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The heterogeneous reaction of NO, with water on the surface of laboratory systems has been known for
decades to generate HONO, a major source of OH that drives the formation of ozone and other air pollutants
in urban areas and possibly in snowpacks. Previous studies have shown that the reaction is first order in NO,
and in water vapor, and the formation of a complex between NO, and water at the air-water interface has been
hypothesized as being the key step in the mechanism. We report data from long path FTIR studies in
borosilicate glass reaction chambers of the loss of gaseous NO; and the formation of the products HONO, NO
and N,O. Further FTIR studies were carried out to measure species generated on the surface during the
reaction, including HNO;3, N,O4 and NO,". We propose a new reaction mechanism in which we hypothesize
that the symmetric form of the NO, dimer, N,Oy, is taken up on the surface and isomerizes to the asymmetric
form, ONONO,. The latter autoionizes to NOTNO;~, and it is this intermediate that reacts with water to
generate HONO and surface-adsorbed HNOj . Nitric oxide is then generated by secondary reactions of HONO
on the highly acidic surface. This new mechanism is discussed in the context of our experimental data and those
of previous studies, as well as the chemistry of such intermediates as NO™ and NO, " that is known to occur in
solution. Implications for the formation of HONO both outdoors and indoors in real and simulated polluted
atmospheres, as well as on airborne particles and in snowpacks, are discussed. A key aspect of this chemistry is
that in the atmospheric boundary layer where human exposure occurs and many measurements of HONO and
related atmospheric constituents such as ozone are made, a major substrate for this heterogeneous chemistry is
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the surface of buildings, roads, soils, vegetation and other materials. This area of reactions in thin films on
surfaces (SURFACE = Surfaces, Urban and Remote: Films As a Chemical Environment) has received
relatively little attention compared to reactions in the gas and liquid phases, but in fact may be quite important

in the chemistry of the boundary layer in urban areas.

I. Introduction

It has been known for more than half a century that a number
of reactions of nitrogen oxides that are slow in the gas phase
do occur at significant rates on the surfaces of laboratory
systems. One of the best known examples is the reaction of
NO, hydrolysis, where the overall stoichiometry is represented
by reaction (1):

2 NO; + H,O — HONO + HNO; (1)

This reaction is of particular interest in atmospheric chemistry
because it generates nitrous acid (HONO), a major source of
OH in polluted urban atmospheres.' !> Since OH initiates
the chemistry that leads to the formation of ozone and other
air pollutants, it is important to determine which OH precur-
sors are significant in order to accurately model urban airsheds
and to develop regional control strategies. A number of studies
have shown that HONO is a major OH source when compared
to other well known sources of OH such as the photolysis of
05 and HCHO, and the dark reaction of ozone with alkenes;
this is the case not only at dawn, but even when averaged over
the entire day.>""!!? The formation of HONO by reaction (1)
indoors has also been observed'*?' and is of concern since it
can lead to human respiratory tract irritation®> and can react
with amines in air to form carcinogenic nitrosamines.?
There are a number of excellent reviews of potential
mechanisms of HONO formation in the troposphere (e.g., refs.
4-7). While reaction (1) is believed to be a major contributor to
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HONO formation in air, there are other sources, including
direct emissions from fossil fuel combustion,'#!7-20-24-26
Another potential source is the reaction of soot surfaces with
NO, .>"*> However, it appears that the soot surface deacti-
vates with time, which would limit the amount of HONO that
can be generated from this reaction. A recent study>® suggests
that it is the semi-volatile and/or water-soluble organics gener-
ated in diesel exhaust that lead to significant HONO formation
from NO,, rather than the soot surface itself.

Modeling studies combined with measurements of HONO
and its precursors in urban areas suggest that the reaction
(2) of NO, NO, and water is a HONO source.*

NO + NO, + H,0 — 2 HONO 2)

In contrast, the addition of NO to the NO,~H,O mixture in
laboratory studies does not affect the reaction, and therefore it
is generally thought that reaction (2) is not important.?’-37-4¢

The gas phase reaction of OH with NO also generates
HONO. However, since most of the OH sources are photoly-
tic, this reaction is most important during the day when
HONO efficiently photolyzes back to OH+ NO.® Similarly,
the reaction of HO, with NO, generates HONO, but is not
likely to be a significant source of atmospheric HONO due
to its small rate constant*’ and competing daytime photolysis.

Photochemical formation of HONO in snowpacks has been
identified in the Arctic following irradiation of surface snow
with either natural sunlight or a xenon arc lamp with a Pyrex
glass filter (A > 280 nm).***° Zhou er al*® proposed that
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photolysis of NO;~ present in the snow forms predominantly
O™ and NO; at the air-ice interface, with the NO, hydrolyzing
to nitrite and nitrate ions in a reaction equivalent to reaction
(1):

2 NO; + H,O — NO,™ + NO;~ +2 Ht (3)

When the snow surface is acidic, NO, ™ is converted to HONO
which then escapes to the gas phase. Despite the fast photolysis
of HONO occurring during daylight hours, the researchers
observed up to 10 ppt HONO near the surface under ambient
conditions. The generation of OH in snowpacks, either
through the reaction of O~ with water or the photolysis of
HONO, is important since it leads to oxidation of organics
and the generation of such species as HCHO.>

Finally, the formation of HONO has been observed during
sampling of ambient air through a “dirty” borosilicate glass
sampling tube.®' The reaction leading to HONO is not entirely
clear, but appears to require sunlight. Nitrous acid production
was not observed immediately after cleaning of the sampling
line, suggesting that a water-soluble species, such as nitric acid
and/or nitrate, on the surface plays a role in the observed pro-
duction of HONO. Photolysis of nitrate to form NO,, fol-
lowed by reaction (1), was proposed as the source of HONO.

In summary, it is generally believed that reaction (1) is a sig-
nificant source of HONO, and hence OH. Current urban
airshed models often include a simple parameterization of
reaction (1) based on rates observed experimentally in some
laboratory systems. However, this treatment may not be
appropriate given the complexity of the reaction, the impor-
tant role of the surface and species adsorbed on it, and how
the surface composition changes during experiments. It is
clearly critical to understand the reaction on a molecular level
in order to accurately include it in airshed models that are used
to develop air pollution control strategies. In addition, under-
standing this chemistry will contribute to the elucidation of the
photochemistry in snowpacks. Finally, this chemistry may
occur on surfaces of airborne dust particles that are known
to be transported globally and to play a role in the chemistry
of the global troposphere.>> 2

A number of studies'®26-37:4046:6374 have established that
reaction (1) is negligible in the gas phase but occurs in the pre-
sence of surfaces. Fig. 1 summarizes the results of a number of
these studies in terms of the measured rates of reaction as a
function of the surface-to-volume (S/V) ratio of the reaction
cells used. This plot shows the combined formation rates of
HONO plus NO (a secondary reaction product of HONO) nor-
malized for the different initial NO, and water vapor concentra-
tions used in the various studies. An increase in the rates with
S/V is expected for a surface reaction where there are a given
number of product molecules formed per second per unit sur-
face area. For large reactors (small S/V), the product is diluted
into a larger volume, giving a smaller increase in the product
concentration per unit time compared to smaller reaction cham-
bers. Thus, the trend to larger reaction rates with larger S/V
ratios seen in the data shown in Fig. 1 is consistent with expec-
tations for a heterogeneous reaction on the chamber surface.

While the experimental results are not uniformly in quanti-
tative agreement, there are a number of common observations
of NO, hydrolysis studies in the dark:

(1) Three gas phase products have been observed. The major
gas phase product is HONO, but the yield is usually less than
the 50% expected from reaction (1).!*2!40466770 NQ s the
other significant gaseous product;?!** 42657 in some studies
(e.g. Sakamaki er al.*%), NO was reported to be formed simul-
taneously with HONO, while in others (e.g. Pitts ez al.*") it was
observed only at longer reaction times. Small quantities of
N,O are also formed.*#%7°

(2) The rate of generation of HONO has been reported in
most studies of this reaction to be first order in nitrogen diox-
ide!?16:40-43.4546.71 a4 first order in water vapor.***
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Fig. 1 Summary of some of the literature reported rates for the het-
erogeneous hydrolysis of NO, as a function of the surface-to-volume
(S/V) ratio of the reactor. The y-axis is the total rate of HONO plus
NO formation normalized to 1 ppm NO, and 50% relative humidity.
A Pitts er al,*' Teflon-coated chamber at 24°C and 50% RH
(S/V = 3.4 m™"); O Sakamaki er al.:** PFA-coated chamber at 30°C
and 49% RH (S/V = 3.7 m™'); @ Sakamaki er al:** quartz cell at
22°C and 15% RH (S/V = 33 m™'); O Svensson et al.:** Teflon-lined
chamber at 22°C and 54% RH (S/V = 14 m™'); B Svensson er al.:*
Teflon-lined chamber at 22°C and 29% RH with Teflon foil added
(S/V=42 m~"); x Jenkin er al:* Pyrex chamber at 23°C and 29%
RH (S/V =13 m~'); + Wiesen er al.:* Quartz reactor with dry, syn-
thetic air (S/V = 21 m™"). & Data from this laboratory: 19.4 L glass
cell at 23°C and 50% RH (S/V = 46 m™'); & Data from this labora-
tory: 7.4 L glass cell at 23°C and 50% RH (S/V = 70 mY).

(3) Nitric acid has not been observed in the gas phase but
nitrate is measured in washings from the surface*” and on
denuder surfaces,'® and molecular nitric acid has been
observed on silica surfaces in the presence of NO, and
water.”>73 Presumably, as the reaction proceeds, the surfaces
become more acidic.

(4) The rates of NO, loss and HONO formation in clean
chambers are higher than those in “conditioned chambers”
(ie. “dirty” chamber contaminated from previous experi-
ments).*+#?

(5) The rates in conditioned chambers are relatively insensi-
tive to the nature of the underlying surface. For example,
Svensson et al.*? reported similar rate constants for HONO
formation on glass and smooth FEP Teflon film, and Pitts et
al3* showed that the rates of HONO production in two
environmental chambers and in a mobile home were relatively
consistent over a wide range of initial NO, concentrations
(0.05-20 ppm). The data in Fig. 1 also illustrate that the rates
measured using different surfaces are relatively consistent,
again suggesting that the nature of the underlying surface does
not play a critical role in the reaction.

(6) Use of H,'%0 generates H'3ONO and, at very low water
vapor concentrations, HON'"0 is also generated. For exam-
ple, Sakamaki ef al.** showed that NO, reacts in a small quartz
cell at room temperature with H,'®0 at 15% RH to generate
exclusively H'SONO. Svensson er al.** reported a similar
observation for relative humidities in the range of ~20-40%;
however, at a relative humidity of ~4%, HON! 0 was also
formed.

Here we present new experimental data for the heteroge-
neous hydrolysis of NO, in laboratory systems and discuss
them in light of these previous studies. We outline major fea-
tures of a new mechanism for reaction (1) that is consistent
not only with our experiments but also with many of the pre-
vious observations summarized above. It should be noted that,
although there is firm experimental evidence for some steps in
the proposed mechanism, there remain major gaps in our
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understanding of some portions. This continues to be an active
area of research in this laboratory and future studies will
undoubtedly shed new insights into the chemistry of this com-
plex system. It is our hope that, by presenting this proposed
mechanism at this time, it will spur additional work on this
heterogeneous chemistry and the various steps that comprise
the overall reaction.

