixtures were taken out of

the water bath and measured on the IC at appropriate time intervals.

3 Results and Discussion

3.1 Henry’s Law coefficient Kn

HNCO’s effective Henry’s Law solubility coefficient K5 expressed in M atm™ was determined
based on the exponential decay of gaseous HNCO exiting a bubbler containing a buffered
solution. The observed decay of HNCO is caused by its partitioning from the aqueous phase to
the gas phase as well as its competing hydrolysis reaction. Equation (3) represents the rate law

for the disappearance of HNCO during the experiment and Eq. (4) is the integrated rate law.

d[HNCO]
—=—— = [HNCO] ﬁ + [HNCO]kpyq (3)
[HNcole _ [ o
in [HNCO]y [KﬁffVRT + Kny d] t )

Where [HNCO]; is the HNCO concentration at time t, [HNCQO]o is the initial HNCO
concentration (at time t = 0), [HNCO]/[HNCO]o is the HNCO concentration in the gas phase
downstream of the bubbler measured by the CIMS, g is the volumetric flow rate (cm®s™), K5 is
the effective Henry’s Law coefficient for solubilty (mol L™ atm™), V is the liquid volume of the
buffer (cm?), R is the ideal gas constant (8.21 x 102 L atm mol™* K1), T is the temperature (K),
Knya is HNCO’s overall rate of hydrolysis (s™) and t is the time (s). To extract the value of K&
from the experimental decay curves, we first plot the natural logarithm of change in HNCO
concentration versus time for different flow rates ranging from 175 to 800 sccm as shown in
Fig. 2A. The slope of each experiment is then plotted as function of the ratio of the flow rate
and volume depicted in Fig. 2B. The slope of Fig. 2B leads to a value representing (KSTRT)™

and so K& can be calculated.
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Figure 2: A) The concentration decay curves as a function of time according to Eq. (4) for each
flow rate shown; B) The slopes of each fit in Fig. 2A plotted as a function of the ratio of the

flow rate to the volume. The symbols in both figures represent the same flow rate shown.

These dynamic experiments were repeated with a range of buffer solutions ranging from pH
2.5-4.0 to determine the pH-independent Henry’s Law coefficient, Kn, of HNCO. Experiments
at temperatures of 273-298 K were also conducted to determine HNCO’s enthalpy of

dissolution, AHygiss.

3.1.1 pH dependence of K&

The pH dependence of the effective Henry’s Law coefficient K& of a weak acid like HNCO
depends on its pKa as well as on the pH according to Eq. (2). Throughout our experiments, we
measure the value of K& and employ Eq. (2) to plot K5 as a function of the inverse of the
proton concentration, [H*], and thus to extract HNCO’s Henry’s Law coefficient for solubility,
Kn. Figure 3A depicts this linear relationship and yields a value of 26 + 2 M atm™ for Kn. Our
Kw value compares well with the only other published value of 21 M atm™ determined solely at
pH 3 (Roberts et al. 2011). Figure 3B on the other hand shows experimentally determined K5
at different pH values and at a constant temperature of 298.0 £ 0.2 K. Error bars in both Fig.
3A and 3B represent the percentage of the standard deviation of the slope as in Fig. 2B. The
slope in Fig. 3A also allows us to determine HNCQO’s acid dissociation constant, Ka, which at
298 K is 2.1 + 0.2 x 10* M. Our K, value also agrees well with previously reported Ka for
HNCO (Amell 1956, Belson and Strachan 1982).
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Figure 3: A) The fit according to Eq. (2) of the experimental K5 values which allows for the

determination of Ky and Ka at 298 K. B) The experimental K& values as a function of pH at
298 K. The black line is the modelled dependence of K¢ according to Eq. (2) based on the
determined value of Ky and a value for K, of 2.1 x 10 M. The inset shows the range of K&

across the full range of pH.

3.1.2 Temperature dependence

The temperature dependence of HNCO’s solubility was established by running experiments at

varying temperatures from 273 to 298 K. Since KST

is very sensitive to pH changes, all
experiments were conducted with a buffer solution from the same batch and same volumetric
flask within a few days. Plotting the natural logarithm of the effective Henry’s Law coefficient
as a function of the inverse of temperature yields the ratio of the enthalpy of dissolution, AHgiss,
to the gas constant, R (Fig. 4). We report a value of — 34 + 2 kJ mol™ for HNCO’s enthalpy of
dissolution, where the uncertainty stems from the deviation from the slope depicted in Figure
4. This value compares to similar weak acids like HONO (— 40 kJ mol™?) and HCN (- 42 kJ
mol™?), but differs from the value of formic acid (- 47 kJ mol™) which was the value assumed
for HNCO in the Young et al. and the Barth et al. modelling studies (Barth et al. 2013, Sander

2015, Young et al. 2012).