The studies reported here have been carried out using boro-
silicate glass, which is relevant to understanding the mechan-
ism in laboratory systems. This is an essential first step for
extrapolating to processes in urban airsheds. It should be
noted that silicates themselves are atmospherically relevant
as they are major components of building materials and
soils.’®”>"® The surface area available in soils and buildings
may be comparable to, or larger than, the surface area of air-
borne particles in the planetary boundary layer. Thus, it is
expected that heterogeneous chemistry in the boundary layer,
where measurements of HONO and other oxides of nitrogen
are often made, will have a significant contribution from reac-
tions on soils, buildings, roads, and other such materials.>”’
There is some evidence for this from field studies. For example,
Harrison and coworkers””? observed fluxes of HONO upward
from the surface when NO, concentrations were > 10 ppb,
but downward fluxes at smaller NO, concentrations; they
attributed this to competition between generation at the sur-
face and the deposition of HONO. Andrés-Hernandez et
al®® concluded that the relatively large HONO/NO, ratios
they observed in Milan compared to less polluted non-urban
regions were due to heterogeneous chemistry on urban surfaces
such as buildings, aided by a low inversion layer.

In short, given the contribution of silicates to the composi-
tion of soils and many building materials, the chemistry dis-
cussed below may extrapolate in a reasonable fashion to the
lowest portion of the atmosphere in urban areas. In addition,
as discussed in Section V, this chemistry may occur on air-
borne dust particles that are transported globally. Finally,
the mechanistic insights obtained from room temperature stu-
dies on surfaces will also aid in understanding the chemistry
and photochemistry reported on ice surfaces.

We focus in this article on studies reported in the literature
of heterogeneous NO, hydrolysis that have been carried out
using water vapor, gas phase NO, and a solid surface. The
potential relevance to the reactions on liquid aerosol particles,
fogs and clouds is discussed briefly in Section V.

II. A new mechanism for HONO formation from
the reaction of NO, with water on surfaces

Fig. 2 is a schematic diagram of the major components of our
proposed mechanism. The key features are as follows:

1. The dimer of nitrogen dioxide, N,O,, is an important pre-
cursor surface species in the reaction.

2. The reactive surface species is proposed to be asymmetric
dinitrogen tetroxide, ONONO,, formed by isomerization of
symmetric N,Oy.

3. The asymmetric ONONO, autoionizes to generate
NO"NO;; this is in competition with a back reaction with
gas phase NO, to form symmetric N>O4. The NO*NO;~ com-
plex reacts with water to generate HONO that escapes, at least
in part, from the surface, as well as nitric acid that remains on
the surface.

4. The HNOj; on the surface generates NO, ", a well known
reaction in concentrated solutions of HNOs.

5. Nitric oxide is generated by the reaction of HONO with
NO,". Nitrous acid also reacts with HNO; to generate NO™*
on the surface.

We describe in the following sections a variety of experimen-
tal data from this laboratory and show that this mechanism is
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Fig. 2 Schematic diagram of proposed mechanism of heterogeneous
hydrolysis of NO,.

consistent with these data as well as with many observations
from previous studies of the heterogeneous hydrolysis of NO,.

III. Present and prior observations: Testing the
mechanism

A. Products, intermediates, and mass balance

1. Gas phase products. Product formation in heterogeneous
NO, hydrolysis experiments has been studied in this labora-
tory using Fourier transform infrared spectroscopy (FTIR)
to measure gaseous species in two borosilicate glass long path
cells with multi-reflection White cell optics.®! The experiments
were carried out by first adding a low pressure of a dilute NO,/
N, mixture to the cell and then bringing the cell to atmospheric
pressure at the desired relative humidity (~20%, 50%, or 80%)
using the appropriate combination of flows of H,O/N, and
dry N,. The reactants and products were measured by FTIR
in the dark for reaction times up to 15 h.

The first cell used here had a volume of 7.4 L, a surface area
of 0.31 m* and a surface-to-volume ratio of S/V = 42 m™'; the
base path is 0.8 m and the total pathlength used in these stu-
dies was 32 m. The second cell was 19.4 L in volume, with a
surface area of 0.58 m? and a S/V of 30 m~'; the base path
in this apparatus is 1.0 m and the total pathlength used in these
studies was either 84 m or 112 m. The surface areas and S/V
cited are for the cells themselves and do not include the surface
areas of the optics; the total area of the mirror mounts and
mirrors is estimated to be ~40% of the cell surface area. When
this additional surface is taken into account, the S/V for the
7.4 L cell is 70 m~! and that for the 19.4 L cell is 46 m™'.
The metal optics holders (but not the mirror surfaces them-
selves) were coated with halocarbon wax (Halocarbon Pro-
ducts, Inc., Series 1500) to prevent reactions with the metal.

Nitrogen dioxide was synthesized by combining an
excess (> 2:1) of O, (Oxygen Service Co., 99.993%) with NO
(Matheson, 99%) which had first been passed through a dry
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ice—acetone bath (195 K) or ethanol-liquid N, bath (180 K) to
remove HNO; and other impurities. The mixture was allowed
to react in a 5 L glass bulb, then purified by condensing the
mixture at 195 K and pumping away the excess O, . Nitrogen
was humidified by bubbling N, through Nanopure water
(Barnstead, 18.2 MQ cm) and diluting with dry N, (Oxygen
Service Co, 99.999%).

In general, absorption spectra were quantitatively analyzed
for each gaseous species using two approaches. The first was
based on the net absorbances of the peaks at selected wave-
numbers. The second used a least squares fitting procedure,
MFC,% which determines the ratio of the species in the spec-
trum of interest relative to a reference spectrum of known con-
centration. This fitting procedure uses all of the data over a
selected spectral region, rather than the absorbance at a single
peak height. MFC was used in conjunction with an in-house
calibration or literature reference spectrum®* at the same reso-
lution and total pressure. Nitrogen dioxide was quantified
using the band centered at 2910 cm™! for the MFC analysis
as well as the net absorbance of the peak at 2917 cm™'. Cali-
brations were carried out using an authentic sample of NO,;
although the 2910 cm™! band is much weaker than that in
the 1600 cm ™! region, it does not overlap with water absorp-
tion bands and hence provides more precise analysis. Nitrous
acid was quantified using its v5 (trans-HONO) absorption at
1263 cm~" and the published effective cross section (base 10)
of 3.7x 107" cm? molecule '.#* Trans-HONO is in equili-
brium with the cis form, and the effective absorption cross sec-
tion takes this ratio into account to give the total (trans plus
cis) HONO concentration. The value of the effective cross sec-
tion cited assumes the ratio of trans/cis at room temperature
to be 2.3.3% Nitrous oxide was quantified using the rotational
line of the v; band at 2236 cm™! with the calibration from
an authentic sample of N,O (Liquid Carbonic, 99.99%), or
when using MFC, a published reference spectrum using the
entire band centered at 2223 cm™' at the same resolution.®?

The small absorption lines of NO are particularly difficult to
observe due to the strong water vapor absorptions in this
region and the weak absorption cross section for NO in the
infrared. Both the Q branch at 1876 cm™! and a second vibra-
tion—rotation line at 1900 cm ™', which do not suffer from inter-
ference by water vapor lines, were compared with a calculated
reference spectrum for quantification.®® The detection limits in
the 7.4 L cell were the following (in units of molecules cm™):
5% 10" for NO,, 1.5x 10" for HONO, 3.5 x 10" for NO,
and 2.5x 10" for N,O. In the 194 L cell, they were
2.8 x 10" for NO,, 6.2 x 10'> for HONO, 4.3 x 10"* for NO,
and 2.3 x 10'* for N,O.

Throughout the paper, we use a combination of units for
concentration: molecule cm ™ or ppm for NO,, HONO, NO
and N,O, and either relative humidity (RH) or molecule
ecm ™ for water vapor. Because concentrations have been
reported both ways in the previous literature, we prefer to
report our data using both conventions for ease of comparison
with the various studies.

Typical concentration—time profiles for these experiments
are shown in Fig. 3 at three different relative humidities. The
experiments at ~20% and ~50% RH were carried out in the
smaller cell (S/V = 70 m~ ') with an initial NO, concentration
of 60 ppm. Runs were also carried out at 80% RH in the smal-
ler cell, but there was a large uncertainty in quantification of
the loss of NO, that may have been caused by significant
amounts of liquid water at this high relative humidity on the
optical mirrors as they aged. The experiment shown at 80%
RH was carried out using the larger cell (S/V =46 m™)
and an initial NO, concentration of 100 ppm. The reaction
occurs on the surface and hence depends on the S/V ratio of
the reaction chamber; as discussed in more detail below, the
rate of HONO formation also depends linearly on the initial
NO, concentration. Experiments in these two cells under
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conditions where the product of the S/V ratio and the initial
NO, concentration are similar, as is the case for the data in
Figs. 3a—c, should thus be directly comparable and, indeed,
as discussed in more detail below, they are consistent.

In agreement with previous studies of this reaction,
46.66-68.70 HONO and NO are the two major gaseous products
observed. Small amounts of N»O are also formed at the higher
relative humidities and longer reaction times. The rates of loss
of NO, and the formation of products clearly increase as the
water vapor concentration increases. Under all conditions,
nitrous acid increases initially, reaches a plateau, and then
decreases. This behaviour suggests that HONO undergoes sec-
ondary chemistry in the cell.

The yields for each gaseous product were determined as a
function of time and are also shown in Fig. 3d-f. The yield
of HONO is much less than 50% of the NO; loss, particularly
at longer reaction times where secondary chemistry becomes
more important. The yield of NO relative to HONO increases
with time, and NO becomes the major product after several
hours. The formation of small amounts of N,O is in agreement
with the studies of Wiesen ez al.** and Kleffmann et al.**° who
reported N,O formation during hydrolysis of NO, on the
acidic surfaces of quartz reaction chambers and on acid-air
interfaces using a bubbler apparatus.

For the overall reaction (1), the yield of gaseous HONO plus
its secondary reaction products such as NO should be 50%.
This is consistent with our measurements (Figs. 3d-f) when
the experimental uncertainties, particularly in the NO concen-
trations, are taken into account. The scatter in the yield plots
at shorter reaction times is due to two factors: (1) the products
are present in concentrations near their detection limits, and
(2) the change in the NO, concentration is small.

The variation in the yields of NO and HONO in the pre-
vious laboratory studies in the literature'>#0-43-6%67 gygoests
that the nature of the surface film plays an important role in
determining the relative amounts of NO and HONO gener-
ated. The initial yields of HONO approached 50% in the stu-
dies of Pitts er al*®' where the initial NO, concentrations
were, for the most part, below 1 ppm. Sakamaki e al.*® used
a reaction chamber that was very similar in size (see Table 1)
and surface materials, but observed significant yields of NO
(about 30% of the HONO yields) even at short reaction times;
however, their initial NO, concentrations were larger, from
0.78 ppm to 20 ppm. This was also the case for our studies,
as well as those of a number of other researchers,**°%7 which
were carried out using initial NO, concentrations above one
ppm. The use of higher reactant concentrations will result in
more rapid accumulation of HNO; on the walls of the reactor
and hence accelerate secondary surface reactions involving
HNOg; . Perhaps relevant to this is the work of Febo and Per-
rino'® which, in contrast to the other studies, was carried out
under flow conditions; they observed equimolar production
of nitrite and nitrate, with the sum equal to the NO, loss.
Under flow conditions, HONO would be swept away from
the acidic surface as it is formed, minimizing secondary reac-
tions on the walls. The body of evidence therefore suggests that
the NO that is observed results from secondary reactions of
HONO on the walls of the reactor that have become acidic
due to the simultaneous generation of HNOj; that remains
on the surface.

13,21,40-

2. Surface species. a. N,O, Infrared spectroscopic stu-
dies show that adsorbed N,O, is formed on the reaction sur-
face immediately upon exposure of silica surfaces to gaseous
NO, at room temperature.’>’* There is no evidence for detect-
able amounts of NO, adsorbed on the surface. This is reason-
able since the Henry’s law coefficient for N,O, in water and
sulfuric acid is approximately two orders of magnitude larger
than that for NO, 587 Although we show below that these
reactions cannot be thought of as occurring in bulk aqueous
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Fig. 3 Concentration—time profiles for NO, hydrolysis experiments in this laboratory at (a) 21% RH, [NO,], = 1.5 x 10'* molecules cm >, (b)
P

48% RH, [NO,], = 1.4 x 10!

molecules cm >, (c) 80% RH, [NO,], = 2.5 x 10'® molecules cm™

3. The corresponding yields of gas phase HONO,

NO and N20, expressed relative to the measured losses of NO,, are shown in parts (d—f). As discussed in the text, the experiments at 21% and 48%
RH were carried out in the 7.4 L cell and that at 80% in the 19.4 L cell.

solutions, the relative values of the Henry’s law constants do
indicate that the interaction of water with N,O, is more favor-
able than with NO,. Chou ef al.”* have shown by ab initio cal-
culations that complexes between N,O,4 and one or two water
molecules are stabilized by 4.3 kcal mol ™! and 11.5 kcal mol ™!,
respectively, relative to separated N,O, and water; the com-
plexes of NO, with one or two water molecules were shown
to be stabilized by only 0.9 kcal mol ! and 8.3 kcal mol ™! rela-
tive to the separated reactants.”* Thus, both the relative values
of the N,O4 and NO, Henry’s law constants and ab initio cal-
culations show that N,O, interacts more strongly with water
and would be more likely present in the surface water film.
Although N,0, is observed on the surface immediately upon
exposure to NO,, it is not known how N»Oy, interacts with the
surface film. Possible interactions include association with one
or more H,O molecules,”* with undissociated HNO; mole-
cules, or with HNO3;-H,O complexes or hydrates. Nitric acid
does appear to be involved as our experiments show that it
enhances the amount of N,O4 on the surface. Fig. 4 shows
the transmission spectra of clean pieces of porous glass (Vycor
7930, 14 mm diameter x 0.24 mm thick discs of mass 59 mg

and an internal (BET) surface area of 250 m*> g~', Advanced
Glass and Ceramics, Holden, MA) exposed in a cell described
elsewhere’? to NO, with and without prior adsorption of
HNO3; on the glass surface. The porous glass had been exposed
to the water vapor in room air and not heated during the initial
cell evacuation. Under these conditions, water remains
adsorbed on the surface.

In Fig. 4a, the glass has been “conditioned” with dry gas-
eous HNOj; by adding 2-3 Torr of HNO; vapor from above
a mixture of 2:1 H,SO4HNO; (Fisher Scientific 95.7%
H,S0y4, 69.9% HNO3) to the cell, and then pumping it out; this
procedure was repeated three times followed by pumping for
30 min before 1.2 Torr NO, was added. Fig. 4b is the spectrum
for porous glass that was exposed to 1.3 Torr of gaseous NO,
alone. In both cases, the cell was filled with N, to atmospheric
pressure. The band at 1680 cm ™" is due to molecular nitric acid
on the surface and that at 1740 cm™! is due to adsorbed
N,O,.”>73888 Fig 4c is the difference spectrum, (a — 0.92b),
where the factor 0.92 takes into account the slightly larger
NO, pressure when the spectrum in Fig. 4b was taken. These
data show that not only is N,O,4 taken up on the porous glass
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Table 1 Reanalysis of some kinetics data reported in the literature on heterogeneous NO, hydrolysis on the surfaces of laboratory systems

(Teflon, glass, quartz, acid solutions, aerosol particles)

Type A plots Type B plots®
Slope of Slope of
log d(—[NO,]/  log d([HONO]/
In[NO;] 1/[NO-] di) vs. log [NO]y d?) vs. log [NO2]o
Reference vs. time vs. time (£25) (£25) Reactor type Reported reaction order
England Linear in Linear in N/A? N/A 4.4 L Pyrex Authors reported
and Corcoran, first 500 min first 500 min (S/V 36 m) second order in NO,
1974%¢ at 25-40°C using NO,
decay at H,O concentrations
of (0.7-2.8) x 10'7 cm 3
Sakamaki et al., N/A? N/A 1.2+0.2 0.74£0.37 6065 L PFA-coated Authors reported first order
19834 (S/V37m in NO, using NO, decay
rate or HONO and NO
formation rates at 30°C
and [H,0] of 2.3 x 10" ¢m 3
Pitts et al., 1984*! N/A N/A 1.0+£0.2¢ 0.85+0.15¢ 5800 L Teflon-coated Authors reported that slope
chamber (S/V 3.4 m™')  of HONO formation in
Type B plot was close to
unity at 297 K and [H,O]
of 3.7x10'7 em ™~ and
at 305 K and [H,O] of
59%10"7 cm™?
Svensson et al., 1987** N/A N/A 1.1+0.04 0.59+0.25 153 L glass reactor Authors reported first order
lined with Teflon for NO, decay at
film (S/V 14 m™) [H,0] = 2.5 x 10" cm ™
using data after first 60 min
of reaction
Jenkin er al., 19887 ¥ N/A N/A 12405 N/A 19.8 L PTFE-coated 4 Authors reported first order
glass cylinder with for NO; loss at 292 K
stainless steel endplates and [H,0] = 1.2 x 10" cm™3
(S/V13m™h
Febo and Perrino, N/A N/A N/A 1.5+0.2 Frosted Pyrex glass ¢ Authors reported first order
1991¢ 16 flow reactor in NO, by NO, decay or
HONO formation at
5% 10" em™* H,O
Wiesen et al., 1995*  Linear in Linear in N/A N/A 64 L quartz reactor Authors reported HONO
first 50 min first 50 min Pyrex cell (S/V 21 m™!) formation was first order
and bubbler connected in NO, in quartz reactor and
to 11 L Pyrex cell dry synthetic air and
(S/V 22 mY) when gases were passed
through a bubbler containing
various solutions
Harrison and Collins, Linear in Linear in N/A N/A Flow tube in presence Authors reported NO,
199871 first 2 min first 2 min of aerosol particles loss is first order in NO,
at 279 K at
[H,0] =2 x 10" em™3
Klefiman et al., 1998* Linear in Linear in N/A N/A 64 L quartz reactor Both NO, decay and HONO
first 100 min first 100 min (S/V 21 m™') and formation were reported
bubbler containing first order in NO, on
sulfuricacid /water quartz surface at
solutions [NO,] = (0.05-5) x 10'? cm 3
and [H,0] = (10" —10"7 ecm™3).
NO, loss was first order when
bubbled through sulfuric acid
solutions. Authors reported
that NO, decay was second
order in NO, at high [NO,]
and 248 K in bubbler apparatus
This work Linear in Linear in 1.6+0.2 1.2+0.4 20 L glass cell
first 200 min  first 200 min (S/V30m

“ Values for slopes calculated here based on data presented in those papers. © N /A = data not reported in paper in such a manner that this value could be calculated.
¢ Calculated using the 297 K data. ¢ Most experiments were performed at <10 Torr total pressure, with four performed at ~300 Torr. ¢ The authors did not report the

temperature; we presumed 25°C to calculate that their RH = 64%.

surface, but also that the amount adsorbed increases with the
amount of nitric acid on the surface. This suggests that N,Oy is
interacting with HNO3 and/or HNOs-H,O water complexes
on the surface, perhaps in addition to the interactions with
H,0.

In the long path cell studies shown in Fig. 3, surface species
could not be measured and so it was not known if NO,/N,O4
was taken up on the surface. However, given the rapid appear-
ance of N,O, on silica surfaces (Fig. 4 and refs. 72 and 73), it is
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likely that a similar process occurs on the borosilicate glass cell
walls.

N,O4 has generally been ignored as being important in the
atmosphere because of its small concentrations and relatively
slow reactions in the gas phase. For example, at an NO, concen-
tration of 0.1 ppm (2.5 x 10'2 molecule cm ™), the equilibrium
concentration of N,Oy is only 1.5 x 10® molecule cm 3, based
on the well-known 2 NO, > N,0O4 equilibrium constant.”’
Although our studies were carried out at much higher concen-
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Fig. 4 Spectra of porous glass discs: (a) Exposed to gaseous HNOj3
followed by pumping and then adding 1.2 Torr NO,; (b) porous glass
exposed to 1.3 Torr NO, only; (c) difference spectrum (a — 0.92b). All
experiments carried out in 1 atm N, using 64 scans at 1 cm™! resolu-
tion. Background used for spectra was that of the unexposed porous
glass.

trations of NO,, and hence N,O,, than found in the atmo-
sphere, they demonstrate that N,O, is preferentially taken up
on surfaces compared to NO,. Given that the kinetics on
surfaces may be quite different than in the gas phase and that
the relevant chemistry forming HONO in the atmosphere
occurs rather slowly (e.g., overnight), it is reasonable that
N»O4 could play a role under atmospheric conditions.

b. Nitric acid and nitric acid-water hydrates. While a number
of groups report that HNO; production is not observed in the
gas phase, %4942 a variety of both indirect as well as direct evi-
dence indicates that HNOj is indeed formed and remains on
the surface. For example, Svensson er al** rinsed the walls
of their chamber with water after NO, hydrolysis experiments
and analyzed the washings by ion chromatography (IC); the
nitrate concentration was shown to be consistent with the stoi-
chiometry of reaction (1). Febo and Perrino'® used a glass flow
reactor to study the products of NO, hydrolysis. The HNO;3
and HONO that remained on the walls after reaction were col-
lected and measured by IC as NO3;~ and NO, ™, respectively,
while gaseous HONO was measured using a chemilumines-
cence analyzer in combination with denuders to remove
HNO; and HONO, or HNOj only. In their experiments, equal
rates of formation of nitrite and nitrate were observed, and the
sum was equal to the NO, decay rate.

More recently, infrared studies have confirmed the forma-
tion of HNOj3; and NO;™ during the reaction of NO; on silica
surfaces.”>’® For example, Goodman e al.”® showed by trans-
mission FTIR that addition of gaseous NO, to dehydrated
silica particles (heated to 673 K) yields oxide-coordinated
NO;™. In contrast, the use of hydrated silica particles, pre-
pared by exposure to =10 Torr H,O followed by evacuation
(vielding a coverage of 0.08 H,O monolayers), resulted in the
formation of undissociated HNO; upon addition of gaseous
NO,. The authors suggest that water on hydrated silica parti-
cles interacts with undissociated HNO; via hydrogen bonding
which may be observed as a broad absorption in the 2700—
3700 cm™! region. Similar observations of the formation of
undissociated HNO; during the reaction of NO, on porous
glass were also made in this laboratory;72 the infrared cutoff
of porous glass at ~1550 cm ™' did not allow the observation
of nitrate ions, but subsequent studies using pressed discs of
silica powder where the cutoff is extended to ~1300 cm™!
revealed small peaks due to NO;~.%!

It should be noted that the surface nitric acid observed is lar-
gely undissociated HNO; which, as discussed below, has unique
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reactivity compared to the dissociated H™ and NO3 ™~ ions. Thin
films of water on silica surfaces do not have the same spectro-
scopic signatures as bulk water, so it is perhaps not surprising
to find undissociated HNOj; associated with these thin water
films. For example, transmission FTIR spectroscopy experi-
ments on water uptake on borosilicate glass’>® show that at
the water vapor concentrations used in these experiments,
one to twelve monolayers of water (corresponding to film thick-
nesses of 0.35 to 4 nm) would be present on the surface in the
absence of nitric acid. These thin water films exhibit blue-
shifted O-H stretching vibrations relative to bulk, liquid water,
indicating that the thin films are less hydrogen-bonded than in
the bulk liquid. This is similar to the observations of Ewing and
coworkers on solids such as mica and NaCl, and has been inter-
preted as reflecting either a two-dimensional water network or
islands of water on the surface.”*® While it has been suggested
that water films have properties approaching bulk water at
approximately 3 water monolayers,”’ the data of Saliba
et al®® and Sumner et al®® show that the O-H stretch of
adsorbed water is blue-shifted relative to bulk water even at 5
water monolayers. This suggests that it may be more appropri-
ate to consider the mechanism of the NO, heterogeneous
hydrolysis as occurring in a 2-D surface film or in small islands,
rather than in a bulk, 3-D liquid.