10
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Figure 4: The temperature dependence of experimentally measured K¢ at pH 3.08.

3.2 Rate of hydrolysis khyd

There are three mechanisms by which HNCO can react with water described in Scheme 1 (R1)
to (R3) and depicted in Fig. 1. The disappearance of HNCO in the aqueous phase can therefore
be described by the rate law shown as Eq. (5). The pH dependence of HNCO’s hydrolysis
manifests itself in the first term of Eq. (5) as the hydrogen ion concentration as well as in the

concentration of the dissociated/non-dissociated acid in each term.

d [HNCO]¢
dt

= k,[HNCO][H"] + k,[HNCO] + k3 [NCO~] (5)

To mathematically integrate this rate law, the concentration of HNCO needs to be expressed as
the sum of undissociated HNCO and of isocyanate ion NCO" in solution, which is denoted in
Eqg. (6) as [HNCO]wt. HNCO’s acid dissociation constant K, relates the concentration of HNCO
and NCO" as shown in Eq. (6). The Ka-dependant expression of Eq. (6)is then substituted into
the rate law of Eq. (5), and subsequently integrated. The Ka value of HNCO has a slight
temperature dependence with a heat of dissociation previously measured to be 5.4 kJ mol™,
which for the temperature range of 273 to 298 K represents a 25% change (Amell 1956). We
therefore use Amell’s heat of dissociation value throughout our analysis to account for Ka’s
temperature dependence in the van’t Hoff equation. Furthermore, Belson et al.’s evaluation of
the Ka of HNCO literature recommends 2.0 x 104 M at 298 K (Belson and Strachan 1982).

11
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Finally, our own work on the pH dependence of Henry’s Law coefficient of HNCO, suggests a

Ka value of 2.1 + 0.2 x 10* M at 298 K, consistent with the recommended value (Fig. 3A).

+ - +
[HNCO] = [HNCO]or — [NCO™] = [H*][NCOT] _ [HNCOJtoc[H™] ©)

Ka Kq+[H*]

By integrating Eq. (5) with the appropriate substitutions, the resulting expression is Eq. (7),
where knyq represents the observed first-order rate loss of hydrolysis of HNCO and depends on

the individual reaction rates ki, k2 and ks according to Eq. (8).

[HNCO]t _ —kpyqt

[HNCO]y e T )
_ kq[H2+ky[HY]+k3K,

khyd - : Ka+2[H+] 2 (8)

The aim of our hydrolysis experiments is to measure knyq at different pH values to subsequently
solve for the values of the individual hydrolysis rate coefficients ki, ko and ks. To measure Knyd,
we employ ion chromatography (IC) which allows for quantitative measurement of the total
isocyanic acid in solution as NCO™ using an anion chromatography column. The key to making
[HNCO]tot measurements was to use a loop injection port for the I1C instead of a concentrator
column, since the latter retains only ions and would not measure any protonated HNCO in
solution. Appropriate buffer solutions were made to conduct experiments over a range of pH
values from 1.7 to 10.4. The decay of [HNCO]:wt was monitored by IC over time and plotting
the natural logarithm of the decay as a function of time as in Fig. 5 yields the knya specific to

that temperature and pH. Hydrolysis experiments are listed in Table Al in Appendix A.

slope = (2.10£0.05)x 10°s" m
1.5

1.0 -

0.5

In { [HNCO], / [HNCO}, )

0 20 40 60  gox10°
time (seconds)

Figure 5: Example of a hydrolysis experiment at pH 5.4 and at 25 °C where the [HNCO]xot is

measured by loop injections on the IC.
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3.2.1 Determining k1 and k2