However, this surface film is not simply comprised of water,
since nitric acid is formed simultaneously during the reaction
and remains on the surface. In addition, as discussed in more
detail below, even after pumping and moderate heating, nitric
acid from previous experiments remains on the surface. Thus,
the thin film is, at the very least, comprised of nitric acid and
water. An experimental observation common to researchers
handling nitric acid in glass vacuum systems is that HNO; is
very “sticky” and difficult to pump out, even with extensive
heating and pumping. However, experiments in this and
other® laboratories show that nitric acid can be readily
pumped off dry silica surfaces. The role of water must be to
form very stable nitric acid-water complexes or hydrates.
Nitric acid is well known to form hydrates with water both
in aqueous solution® ! and on ice.!°1°° In aqueous solu-
tion, as the concentration of nitric acid increases, the composi-
tion changes from the dissociated ions to the trihydrate and
then the monohydrate, and finally pure HNO5.**1°! On ice,
the dihydrate is also observed.'®"'% Different forms of the
monohydrate such as H,O---HONO,, (H,OH)"--(ONO,)~
and 4HNOj3-H,0 have also been observed using Raman spec-
troscopy.w(”107

There is also theoretical evidence for nitric acid—water com-
plexes. Ab initio calculations of the 1:1 nitric acid—water com-
plex in the gas phase have been carried out,'*® 1'% showing that
two hydrogen bonds form between HNO;3; and H,O with a
binding energy for the complex of 9.5 kJ mol~!. Although such
ab initio calculations are for a gas phase environment, these
calculations show that undissociated HNOj; is stabilized upon
formation of the HNO3;-H,O complex. Studies of water clus-
ters with HNO;3; have shown that four water molecules are
required for dissociation of nitric acid.""17113 Thuys, complexa-
tion of nitric acid with the relatively small amounts of water
present in thin films on the surfaces, and limited dissociation
to H" and NO; ™ is reasonable.

It should be noted that, in our experiments as well as those
of other researchers, the reaction chambers are typically
pumped on after each experiment, sometimes with heating.
However, at least in the case of borosilicate glass, some nitric
acid and water remains on the surface. As a result, the surface
layer already contains adsorbed acid when the next experiment
is initiated. This is likely responsible for the “dirty chamber”
effect on the rates reported by some groups.*!**?

Experiments were conducted on porous glass to determine
the relative strengths of interaction of HNO; and H,O with
a silica surface and how pumping affects the relative
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Fig. 5 Spectrum of porous glass exposed to (a) water vapor and (b)
water vapor and nitric acid after pumping times of 0 s (black), 5 s
(blue), 10 s (green), and 35 s (red). The insets show expanded regions
for absorptions by (¢) H,O and (d) HNO;, H,O and complexes
between the two.

magnitudes of water and nitric acid. Fig. 5a is a spectrum of
water adsorbed on the porous glass, obtained by first heating
the porous glass to 400 K to drive off adsorbed water, cooling
to room temperature and then exposing to 10 Torr water
vapor in 723 Torr N, for 30 min.; the gas phase water peaks
have been subtracted. Absorption bands due to water at
1620 cm™! (v, bending mode), 3400 cm ™' (v and v stretching
modes) and a weak combination band (v, + v3) at 5272 cm™!
are evident. The negative peak at 3750 cm™" is due to the free
(non-hydrogen bonded) SiO-H stretch, indicating that free
SiO-H groups decrease on exposure to water vapor. This is
believed to be due to clustering of water to these groups via
hydrogen bonding interactions; on pumping off the water, this
peak recovers, indicating that the interaction is reversible.

Fig. 5b shows spectra of porous glass after it had been
heated to 420 K, cooled and exposed to 1.5 Torr HNOj fol-
lowed by 10 Torr of water vapor. The first spectrum (black)
was taken 10 min later (the gas phase has been subtracted).
The peak at 3400 cm ™' has red-shifted by ~70 cm™" to 3330
em™!, and a new peak at 1680 cm™! appears. The latter is
assigned to undissociated HNO;.”>7*% The peak at 1620
cm ! has broadened. Ab initio calculations!®®!1® show that
the formation of a 1:1 HNO3;—H,O complex in the gas phase
results in a band at ~3300 cm™' due to the hydrogen-bonded
OH v, stretch in nitric acid; this band is red-shifted by ~300
ecm™!' from the OH stretch in the uncomplexed gas phase
HNO;. As more water is complexed to nitric acid, this band
continues to red-shift.!'” These calculations are consistent with
the infrared spectra of nitric acid hydrates, which typically
have strong bands in this region.'®*'% However, the bending
mode of water in the 1600 cm ™' region does not change signif-
icantly on binding to nitric acid, which is consistent with our
observations.'® 1% We therefore assign the peaks at 3300
em ! and 1620 cm™! in Fig. 5b to a combination of liquid
water and nitric acid-water complexes.

The subsequent spectra were taken after pumping times of 5
s, 10 s and 35 s. During these initial stages of pumping, it can
be seen that the water peak at 5272 cm™! decreases, indicating
water is being pumped off the surface. The peaks at 1680 cm™!
due to HNO; and 1620 cm™! due to water, or water complexed
to nitric acid, also decrease; however, the 1620 cm™' band
decreases more rapidly than that at 1680 cm ™! (Fig. 5d). These
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indicate a change in the composition of the surface film, con-
sistent with the preferential removal of water, and may reflect
a change from the trihydrate through the dihydrate to the
monohydrate and perhaps ultimately species such as
4HNO;5-H,O as observed in solid and liquid mixtures of
HNO; and water by Raman spectroscopy. '

The combination of data suggests that there are significant
amounts of undissociated nitric acid on the surface, perhaps
in part in the form of hydrates. In concentrated HNO; solu-

tions, NO,™ is also generated via a self-reaction of HNO4 101

2 HNO; < H,NO;* + NO3~ “4)
H2N03+ s HQO + N02+ (5)

These reactions are in equilibrium so that, in the presence of
sufficient water, NO>" converts back to HNO;. Experimental
studies'"*!'® have shown that, in the gas phase, this conver-
sion of NO," to HNO; occurs in clusters of NO," with four
or more water molecules.

A search was made for NO," on porous glass during an
NO, hydrolysis experiment and, for comparison, porous glass
was exposed to gaseous HNOj; alone. Fig. 6a shows the spec-
trum in the 2200 to 2400 cm ™' region of porous glass upon
exposure to 1.3 Torr NO, and addition of N, to atmospheric
pressure; the porous glass had been exposed to room air and
evacuated but not heated, so there are significant amounts of
water on the surface to participate in the hydrolysis. The broad
peak at 2297 cm ! is consistent with that reported in the litera-
ture for NO,*.3%11%120 Ejs 6b is the spectrum in the same
region of a similar piece of porous glass that had been exposed
to HNO; and then the gas phase pumped off; the peak at 2297
em~! is also present, as expected for NO,* formed from con-
centrated HNOj; . To confirm this assignment, a fresh piece of
porous glass was exposed to '*N-labelled nitric acid; it is seen
in Fig. 6¢ that the peak has red-shifted by 33 cm™!, to 2265
em™!, confirming the assignment of this band as NO,*.!*°

In summary, the composition of nitric acid—water thin films
on silicate and other surfaces is clearly complex, but cannot be
thought of as simply nitric acid—water aqueous solutions. The
composition of these thin films under atmospheric conditions
is not known, but clearly is an area that warrants both theore-
tical and experimental investigation. Despite the complexity,
however, we have observed in laboratory studies many of the
gas phase as well as surface intermediates and products pro-
posed in the mechanism shown in Fig. 2. These include HONO
and NO in the gas phase, and on the surface, HNO3, water—
nitric acid complexes, NO," and N,Oy.
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Fig. 6 Spectrum of NO," on porous glass surface (a) during hetero-
geneous NO, hydrolysis; (b) after exposure to gasecous HNOj3, and (c)
after exposure to H°NO; .
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B. Kinetics

1. Rate of NO, hydrolysis reaction. It is clear from the
combination of data discussed above that a thin film of water
with nitric acid on the surface provides the reaction medium
for heterogeneous NO, hydrolysis. Although the infrared data
show that this film does not, at least spectroscopically, behave
like a bulk liquid, it is worthwhile to compare the measured
rates of HONO generation with those expected if the film
could be treated as a bulk aqueous solution. The bulk aqueous
phase kinetics for uptake and reaction of NO, in aqueous solu-
tions are well known.®¥%¢13 It can be readily shown that the
observed rates of HONO formation from NO, hydrolysis in
our long path cell experiments as well as those reported in pre-
vious studies by other researchers are much larger than those
predicted by bulk aqueous phase kinetics.

For example, consider a typical experiment carried out at
50% RH and an initial [NO,] of 50 ppm in the 7.4 L long path
cell (S/V =70 m~ ). The number of water monolayers on the
surface at 50% RH is ~3;°*%° taking monolayer water cover-
age to be 1.0 x 10'° molecule cm ™2, the available volume of
water on the reaction chamber walls is ~5 x 1077 L (assuming
there is also water on the halocarbon wax coated optics
mounts). The aqueous phase reaction of NO, with bulk liquid
water has been studied in detail. 338132 As discussed by
Schwartz and White,®® studies of this reaction cannot distin-
guish between NO, and N,O,4 as the reactant, and it can be
written either way, with appropriate adjustment of the rate
constant:

aqueous phase

2 N02<aq)(or N204(aq)) + HzO(l)
HONO(ug) + H'(aq) + NO3 " (ag)  (6)

A recent measurement of the second order rate constant'
for NO, taken as the reactant is 3.0 x 10’ M~ s™!. Using a
Henry’s law constant'*? for NO, of 1.4 x 1072 M atm™ ", the
concentration of aqueous phase NO, in equilibrium with 50
ppm gaseous NO, is 7.0 x 1077 M. The calculated rate of
HONO formation in the aqueous phase, proportional to
the square of [NOxuq), is thus 1.5x 107° M s If it is
assumed that all of this aqueous HONO escapes into the
gas phase, the maximum rate of HONO formation would
be 4 x 10'? molecules s~! in a volume of 7.4 L, or 5x 10%
molecules cm ™ s™!. The average observed HONO formation
rate in a typical long path cell experiment carried out at 50%
RH and an initial NO, concentration of 50 ppm in the 7.4 L
long path cell was ~2 x 10'° molecules cm™ s™', a factor of
40 larger than expected based on chemistry in the bulk aqu-
eous phase. When the simultaneous production of NO, which
is at least in part from secondary reactions of HONO, is
taken into account, the discrepancy is close to two orders
of magnitude.

A similar conclusion can be reached from the data of other
researchers, for example, from the larger (5800 L) chamber
used by Pitts er al.*! A question is how much water would have
been on the Teflon-coated walls of their chamber at 50% RH.
In separate experiments in our laboratory on a halocarbon
wax surface, the amount of water on the surface at 50% RH
measured using transmission FTIR spectroscopy was about
the same as that on glass.”> This surprising result may reflect
the roughness of the surface. For example, Rudich and cowor-
kers!*® showed that irregular hydrophobic organic films took
up more water than well-ordered films; this was attributed to
condensation of water in the indentations in the surface. We
therefore assume that the Teflon-coated surface of the large
environmental chamber of Pitts and coworkers takes up water
in the discontinuities on roughened hydrophobic surface in a
manner similar to our measurements for a halocarbon wax
coating. This assumption is supported by the similar rates in
the generation of gas phase products between the studies of
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Pitts et al*' and ours, when differences in the S/V of the reac-

tors are taken into account (see details in Section V, below).