At a pH below 3, the third hydrolysis mechanism (Scheme 1 (R3)) will contribute minimally to
the overall knyq. Indeed, the third term in Eq. (8), kaKa/(Ka+[H"]) will become very small because
[H] >> Ka. Furthermore, very little of the HNCO is present as NCO™ at low pH. This
assumption (which we verify retroactively) simplifies the knya expression to Eq. (9) with only
two unknowns, ki and k.. We can now solve for ki and k2 from two knyq values derived from
experiments conducted at two different pH values but at the same temperature. For example,
solving for ki and ko at 295 K using the knya in Table A1, we obtain a value of (6.73 + 0.27) x
102 M s for ki and of (1.04 + 0.04) x 102 s for k.. We do this calculation once per
temperature. The uncertainties associated with these measurements come from the slope of
decay of aqueous phase HNCO measured by IC.

ky[H* 12 +kp[H]
Ka+[H]

(9)

knya@pu<z.7 =

3.2.2 Temperature dependence of k1 and k2

Hydrolysis experiments of HNCO at three different temperatures further enables us to solve for
the temperature dependence of k1 and kz. We chose three temperatures relevant to tropospheric
air masses: 270, 283 and 295 K. Figure 6 represents the slope of the natural logarithm of the
rate coefficient of hydrolysis as a function of the inverse of the temperature which according to
the Arrhenius equation shown in Eq. (10) yields the activation energy specific to each
hydrolysis mechanism. We obtain activation energies of 50 + 2 kJ mol and 56 + 4 kJ mol™* for
ki and k2 respectively. Furthermore, the y-intercept of these linear plots yields the value of In(A)
in Eq. (10) and so the A factors of each hydrolysis mechanism can also be obtained, providing
Arrhenius expressions of ki = (4.4 +0.2) x 107 exp(-6000 + 240/ T) M stand k. = (8.9 = 0.9)
x 10%exp(-6770 + 450/ T) s’. The uncertainties stem from the fit to the data points in Figure 6
(and their error bars comes from the slope of the decay of aqueous phase HNCO measured by
IC).

k = Ae~Ea/RT (10)

13
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Figure 6: The linear plots of the natural logarithm of each hydrolysis rate coefficient ki, k> and

ks as a function of the inverse of temperature to yield the activation energies of each mechanism.

3.2.3 Determining ks and its temperature dependence

At high pH levels, the third hydrolysis mechanism (Scheme 1 (R3)) will dominate the observed
knya, hOwever, the first two mechanisms may still have a non-negligible contribution to knyd and
can therefore not be disregarded. We can solve for ks, knowing ki and kz and their respective
temperature dependencies, using Eq. (8). The knyq values measured at pH above 9 and at 40 °C
are used (Table Al), and ks is determined for each pH. The average of our three measurements
at 40 °C is (5.77 = 0.35) x 107 sX. The temperature dependence of ks is determined in an
analogous way to ki and ko and is also depicted in Fig. 6. We obtain a value of 91 + 12 kJ mol
! which translates to an Arrhenius expression of ks = (7.2 + 1.5) x 108 exp(-10900 + 1400/ T)
st

Equipped with the values of ki, k2 and ks and their temperature dependencies, a map of the
expected total hydrolysis rate, knyd, as a function of temperature and pH can be generated using
Eqg. (8) and Eq. (10) and is plotted as Fig. 7. For reference, the colour scale of Fig. 7 also reads
in hydrolysis lifetime of HNCO in hours. It is clear that HNCO’s lifetime in the aqueous phase
has a large temperature and pH dependence.

14
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3.2.4 Comparing the rate of hydrolysis knyd through different methods

The individual rate coefficients of the three hydrolysis mechanisms (Scheme 1 (R1) to (R3))
have only been evaluated one other time in the literature (Jensen 1958). Our IC experimental
method differs substantially from Jensen’s back titration method, and yet we obtain similar
values for ki, ko and ks as well as for their respective activation energies. The values are
summarized in Table 2. Again, the colour scale of Fig. 7 is generated from Eq. (8) using our
obtained values for ki, k2 and ks and for Ea1, Ea2 and Eas, and we superimpose all our Knyq
measurements from Table Al as circles. We further add Jensen’s published raw data for
comparison (Jensen 1958) as triangles. The agreement is good and is consistently within the
same order of magnitude (Fig. 7).

Table 2: HNCO’s Henry’s Law coefficient, acid dissociation constant and hydrolysis constants

coefficient, ki"

Physical parameter Value Energy Reference
Henry’s Law 26 +2 M atm™ AHgiss = -34 + 2 kJ mol? | This work
coefficient, Ky 21 M atm-. _ 2R(())lblerts et al.
Acid dissociation 21+02x10*M |- This work
constant, Ka" 2.0 x 10 M AHaiss = 5.4 ki molt | Amell 1956
Hydrolysis rate 7.6+03x102s | Ex=+50+2kImol* | Thiswork

1.1x1071s1

Ea1 = +63 kJ mol?

Jensen 1958

Hydrolysis rate

coefficient, ko"

1.4+0.1x103s"

Ea» = +56 + 4 kJ mol™*

This work

1.8 x 10351

Ea = +83 kJ mol?

Jensen 1958

Hydrolysis rate

coefficient, k3"

8.1+17x108s1

Eaz = +91 + 12 kJ mol™®

This work

1.2 x 108

Ea3 = +100 kJ mol™?

Jensen 1958

*at 298 K

In addition, our Henry’s Law coefficient experiment provides a complimentary way to
determine knyq at different temperatures and pH values. Indeed, the intercept of the line which
fit the data of dIn(C+/Co)/dt versus ¢/V yields knya, representing the value for the loss process in
the solution of the bubbler column experiment (an example is given in Fig. 2B). We show these
values as squares in Fig. 7. Roberts et al. also determined knyq through this method at pH 3 and

15
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at 25 °C and this value is appended to Fig. 7 (Roberts et al. 2011) as a diamond. The agreement
is good from all four cases. We can conclude that the lifetime of HNCO against hydrolysis in
dilute aqueous solutions spans seconds to years depending on pH and temperature. The lifetime
of HNCO against hydrolysis in cloud water of pH 3-6 will be shorter and range from 10 hours
to ~20 days in the troposphere. On the other hand, HNCO’s hydrolysis in ocean waters of pH
~8.1 and temperatures below 30 °C will be very slow, translating to a lifetime of 1-2 years if
we assume no other reactive chemistry is taking place. Finally, in the context of exposure, if
HNCO is present in human blood at physiological pH and temperature, its lifetime to hydrolysis
will be as high as several months. On the other hand, if HNCO is present in the stomach, which

Is more acidic, we would expect its lifetime to drop to minutes or hours.

A
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Figure 7: knya as function of temperature and pH generated from Eq. (8) using our obtained
values for ki, k2 and ks and for Ea1, Ea2 and Eas. All available knya measurements for HNCO in
the literature and from this work are superimposed and colour coded appropriately. As a guide,

the colour scale also represents the lifetime in hours for HNCO in dilute aqueous solutions.
4  Atmospheric Implications

HNCO is a toxic molecule and can cause cardiovascular and cataract problems through protein
carbamylation (Beswick and Harding 1984, Mydel et al. 2010, Wang et al. 2007). Recently
reported ambient measurements of HNCO in North America raise concerns of exposure

particularly from biomass burning, diesel and gasoline exhaust and urban environments (Brady
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et al. 2014, Roberts et al. 2011, Roberts et al. 2014, Wentzell et al. 2013, Woodward-Massey
et al. 2014, Zhao et al. 2014). With the values for HNCO’s Henry’s Law coefficient and
hydrolysis rates reported here, a better understanding of HNCO’s removal rate from the
atmosphere can be determined, and hence HNCO’s atmospheric lifetime can be estimated. Note
however that our HNCO lifetime estimates do not consider dry deposition and therefore
represent a higher limit, particularly since Young et al. found that dry deposition can be
significant for HNCO (Young et al. 2012).

Specifically, the lifetime of HNCO in the atmosphere will depend on its partitioning to the