Application of calculations similar to those described above
for potential HONO formation in the aqueous phase on walls
of the environmental chamber of Pitts and coworkers*! then
shows that the observed HONO formation rate is about four
orders of magnitude larger than expected for the aqueous
phase reaction. For example, for an initial NO, concentration
of 530 ppb and 50% RH (their run # 757), the calculated rate
of gas phase HONO formation from a reaction in a bulk aqu-
eous phase on the walls equivalent to 3 layers of water is
9% 107® ppb min~!, compared to their measured rate of
6 x 1072 ppb min~! of HONO.

These comparisons assume that the volume of water on the
cell walls is not altered by the presence of HNO;. However,
this may not be the case, at least at low relative humidities.
Bogdan and Kulmala'** reported increased water uptake by
pyrogenic silica powders under some conditions when exposed
simultaneously to gas phase nitric acid. Thus, the amount of
adsorbed water was 0.02 g per g of SiO, at 55% RH when
exposed to pure water vapor, while 0.10 g H,O per g of SiO,
was adsorbed when exposed to the vapor over a 45% (w/w)
HNO3-H,O solution whose relative humidity was estimated
to be 53%. Svensson et al.** observed that approximately a fac-
tor of two times more water was taken up on a Teflon surface
at ~10% relative humidity when the Teflon had been first
exposed to HNOjs. In both studies, however, there was no sig-
nificant increase in water uptake at higher relative humidities.

These observations are consistent with surfaces retaining
nitric acid even on pumping. Subsequent exposure to water
vapor leads to uptake of water on the surface and the forma-
tion of nitric acid-water thin films. At the lower relative
humidities, the increased water uptake may be related to the
water needed to form a particular hydrate of nitric acid, e.g.
the trihydrate. However, at the higher relative humidities,
there may be sufficient water on the surface to dissociate the
HNO3, leading to water uptake that is similar to that for water
alone.

However, with respect to the kinetics in the thin films, even a
factor of five increase in water uptake measured for silica pow-
ders'®* does not reconcile the large discrepancies in the mea-
sured rates of HONO production compared to that
calculated for reaction in a bulk aqueous layer on the surface.

2. Reaction order. Kinetics studies can be helpful in asses-
sing which mechanisms are, or particularly are not, feasible
based on the experimental data. The dependence of the rates
of NO, loss and of product formation on the concentrations
of the reactants has been studied by a number of
groups. 640466671 Eqr reaction (1) as written, the overall rate
law is given by eqn. (I):

_ 1d[NO,] _ d[HONO] _
2 dr dr B

If the reaction is first order in NO,, then a plot of the initial
rate of NO, loss or HONO formation against the initial NO,
concentration should be linear. Similarly, the analogous plot
as a function of the gas phase water concentration should be
linear if the reaction is first order in water vapor. This analyti-
cal approach has been taken in many of the kinetics analyses of
the heterogeneous NO, hydrolysis, and it is generally reported
that the reaction is first order in NO, and first order in gaseous
H,O. We treat the dependence of the rates on water vapor first,
followed by the dependence on the NO, concentration.

a. Reaction order with respect to water vapor. Fig. 7 shows the
dependence of the initial HONO and NO rates of formation
on the concentration of water vapor measured in this labora-
tory. Consistent with the earlier studies, the rates of HONO
and NO formation increase with water vapor concentration.

Rate =R =

k[NO,J'[H,0]" (1)
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Fig. 7 Initial rates of HONO (O) formation (in 19.4 L cell) and NO
(A) formation (in 7.4 L cell) as a function of relative humidity at
295+ 2 K. The NO rates have been multiplied by 107 to adjust to
scale. The solid line is a fit through the combined data sets for the rates
of HONO and NO formation. The number of effective layers of water
measured on a smooth borosilicate glass surface’® are shown for com-
parison (right axis and x symbols).

However, the current studies were carried out to 80% RH, a
higher water vapor concentration than used in most previous
studies. While there is a significant increase in the rates of
HONO and NO formation from 20 to 50% relative humidity,
the increase from 50% to 80% RH is much larger than expected
for a linear relationship. Also shown for comparison are recent
measurements in this laboratory®® of the uptake of water on
borosilicate glass cover slips (0.13-0.17 mm thickness, 25
mm diameter, Micro Cover Glass, Number 1, VWR Scientific).
It is clear that the shapes of plots of [HONO]/d¢ and d[NO]/
dt versus relative humidity are similar in shape to the water
uptake isotherm. These results show that the rates of HONO
and NO formation are determined by the amount of water
on the surface, rather than the gas phase water concentration.

In previous studies, the rates of formation of HONO, and NO
where they have been measured, have generally been reported to
be linear in the concentration of water vapor,*® 3¢ although
Svensson et al.*? reported a steep increase in the rate of NO
production at 77% RH ([H,O] = 5 x 10'7 em™) in their experi-
ments. The data of Pitts er al.*' for HONO generation increase
more than expected based on a linear relationship for experi-
ments at 305 K and 60% RH ([H,O] = 7 x 10'7 cm™?), although
they state that, within the scatter of the data, no firm conclu-
sions can be drawn. Kleffmann er al.*® observed that HONO
formation was “almost independent” of water vapor at low
NO, concentrations, and attributed this to an excess of water
present on the reactor surfaces.

In short, over a limited range of relative humidities, the rela-
tionship between the rate of HONO formation and water
vapor concentration appears to be linear. However, our data
clearly show that, on a borosilicate glass surface, the rate of
formation follows the shape of the isotherm for water uptake
on the surface. This again is consistent with the mechanism
in Fig. 2 in that it is water on the surface that is the reactant,
rather than the collision of a water molecule from the gas
phase with HONO precursors on the surface such as asym-
metric ONONO, .

One important aspect of the amount of water on the surface
is its impact on the dissociation of nitric acid. As discussed
above, with small amounts of water on the surface, nitric acid
is largely undissociated. This is important because it is clear
that the chemistry of undissociated nitric acid compared to
nitrate ions on surfaces is quite different. For example, gaseous
NO reacts’> 217131 with undissociated HNOj; on silica surfaces
to geg?rate HONO and NO,, but does not react with nitrate
ions.
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b. Reaction order with respect to NO,. The reaction order
with respect to NO, was examined from data such as those
in Fig. 3 first by examining the rates of NO, decay. For a first
order reaction, a plot of In [NO,] versus time should be linear,
while for a second order reaction, a plot of 1/[NO,] as a func-
tion of time should be linear. We designate these Type A plots.
Fig. 8 shows typical data from this laboratory plotted in this
manner. In all cases, plots of In [NO,] and 1/[NO;] versus time
are both reasonably linear in the initial stages of the reaction
where secondary chemistry is less important. This precludes
distinguishing between first order and second order kinetics
in a definitive manner.

These results prompted us to examine the reaction order
data from some earlier studies. Where available, data from
our experiments and previous NO, hydrolysis studies were
plotted in two different ways to determine the reaction order.
The first, Type A, is as described above, in which either
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Fig. 8 First and second order Type A kinetics plots for the loss of NO,
at (a) 21% RH, LNOQ]0 = 1.5 x 10"® molecules cm~>, (b) 48% RH,
[NOyJp = 1.4 x 10 5 molecules cm3, (¢) 80% RH, [NO,],=
2.4 % 10" molecules cm . As discussed in the text, the experiments at
21% and 48% RH were carried out in the 7.4 L cell and that at 80% in
the 19.4 L cell.
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In[NO;] or 1/[NO;] are plotted versus time; these plots utilize
the rate of NO, decay during an individual experiment.

A second approach utilizes the rate law, eqn. (I) above,
where the reaction order can be obtained from plots of the
log of the initial rate of NO, loss or of product formation ver-
sus log of the initial NO, concentration:

log (R) =log k + a log [NO,] + b log [H>O] (1)

We designate these Type B plots; the reaction orders in NO,
and H,0, « and b, respectively, are obtained from the slopes
of the appropriate log-log plots.

Table 1 summarizes our analysis of some of the previously
reported laboratory studies of reaction (1) where sufficient
data are available in the published paper for such an examina-
tion. For Type A plots, the time-dependence of the loss of NO,
in a number of studies*>*6-¢"! i similar to that reported here.
That is, when we constructed Type A plots from their data, no
clear distinctions between first and second order in NO, could
be made, especially at early reaction times before secondary
chemistry became apparent.

Type B plots could be constructed for four studies**** car-
ried out in chambers similar to those used here. As Table 1
shows, the slopes of these Type B plots for the loss of NO, fall
within the range from 1.0 to 1.2, supporting first order kinetics
for the removal of NO, from the gas phase. The HONO data
are more scattered, with slopes of the log-log plots falling in
the range from 0.59 to 1.5. The lowest value, 0.59 +0.25 (2s)
was obtained from the published rates which were calculated
using the data after the first 60 min of reaction. This could
be due to larger impacts of secondary chemistry on the appar-
ent reaction rate. The largest value was obtained using a glass
flow tube,'® that, as discussed in Section IILA.1, may have
minimized the impact of secondary chemistry.

Fig. 9 shows Type B plots for experiments carried out in this
laboratory in the 19.4 L glass long path cell. The data for
HONO formation have an average slope of 1.2+0.4 (2s), in
agreement with previous studies in other laboratories in which
HONO formation was reported to be first order in
NO, .!316:40-43.4546.71 The reaction order for loss of NO, is
somewhat higher, 1.6 £0.2; the reasons for the discrepancy
between this and the values of ~1.0 (Table 1) are not clear.

Although the reaction requires a surface and water, as dis-
cussed above, it cannot be treated as if it occurred in an aqu-
eous bulk water solution on the walls of the reactor. Rather, a
thin film as shown in Fig. 2 is a more appropriate model for the
medium in which this chemistry occurs. This mechanism pre-
dicts that HONO formation is first order in gas phase NO,
despite N,O4 being a key precursor to HONO. This arises
from the back reaction of asymmetric ONONO, with gas
phase NO, . The key steps for HONO in Fig. 2 can be summar-
ized as follows:

2 NOy(g) > NoOgyq) (
N2Oy(g) < NaOysurface) 8
N2Oy(surface) — ONONO(surface) (
ONONOy(surface) + NOy(gy = NaOy(sursace) + NOogy (10
ONONO;(surface) + HaOsurface) — HONO (g surface)
+ HNOs(gyrfacey  (11)

If the rate of reaction of ONONO, with NO, to regenerate
N»O,4 on the surface is faster than its reaction with water, (i.e.
k1o[NO3] > k11[H,O]), the steady-state concentration of
ONONO; on the surface is given by:

 koK7K§[NO,J>

[ONONO,],, = ToNO C[NO,) (111)
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Fig. 9 Plots of (a) log(d[HONO]/d7) and (b) log(—d[NO,]/d¢) vs.
log[NO,], for experiments carried out in the 19.4 L glass long path cell
in this laboratory at 20% (), 50% (A), and 80% (@) RH. The slopes
(42s), are reaction order in NO, calculated using the initial rates of
HONO formation or NO; loss (see text).

ko and kjo are the rate constants for reactions (9) and
(10), K7 and Kg are the equilibrium constants for reactions
(7) and (8), and C is the combination of rate and equilibrium
constants {koK;Kg/kio}. The rate of HONO generation is
given by

d[HONO
% =kn [ONONOZ][Hzo(surface)}
= k11 C[Hzo(surface)][NOZ] (IV)

and hence is first order in NO,. An alternate portion of the
mechanism that would be consistent with HONO production
being first order in NO; is also considered briefly in the follow-
ing section.