aqueous phase K&

, the temperature T, the pH and liquid water content (LWC) of the
aerosol/droplet and finally the hydrolysis of HNCO knyg once in solution. We can calculate
HNCO’s lifetime against hydrolysis based on Eq. (11) where t is the lifetime in seconds, L is
the fraction of air volume occupied by liquid water (dimensionless) and R is the gas constant.
Figures 8A and 8B depict outputs of Eq. (11) with different fixed variables. Figure 8A holds
the LWC to 1 g m=, a value representative of cloud water, highlighting the dependence of
HNCO’s lifetime on temperature and pH (Ip et al. 2009). At atmospherically relevant pH of 2
to 6 and at temperatures below 30 °C, HNCO has a lifetime on the order of 10 days to hundreds
of years. Alternatively, Fig. 8B holds the pH at 4 and varies the LWC on the x-axis. Water
concentrations relevant to wet aerosol (1-100 ng m) are too small to act as a significant sink
for gas phase HNCO. However, Fig. 8B highlights the strong dependence of HNCO lifetime
on LWC in clouds, again ranging from days to hundreds of years. It therefore appears that if
HNCO is incorporated into cloud water, it is more likely to be rained out or revolatilized than
to hydrolyse given typical times in clouds of minutes to hours. There is also the possibility that
HNCO has other currently unknown sinks in cloud water that may be competitive with its
hydrolysis and further work on HNCO’s aqueous phase chemistry with nucleophiles such as
amines and alcohols is eertainby—warrantedcurrently underway in our laboratories.—Finally,

HNCO will partition readily in oceans at pH ~8, but will take years to hydrolyze.

T =1/K§"RTLkpyq (11)
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Figure 8: A) The lifetime of HNCO in days as a function of temperature and pH at 1 g m™ of
LWC and B) the lifetime of HNCO in days as a function of temperature and LWC at pH 4

Zhao et al. (2014) observed higher concentrations of HNCO in the cloud water in La Jolla,
California than predicted by its Henry’s Law coefficient at 298 K(Zhao et al. 2014)(Zhao et al.

2014)(Zhao et al. 2014). This observation remains puzzling but may point towards sources of

HNCO within cloud water other than simple partitioning chemistry. The Barth et al. 2013
modeling study concluded that fog, low-level stratus clouds or stratocumulus clouds were the
most efficient cloud conditions at removing HNCO from the gas phase, particularly in polluted
scenarios where the cloud water was more acidic. The authors highlighted the high dependence
of HNCO’s fate on liquid water pH and temperature, consistent with our findings (Barth et al.
2013). The Young et al. 2012 study, which modelled global HNCO budgets, assumed the
aqueous loss of the weak acid occurred only when the cloud liquid water content was greater
than 1 mg m. Based on Fig. 8B, 1 mg m2is low for HNCO to significantly partition into the
aqueous phase and rather requires water mass concentrations 1000 times greater for HNCO’s
lifetime to drop to days. The model may have overestimated the ability for LWC to act as a sink
for HNCO. HNCO may be a longer lived species than previously thought and exposure of this
toxic molecule may pose a threat to regions with HNCO point sources like biomass burning

and engine exhaust, as pointed out by Young et al. in 2012 and Barth et al. in 2013.
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5 Conclusions

In summary, we provide laboratory measurements of HNCO’s important thermochemical
properties related to its behavior in water. We measured its Henry’s Law coefficient using a
bubbler column experiment to be 26 + 2 M atm™ with an enthalpy of dissolution of - 34 + 2 kJ
mol. Using ion chromatography, we determined the Arrhenius expression of HNCO’s three
hydrolysis mechanims: ki = (4.4 +0.2) x 107 exp(-6000 + 240/ T) M s, k, = (8.9 £ 0.9) x 10°
exp(-6770 + 450/ T) stand ks = (7.2 + 1.5) x 108 exp(-10900 + 1400/ T) s*%. These values will
provide better constrains on the sinks and thus lifetime of HNCO in the atmosphere with the

aim of minimizing exposure of this toxic molecule.
Appendix A:
Table Al: Compilation of knya experiments at different pH and temperatures

pH  T(K) khya (S)

1.75 270  (8.30%0.64) x 10*
1.75 295  (2.22+0.06) x 103
1.81 283  (1.17 +0.06) x 1073
2.23 270 (1.92 +0.16) x 10*
2.23 295  (1.39+0.02) x 103
2.26 283  (5.13+0.28) x 10*
2.30 295  (1.09 +0.04) x 103
3.40 297  (9.90+0.25) x 10*
3.91 296  (3.74+0.03) x 10
4.27 296  (2.99+0.02) x 10
5.00 296 (6.55 +0.21) x 10~
5.40 298  (2.10%0.05) x 10°
9.26 313 (5.39+0.26) x 107
9.46 313 (6.07 £0.28) x 107
1020 313  (6.03+0.33)x 107
10.36 333  (4.84%0.09) x 10
10.37 325  (1.70£0.09) x 10°®
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