IV. Mechanisms and models

A key step in Fig. 2 is uptake of gaseous N,O,4 on the surface
and its isomerization to surface asymmetric ONONO,. This
isomerization is known to occur in solid matrices at low tem-
peratures or high pressures, on ice and in solution,'®!-!35-10
(although one study'>! observed only the symmetric form of
N,O, on ice films). Koel and coworkers'*313%152 proposed
that this isomerization occurs via the free O-H groups on
amorphous ice, and it is possible that a similar process occurs
in the thin films studied here. Once formed, the asymmetric
ONONO, can readily autoionize to nitrosonium nitrate,
NOTNO;~, and its reaction with water generates HONO
and HNO;:

N204(surfacc) - ONONOZ(surfacc) - NO+NO37(surface)
H,O
e HONO(g.surface)+HNO3(surface) (12)

Experimental and theoretical studies'>*!% of the reactions of

gas phase clusters of hydrated NO* show that reaction to
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generate HONO occurs with four or more water molecules
bound to NO™.

Bands due to the asymmetric ONONO, have not yet been
identified on silica surfaces at room temperature. This is not
surprising, since the steady-state concentration of ONONO,
is expected to be significantly smaller than that of symmetric
N0y . In addition, given the presence of HNOj; on the surface,
ONONO:; is likely protonated. Thus, Bernardi ef al.'*® used a
combination of mass spectrometry and theory to study the
[HN,O,4]" formed from the reaction of NO' with HNOj; in
the gas phase. The structure of the adduct is one of the struc-
tures shown below:

/O—NO * NO
H—0——N or H—0
AN
AN NO,

O
$-1 S-2

The mass spectral data were more consistent with structure
S-1. These adducts are equivalent to protonation of the asym-
metric ONONO, at either the nitro group or the bridging oxy-
gen. Bernardi er al.'>® calculated that the proton affinities for
ONONO, are large, 186 kcal mol™! for structure S-1 and
177 keal mol™! for structure S-2. The proton affinity'*® for
N,O, is also large, 166 kcal mol~!. As discussed below, proto-
nation of N,O, and/or ONONO, on the surface may be
responsible, at least in part, for decreasing the rate of HONO
generation in chambers contaminated by the products of pre-
vious experiments, such as HNOs.

While we have shown the formation of NO™ from the reac-
tion of HONO with HNOj; on the surface in Fig. 2 for simpli-
city, it is likely complexed to other species such as water and/
or nitric acid. For example, the complex 3NO™'-NO; ™ has been
observed!?"!>7 by Raman spectroscopy in solutions of N,Oy in
HNOs;. Similar considerations apply to the other surface spe-
cies. For example, in the gas phase, clusters of NO;~ with
HNO;3; and H,O are well known'%138-161 and it seems likely
that similar complexes would form on the surface. Oligomer
(HNO:), chains as well as complexes such as (NO3-3HNO;)™
have been reported in liquid and solid anhydrous
HNO, 106,162,163

Given the apparent complexity of the species in the surface
film, it would clearly be of great interest to detect intermediates
such as asymmetric ONONO, (including the protonated
form), autoionized NO*NO;~, or other complexes of NO™
on these surfaces.

This mechanism for formation of HONO is also consistent
with isotope labelling experiments. Sakamaki er al*® showed
that NO, reacts in a small quartz cell at room temperature
with H,'®0 at 15% RH to generate exclusively H'®*ONO.
Svensson et al.** reported a similar observation for relative
humidities in the range of ~20-40%; however, at a relative
humidity of ~4%, HON'®O was also formed. The formation
of H'®ONO is easily explained by the mechanism in Fig. 2.
Once the asymmetric ONONO, has autoionized to
NO*NO; ™, reaction of H,'*0 will lead to H'®ONO:

NO*NO;~ + H®0-H — H'S ONO + HNO;  (13)

The formation of the HON'®0 may be due to a proton-
exchange reaction of HONO:

H!BONO + H" — [H'®*ONOH]* — H* + 50ONOH  (14)

Ab initio calculations'>*!'®* of protonated nitrous acid show
that the most stable form is a cluster of NO" with water,
NO™'(H,0). However, there are two higher energy forms (by
~30-40 kcal mol™") corresponding to protonation at the term-
inal oxygen or at the nitrogen, respectively:
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The observation of 5*ONOH only at very low relative humid-

ities*? is not surprising in that the ratio of nitric acid to water
on the surface is likely quite high, giving a very acidic surface
film that would enhance reaction (14).

All of the previous studies'> 64043434671 yep5rted that the
formation of HONO was first order in NO,. This led to the
conclusion that N,O4 cannot be the reactive species, since its
concentration varies with [NO,]>. Based on experiments per-
formed at 50% RH in large chambers (~4-6 m’) that were
Teflon or Teflon-coated, Pitts er al*' proposed several
mechanisms consistent with the observed first order NO,
kinetics. One hypothesis was that adsorption of NO, on the
surface is rate-determining:

1
Noz(g) R NOZ(Surface) (15)

Formation of HONO was proposed to occur either by the
direct reaction of surface-adsorbed NO, with water on the sur-
face,

fast

2 NOZ(surface) + HZO(surface) I HONO(surfuce) + HNO3(surface)
(16)

or through the formation of an NO,-water complex at the
interface, followed by reaction with a second NO, molecule:

fast

NOZ(surface) + HZO(surface) - [NOZ : HZO]( (17)

surface)

fast

) +NO; — HONO(surface) + HNOS(surface)
(18)

For both of these mechanisms, uptake of NO, on the surface is
rate-determining.

An alternate proposed mechanism involved rapid
uptake of NO, from the gas phase, with the slow formation
of a surface NO,~H,O complex as the rate-determining step:

[NO, - 0],

surface

41,43

slow

NOZ(surface) + HZO(surface) I [NOZ : HZO]( (19)

surface)
followed by reaction (18). In all cases, the HONO is released
into the gas phase while the HNO; was proposed to remain
on the surface.

Further evidence for the formation of a complex of NO,
with water at the interface was obtained in studies of the
uptake of gaseous NO, on liquid water where the uptake
was measured to be much faster than expected based on bulk
phase solubility and reaction.'®>'®® However, direct measure-
ment of surface species was not carried out in these studies.

Cheung ez al.'*? studied the uptake and reaction of NO,
with liquid water in a falling droplet apparatus and a bubble
apparatus. Similar experiments have in the past generated evi-
dence for the formation of complexes at the air—water interface
as part of the mechanism of reaction, e.g., of gaseous Cl, with
bromide ion in aqueous solution.'®” In the case of the NO, stu-
dies, Cheung et al.'** found no evidence for a reactive NO,
complex at the interface. There is one report'®' of an NO»—
H,O adduct on ice surfaces with only the symmetric N,Oy4
being observed; the reason for the discrepancy between this
and the studies that have reported isomerization!'®"!35-1%0 jg
unclear.
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An analogous system involving SO, may be relevant for
examining whether the formation of a complex of NO, with
water at the interface is a viable mechanism for heterogeneous
NO, hydrolysis. There are data from studies of the uptake of
SO, into aqueous solutions'*®!% and from sum frequency gen-
eration studies!”® that a complex of SO, exists at the interface
and plays a role in its uptake and oxidation. In addition, a sig-
nificant decrease in the surface tension of bisulfite solutions
was reported and attributed to this complex.!”® However,
ATR-FTIR studies of SO, uptake into thin water films on
an infrared-transmitting crystal, interpreted with the aid of
ab initio calculations, failed to find evidence for an interface
complex of SO, with water.!”! It may be that the surface com-
plex was present at concentrations below the detection limit of
4 x 10" cm~2 or that in this case, the complex is an ion-water
cluster,'%®17%17% for which the detection limits were higher,
rather than a complex with the unionized gas molecule.

Ab initio calculations'”™!'”! give a binding energy for an
SO,-H,O complex (the most stable ““open-faced sandwich”
structure in which the planes of SO, and H,O molecules are
parallel) of ~4—5 kcal mol~' compared to the separated reac-
tants. Chou er al.”* have calculated that the binding energy
for NO, with one water molecule is only 0.90 kcal mol~'.
Thus, the interaction between NO, and one water molecule
is weaker than between SO, and water (and the latter is not
particularly strong). Based on this information, it seems unli-
kely that NO, would form a complex at the surface with water.
Certainly, there is no definitive evidence in favor of such a
complex at the interface of air with thin films of water or
water—nitric acid on surfaces.

Based on this and the other evidence presented, we therefore
favor the more complex, multi-step mechanism in Fig. 2. As
discussed in the previous section, HONO generation by the
mechanism in Fig. 2 will be first order in NO, if the conversion
of ONONO, back to N,O, by reaction with gas phase NO; is
rapid compared to the reaction of ONONO, with water. It
should be noted that, while Fig. 2 captures the major features
of our proposed mechanism, there are alternatives to particu-
lar steps in the overall process that may also be consistent with
the experimental observations. For example, one possibility is
that there is a fixed amount of N,O,4 that can be accommo-
dated on the surface per unit area. In this scenario, N>Ousurface)
is not in equilibrium with the gas phase dimer but rather, there
is a maximum amount that the surface can hold; increased
concentrations of the dimer in the gas phase would not lead
to increased surface concentrations of N,O4 once the surface
sites were filled. Under this scenario, the following reactions
would also predict HONO generation that is first order in
N02 .

N204(surface) + NOZ(g) - ONONOZ(surface) + NOZ(g) (20)
ONONOZ(surface) + HZO(surface) — HONO + HNO; (1 1)

If reaction (20) were the rate-determining step and the con-
centration of N>Ousurface) Was at its maximum, independent of
gas phase N,Oy, the steady-state concentration of ONONO,
and hence the rate of generation of HONO would be first order
in gas phase NO,. In experiments using the porous glass sur-
face and gas phase NO, concentrations in the 0.6-1.3 Torr
range, the intensity of the 1740 cm ™! infrared absorption band
of N,O4 on the surface increased with the NO, pressure, sug-
gesting that this alternate mechanism is less likely than that
shown in Fig. 2. Because HNOj; on the surface also impacts
the amount of surface N,O4 as seen in Fig. 4, it has not yet
been possible to definitively determine whether the surface
N,0, varies with the gas phase concentration of [NO,] or
[NO,J% ie. N,O,. However, it is possible that these porous
glass experiments do not extrapolate directly to smooth glass
because of the much larger internal surface area of the
porous glass and pore geometry.'™ In addition, there is some
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difference in the composition of the porous glass (96.3% SiO,,
2.95% B,03, 0.04% Na,O and 0.72% Al,O3; + ZrO») compared
to the smooth glass of the long path cells (81% SiO,, 13%
B,0s3, 4% Na,O and 2% Al,03). Hence we cannot definitively
rule out alternative steps such as reaction (20) in the overall
mechanism. Clearly, much more work remains to be done to
clarify each of the individual steps in the mechanism.

Nitric oxide has been observed in this and a number of other
studies>! 40426667 {5 be generated simultaneously with
HONO, although Pitts et al.*! reported that NO was observed
only at longer reaction times after an induction period. Since
the concentration of HONO decreases at larger extents of reac-
tion (Fig. 3), it is likely that secondary reactions of HONO on
the cell walls generate NO. There have been a number of stu-
dies®”381757 181 of the loss of HONO in laboratory reaction
chambers that indicate that this chemistry also occurs on the
reactor surfaces. The formation of both NO and NO, was
observed in a manner consistent with reaction (21) in terms
of the reaction products as well as second order kinetics in
the initial HONO concentration:

surface

2 HONO NO + NO, + H,0 (21)

The production of NO by the bimolecular reaction of
HONO on the surface is one possibility in the NO, hydrolysis
system, i.e. HONO is generated in the gas phase and then
undergoes secondary reaction (21) on the walls. In this case,
production of NO would be expected to be a very sensitive
function of the HONO concentration, and to have an induc-
tion time. While an induction time for NO generation was
reported in the studies of Pitts er al.,*' NO was generated
immediately in our experiments and those of Sakamaki et
al.*® and Svensson et al.** A major difference between the latter
experiments and those of Pitts et al*' is the range of initial
NO, concentrations used; in the former cases, NO, was typi-
cally in the 1-100 ppm range, whereas most of the Pitts et
al*! experiments were carried out in the sub-ppm range. At
higher NO, concentrations, the reaction is faster and HNO;
builds up more rapidly on the walls. This suggests that the sec-
ondary chemistry that converts HONO to NO on the surface
involves either HNOj or species derived from it.

As shown earlier (Fig. 6), NO," is present on the surface, as
expected in the presence of concentrated HNO;3;. We propose
that HONO reacts on the surface with NO, " to form NO that
is released to the gas phase:

HONO + NO,* — H* 4 2NO + 0, (22)

Reaction (22) is reasonable if NO,™ attacks the terminal oxy-
gen in HONO:

— H + 2NO + O,
(22)

Combined with the net reaction (23) for NO," production
from HNOj; (reaction (23) = reactions (4) plus (5) above),

2 HNO3; — NO,* + H,0 + NO;3~ (23)

the overall reaction for NO production is reaction (24):
HONO(surface) + HNO3(surface) —2 NO(g) + HZO(surface) + OZ(g)
(24)

Isotope labelling studies in which the oxygen of NO, is
labelled would be worthwhile, since this mechanism predicts
that labelled O, would be formed.

Crowley et al.'®? reported the formation of both NO, and
NOs in the gas phase when HNO; was added to an uncoated
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quartz reactor. We have also observed the formation of NO,
when porous glass treated with HNO; was left standing. Crow-
ley and coworkers'®? attributed this to the formation of NO, "
and its reaction with NO;™ to generate N,Os that then decom-
posed to NO;, + NO;. Similar chemistry may be occurring in
heterogeneous NO, hydrolysis, although to the best of our
knowledge, there is no evidence for N,Os or NOj in the
NO, system. A search for these species would be worthwhile.
Interestingly, Crowley ez al.'®* did not observe NO; in liquid
HNO;.

There are additional potential mechanisms that can convert
HONO to NO. For example, theoretical studies'®* of the reac-
tion of HONO with NO, show that this reaction in the gas
phase has a large activation energy (32-33 kcal mol™' depend-
ing on whether it is cis- or trans-HONO). However, the
mechanism may be quite different on highly acidic surfaces,
involving for example, NOT. This reaction of NO, with
HONO has been proposed to explain the production of NO
inside a research house after injection of NO,.!”

There may also be additional secondary chemistry that
forms HONO at longer reaction times. For example, gaseous
NO reacts with HNOj; on silica surfaces to generate NO, as
the major product.”>!?'=131 1t is likely that HONO is first
formed (reaction (25)),

NO + HNO; — HONO + NO, (25)

and that HONO is then removed by secondary chemistry on
the surface as discussed above. The generation of NO, in reac-
tion (25) and the secondary HONO chemistry complicate
interpretations of the kinetics and mass balance, particularly
at larger extents of reaction, i.e., higher initial concentrations
and longer reaction times.

In order to provide an initial test of our proposed mechan-
ism, we used the REACT version'®® of the ACUCHEM
model'®> (REACT for Windows, Version 1.2, M. J. Manka,
Alchemy Software, Wesley Chapel, FL, 2001) to predict the
formation of HONO and NO, and the loss of NO, under
the conditions of the experiments in Fig. 3. The gas phase
chemistry is reasonably well known.’®'86¢-1%8 This model does
not explicitly treat uptake and reactions on surfaces, so the
surface reactions summarized in Fig. 2 were parameterized as
gas phase reactions. The surface reactions included in the
model were (7)—(11), (22), (23), (25) and a reversible reaction
that releases HONO from the surface into the gas phase. Rate
constants for the surface reactions were adjusted within the
constraints of the proposed mechanism (e.g., the back reaction
of ONONO, must be faster than its reaction with water) to
obtain a best fit to the data for a typical experiment at 50%
RH and an initial concentration of 60 ppm NO,, similar to
the conditions in Fig. 3b. Based on our experimental observa-
tions described above, it was assumed that there was N,O4 and
HNOj; present on the walls initially. The model was then run
for typical 20% and 80% RH experiments.

While this model gave reasonable fits to the HONO and NO
production, NO, concentrations were over-predicted at longer
reaction times. The addition of a reaction (26) of HONO with
HNO; on the surface that generates an intermediate that
slowly gives N>Oy4

HONO(surface) + HNO}(surface) — intermediate — N204(surface)
(26)

gave a reasonable fit to all of the gas phase measurements. This
reaction, which was proposed in earlier studies of the decom-
position of nitric acid,'® can be thought of as a reaction of
NO;~ with NO" formed from the reaction of HONO with
the acid, i.e., the reverse of the overall NO, hydrolysis reac-
tion.

Fig. 10 shows the model predictions compared to the mea-
sured losses of NO, and production of HONO and NO at
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Fig. 10 Comparison of model predicted loss of NO, and formation
of HONO and NO to experimental data for typical runs at (a) 20%
RH, (b) 50% RH and (c) 80% RH.

20%, 50% and 80% RH. While the match is not perfect, it pro-
vides a reasonable fit, given the unknown rate constants and
details of the mechanism. Furthermore, this mechanism pre-
dicts that the reaction order (obtained from a plot of log of
the initial rate versus log of the initial NO, concentration)
for the initial formation of HONO is in the range of 0.9 to
1.1 and that for loss of NO; is in the range of 1.8 to 2.1, in rea-
sonable agreement with our measured values of 1.2+ 0.4 and
1.6 0.2, respectively. Further studies are planned using a
model that is designed to treat both gas and surface species
specifically in a heterogeneous chemical system.

Several studies have concluded that, in a “dirty” chamber,
the nature of the underlying surface does not significantly alter
the chemistry.*"*? This is not surprising if a thin surface film of
nitric acid and water is the reactive medium in which the chem-
istry takes place. The underlying surface provides the support
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for this film but apparently does not change its composition
substantially, at least for relatively unreactive surfaces.

Finally, a common observation in the literature is that the
initial rate of HONO formation and loss rate for NO, are faster
on a clean surface. For example, Pitts ez al.*! reported that the
observed rate of HONO formation was doubled after cleaning
their Teflon-coated evacuable chamber by the irradiation of
Cl, and subsequent heating during evacuation for several hours.
The HONO formation rate was no longer elevated after several
more experiments were performed. Svensson et al.** reported
similar behavior for clean compared to contaminated surfaces.
There are several possible explanations for this effect, based on
our proposed mechanism. As discussed earlier, acid present on a
contaminated surface is likely to protonate both N,O, and/or
ONONO,; if protonation decreases the rates of conversion of
N,O,4 to ONONO,, and/or the autoionization of ONONO,
to NOTNO;~, the rate of HONO generation would decrease.
Another possibility is that nitric acid already present on the
walls ties up some of the water on the surface in the form of
nitric acid—-water complexes. Hence the amount of ““free” water
available to play a role in isomerizing the N,O,4 and to react with
NO"NO;~ to form HONO will be decreased, leading to
reduced rates of HONO formation.

Our mechanism does not address the formation of N,O. The
available data*>*®7° strongly suggest that it is formed by sec-
ondary reactions of HONO on the acidic surface. Hyponitrous
acid, HON=NOH, is known to decompose to N,O over a wide
pH range, including under highly acidic conditions,'**!*! and
HON is known to self-react in solution to form N,Q:'>193

2 HON — N,O + H,0 (27)

This suggests that the N,O precursors (HON=NOH and/or
HON) are formed by reactions of the protonated forms of
HONO (structures S-3 and S-4 above) or possibly NO*, and
that these generate N,O. Similar chemistry has been proposed
for the formation of N,O under acidic conditions in the pre-
sence of SO,."”® Clearly, this area awaits further study.

V. Atmospheric implications

A. Polluted urban environments

An important aspect of atmospheric chemistry in the boundary
layer of urban areas that has not received much attention is the
heterogeneous chemistry occurring on buildings, structures,
soils and vegetation. Such surfaces have been proposed in
the past to be important substrates for heterogeneous
NO, hydrolysis,”""**° but may also be important in other
processes such as renoxification of nitric acid.”>!'*3! Also
consistent with reactions at the surface is the recent observa-
tion of increased HONO /NO; ratios at ground level compared
to higher altitudes.??® There is also evidence that windows, for
example, adsorb organics in urban areas,'”'*® and may pro-
vide a support on which their oxidation occurs. This area of
reactions in thin films on surfaces (SURFACE = Surfaces,
Urban and Remote: Films As a Chemical Environment) has
the potential to contribute significantly to the chemistry of this
portion of the earth’s atmosphere. The resulting impacts can
be substantial, since the chemistry occurs in the physical loca-
tion in which people are exposed to air pollutants. This is also
the region in which many measurements of atmospheric spe-
cies are taken for regulatory purposes, and hence the chemistry
of the lower boundary layer significantly influences our under-
standing of atmospheric processes, the development of compu-
ter kinetics models, and their application to the promulgation
of control strategies.

It is clear from our studies that the nature of the surface film
is a key determinant of the kinetics and mechanism of the het-
erogeneous hydrolysis of NO, . The experiments reported here
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Fig. 11 Water uptake on some common materials found in the
boundary layer. Adapted from Lammel.®

were carried out on borosilicate glass; many urban building
materials contain silicates so that surface characteristics may
be similar to the glass walls of laboratory reactors. Regardless,
the evidence from the combination of the many different studies
of this reaction suggests that the reaction is not very sensitive to
the nature of the underlying surface. Based on the work pre-
sented here, one would expect the surface film of water and
nitric acid to be the determining factor. Hence, it is the amount
of water on the surfaces as a function of relative humidity that
is likely to be important rather than the water vapor concentra-
tion or chemical nature of the underlying surface.

Fig. 11 shows a summary prepared by Lammel® of the num-
ber of water layers taken up on various surfaces found in
urban regions as a function of relative humidity. It is seen that
the water uptake isotherms measured in this laboratory for
borosilicate glass are similar to those for stone and soil materi-
als. While vegetation takes up less water, a monolayer or more
is present at relative humidities above 50%. Hence, all of these
surfaces are likely to participate in HONO and NO formation
in urban areas where significant NO, levels are present.

Our mechanism predicts that the asymmetric dimer
ONONO; reacts with water to generate HONO, and the latter
reacts to form NO in the presence of acid on the surface. As a
result, the rate of NO formation from secondary HONO reac-
tions should be sensitive to the relative concentrations of water
and acid on the surface. Different amounts of acid on the walls
of reaction chambers in laboratory studies may be the reason
for different amounts of NO production relative to HONO
reported in previous studies. It is not known what the form
of nitric acid is on surfaces in urban environments nor what
the ratio of HONO to NO production will be under typical
atmospheric conditions. In addition, accurately representing
the mechanism in Fig. 2 in airshed models will not be possible
until the individual steps are known. Still, one can compare
the rates of HONO and NO generation in various laboratory
studies to obtain a likely range of maximum HONO
production rates.

Fig. 12 shows such a comparison of the rates of HONO gen-
eration reported by Sakamaki ez al.,* Pitts et al.,*' Svensson et
al *? as well as in the present work. Different relative humid-
ities, temperature and S/V ratios were used in the various stu-
dies. We have chosen data that were measured at 50% RH, or
the closest RH studied to 50%, and normalized the reported
rates of HONO generation for both the S/V ratio of 3.4 m™!
and to the water vapor concentration of 3.6 x 10'7 cm™> used
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Fig. 12 Initial rates of generation of HONO measured in several stu-
dies, normalized to a S/V of 3.4 m~" and water vapor concentration of
3.6 x 10'7 cm™ used in the studies by Pitts er al*! @ Pitts et al;*' O
Sakamaki er al;*° + Svensson ef al.** rates divided by 10; x Svensson
et al.** experiment at 54% RH; < this work, 19.4 L cell; & this work,
7.4 L cell.

in the Pitts er al. studies.*! This normalization involved a sim-
ple multiplication of the reported rates of HONO generation
by the S/V ratio (Ryono X 3.4 mfl/(S/V used in that study))
and by the ratio of water vapor in the Pitts et al.*! study to that
in the comparison experiments.

A correction also needs to be made for different methods of
HONO measurement. Nitrous acid was measured by FTIR in
the studies of Sakamaki et al,*® Svensson er al** and this
work, but different absorption cross sections were used, giving
different HONO concentrations for a given measured absor-
bance, which leads to different measured formation rates. In
the Pitts e al studies, HONO was measured by DOAS.*!
The HONO infrared absorption cross section we used® was
determined by simultaneous measurement of HONO concen-
trations by DOAS so our data should be directly comparable
to those of Pitts er al.*! We have therefore corrected the rates
of HONO formation reported by Sakamaki ez al.** and Svens-
son et al®® to our effective absorption cross section of
3.7%x 107" ecm? molecule™! (measured for the frans form at
1264 cm™! but taking into account the cis form in equilibrium
with it); the values of the absorption cross sections used in the
Sakamaki er al.** and Svensson et al.** studies were 2.8 x 10~"°
cm? molecule™! and 4.8 x 107" ecm? molecule™!, respectively.

Table 2 summarizes the slopes of the plots of HONO gen-
eration in Fig. 12, normalized to the initial NO,. Pitts et
al*' only observed NO at longer reaction times, and their
initial rates of HONO production accounted for 40-50% of
the NO, loss as expected if HONO were the only gas phase
product. However, significant rates of NO production were
observed simultaneously in this work and that of Sakamaki
et al*® and Svensson et al,**** with the relative rates of NO
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to HONO generation varying from about 0.3 to 1.0. Table 2
therefore also shows the estimated fotal rates of production
of HONO plus NO.

Comparison of these laboratory rates of HONO production
in Table 2 shows that the dependence of the rate of (HONO
+ NO) formation in the present studies is in reasonable agree-
ment with that of Pitts e «/*' but smaller than measured by
Sakamaki er al.*° One reason for the latter discrepancy may
be that their studies were carried out at a temperature of
30°C, about 5°-10° higher than the other three studies
(although Svensson er al** reported a negative temperature
dependence). The rates of HONO generation reported by
Svensson ef al.'?® are substantially higher than those in the
other three studies. The experiments used for the rate calcula-
tion were carried out at very small water vapor concentrations,
1000 ppm, which correspond to 3.8% RH at their temperature
of 22°C; the correction to their data for the water vapor was
more than an order of magnitude. Given the complex nature
of the surface film, such a linear extrapolation may not be jus-
tified and hence the apparent discrepancy not surprising. Also
shown is the result of a single experiment from their studies*?
that was carried out at a relative humidity of ~50%; this is in
better agreement with the other studies shown.

Given the very different chamber sizes (i.e., S/V) and com-
position of the chamber walls, the agreement in the rates of
production of HONO for our studies at 50% RH compared
to those of Pitts et al.*! is quite good. The average HONO pro-
duction rate per ppm of NO, at 50% RH from our study and
that of Pitts et al.,*! which were carried out at similar tempera-
tures and relative humidities, is 4 x 10~ ppb min~' per ppm of
NO,, normalized to a S/V ratio of 3.4 m~!. This corresponds
to an emission rate from the chamber surface of 3 x 10'°
HONO cm ™2 min~' at an NO, concentration of 1 ppm.

For the purposes of examining whether this rate is consistent
with concentrations of HONO measured in the boundary layer
in polluted urban atmospheres, we shall assume an NO, con-
centration of 0.1 ppm. From the results of the laboratory stu-
dies, the emission rate of HONO will be 3 x 10° HONO cm 2
min~! at 50% RH and 0.1 ppm NO, . However, the surfaces on
which the reaction occurs are not geometrically flat. Typical
BET surface areas for soil'® are 1-15 m? g~ '. We have mea-
sured the mass of a quantity of sand (Norway Bay, Quebec)
that would visually cover a known surface area with a very
thin layer and find a coverage of 0.2 g of sand per cm? of geo-
metric area. Thus, the available surface area of sand and soils
per cm? of geometric area may be on the order of 2000-30 000
cm?® per cm?® geometric area. The emission rate of HONO from
1 cm® geometric area would then be in the range of (0.6-
9) x 10'* HONO min~!. Taking the height of the boundary
layer to be 38.5 m, the height often used in one airshed model
for a polluted urban area,”” the total HONO concentration
formed in 10 h (e.g. overnight) would be in the range of 40—
600 ppb. However, this assumes that the reaction is not limited
by diffusion of NO, to the soil surface, that the entire BET

Table 2 Comparison of rates of HONO generation in this work with some previous studies as a function of the initial NO, concentration

{1/[NO2]o} x d[HONOJ/

Typical ratio of
initial rate of NO
production to that

Approximate rate of production
of HONO plus NO per ppm NO,

Reference dt (ppb min~" per ppm NO,) (42s) of HONO (ppb min~! per ppm NO,)
This work (19.4 L cell) (2.14+0.4)x 1072 1.0 4x1072
This work (7.4 L cell) (42+1.2)x1072 1.0 8x 1072
Sakamaki et al* (14+£4)x 1072 0.3 18 x 1072
Pitts et al.*! (3.9+0.4)x 1072 0 4x1072
Svensson et al.*? 0.43+0.14 0.6 0.7
Svensson et al.** 0.2 0.6 0.3
at 54%RH
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surface area is available for reaction, and that all of the HONO
is released to the gas phase without any subsequent deposition
or secondary reactions on the surfaces. Thus, while such calcu-
lations are quite approximate, they demonstrate that this
chemistry is more than adequate to generate the typical range
of HONO concentrations of a few ppb measured under such
conditions, e.g., see ref. 1-3,5-8,11,12

Zhou et al.>! have shown recently that there is an artifact
formation of HONO when ambient air is sampled through a
“dirty” glass manifold in the presence of sunlight. Our studies
reported here were conducted in the dark, but they illustrate
the complex nature of the surface film. The observations of
Zhou et al.>' suggest that such surface films have some unique
photochemistry that remains to be explored.

While this paper has focussed on the heterogeneous reaction
of NO, with water, it should be noted that a similar reaction

occurs with alcohols: 20203

2NO; + CH30H — CH30ONO + HNOs (27)

The organic nitrites such as CH;0ONO also photolyze read-
ily,® leading to the formation of HO, and OH via reactions of
the alkoxy radical that is generated. This chemistry may
become important if the use of alcohol fuels or additives to
gasoline increases, particularly with the phase-out of MTBE
as a fuel additive.

B. Airborne particles and clouds

There are a variety of solid airborne particles® that could serve
as substrates for this chemistry as well, including sea salt and
windblown dust. It has been known for many years that dust
particles that become airborne through windstorms can be
transported long distances and may impact chemistry on a glo-
bal scale.’>®? For example, dust particles remove oxides of
nitrogen such as N>Os that might otherwise lead to ozone for-
mation. The present work and the previous studies of hetero-
geneous NO, hydrolysis suggest that the surfaces of SiO, in
such particles may also help to generate OH via the formation
of HONO. Indeed, increased HONO production has been
observed during a dust storm in Phoenix, Arizona.>*!

The components of dust particles include not only silicates,
but also a number of other components such as Fe,O3, Al,O3,
and TiO,.® Nitric oxide has been reported as the major gas
phase product from the heterogeneous reaction of NO, on
these surfaces in the absence of water vapor by Grassian and
coworkers;?*42% HONO may be a major gaseous product
when there are significant amounts of water on the surface.
Bérensen et al.?® reported the formation and subsequent loss
of nitrite ions on the surface of Al,O3 during its reaction with
NO; in the absence of water vapor and proposed that the loss
was due to acidification of the surface that converts surface
nitrite to gas phase HONO. However, gas phase products
could not be directly measured in those studies.

Aerosol particles in urban areas have a complex composi-
tion and can act as condensation nuclei for fog and cloud for-
mation. There is evidence from field studies for the generation
of HONO in aerosols and clouds (e.g. see refs. 5-7, 80, 210-
212). How the mechanism of formation of HONO in these
liquid media is related to those in thin films on solid substrates
such as those studied here is not known, but clearly an area of
interest.

C. Indoors

Nitrous acid has been observed indoors in a number of studies
(e.g., see refs. 13-19,21). Although HONO is generated during
combustion, for example in gas stoves and space heaters,'*
17.20 it is clear that the heterogeneous hydrolysis of NO, on
the materials inside homes plays a significant role. High levels
of nitrogen dioxide are often found inside commercial facilities
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such as ice skating rinks,?'® and hence formation of nitrous

acid is expected in these cases as well.

The uptake of NO, on various materials used inside and
outside buildings has been shown to vary over a wide
range.zl’zm’216 In the studies of Spicer et al ?" wallboard,
cement blocks, wool carpets, brick and masonite had the high-
est uptake rates, which may reflect their ability to adsorb water
and form a surface film. These were greater than window glass
by more than an order of magnitude. Similarly, Wainman et
al®' showed that carpets made of synthetic fibers increased
both the NO, removal rate and the formation of HONO.
Thus, HONO and NO production rates may be greater on resi-
dential materials compared to borosilicate glass used in the
present studies. However, clearly one needs to understand
the nature of the surface film on such materials in order to
accurately extrapolate from laboratory studies to indoor air
environments.

D. Snowpacks

Over the past few years, there have been some intriguing obser-
vations made regarding photochemistry in snowpacks. For
example, Sumner and Shepson® reported the photochemical
production of HCHO, and enhanced production of NO and
NO, that is associated with light has also been obser-
ved. 22! Zhou er al*® and Dibb er al* measured HONO
production in the Arctic snowpack, and this may be a major
source of OH that leads to the formation of such species as
HCHO. The mechanism proposed is the photolysis of NO3™
to generate NO,, followed by the heterogeneous hydrolysis
of NO; to form HONO. In this case, the chemistry may be
similar to that proposed here for the reaction on silica surfaces
at room temperature.

If the formation of HONO involves N,O4, it may be
enhanced on the surface of ice due to the temperature depen-
dence of the NO,-N,O, equilibrium. The temperature depen-
dence of the equilibrium constant is known,”® and it increases
by a factor of 124 from a temperature of 298 K to 245 K, typi-
cal of the Arctic in the spring. This increase in the fraction of
NO, that is N,Oy, in the gas phase, combined with increasing
solubility with decreasing temperatures, may therefore enhance
the amount of N,O4 on the ice surface and hence the genera-
tion of HONO. Of course, the nature of the surface of ice,
where a quasi-liquid layer exists, is quite different from that
of a solid silicate that holds adsorbed water, so a direct extra-
polation of the present results is not possible. However, there
are likely to be substantial similarities in the chemistry so that
understanding the room temperature reaction on silica sur-
faces will be helpful in elucidating the snowpack chemistry as
well.

VI. Conclusions

The heterogeneous hydrolysis of NO, is an important source
of OH radicals in urban atmospheres via its generation of
HONO. An important aspect of such chemistry is that in the
boundary layer closest to the earth’s surface, it is the surfaces
of soil, buildings, roads, vegetation, efc. that provide the solid
support for these heterogeneous processes. SURFACE has
received relatively little attention,®”3%1°7:19¢ byt may play a
significant role in the chemistry of the boundary layer.

Much of the chemistry in laboratory systems, and likely in
urban atmospheres as well, is determined by the nature of
the surface film which contains water, nitric acid and a variety
of species derived from them, such as NO,". The composition
of the surface film and how it changes with relative humidity
and the gaseous concentrations of oxides of nitrogen are not
known, but are clearly a critical area for future research.
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