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The heterogeneous hydrolysis of NO2 in thin water films, a major source of HONO and hence OH radicals in
polluted urban atmospheres, has been previously reported to be photoenhanced (H. Akimoto, H. Takagi and
F. Sakamaki, Int. J. Chem. Kinet., 1987, 19, 539, ref. 1) which has important implications for OH production
both in environmental chambers and in the lower atmosphere. We report here studies of the impact of 320–400 nm
radiation on HONO formation during the heterogeneous NO2 hydrolysis at 296 K. The experiments were carried
out in a borosilicate glass cell using long path Fourier transform infrared (FTIR) spectroscopy with three initial
NO2 concentrations (20, 46, and 54 ppm) at relative humidities of 33, 39, and 57%, respectively. Nitrous acid
was first allowed to accumulate from NO2 hydrolysis in the dark, and then the mixture of reactants and products
was irradiated. The measured concentration–time profiles of the gases were compared to the predictions of a
kinetics model developed for this system. The initial loss of HONO upon irradiation was consistent with its
photolysis and known secondary gas phase chemistry without any photoenhancement. While the fundamental
NO2 heterogeneous hydrolysis is not itself photoenhanced, there is clear evidence in these experiments for the
generation of gas phase HONO by photolysis of adsorbed HNO3 formed during the heterogeneous hydrolysis.
The mechanisms and atmospheric implications of HONO as well as NO2 formation by the photolysis of surface-
adsorbed HNO3 are discussed.

Introduction

Nitrous acid (HONO) was first identified spectroscopically in
ambient urban air in 1979.2 Since then, a number of atmo-
spheric measurements have shown that HONO accumulates
during the night and undergoes photolysis in the early morning
to produce a pulse of hydroxyl radicals (OH).3–10 Indeed,
HONO photolysis is the major source of OH in the early
morning in high NOx locations, and is a significant source even
when averaged over 24 h.4,6,9,10 Since OH drives the chemistry
that leads to the formation of O3 and a variety of other
secondary air pollutants,11 it is important to understand
the sources and sinks of HONO and the mechanism of its
formation.

The major atmospheric source of HONO is believed to be
the heterogeneous hydrolysis of NO2, generally represented by

2NO2 þH2O �!
surface

HONOþHNO3 ð1Þ

The surfaces available for reaction include airborne particles,
soils, and urban surfaces such as glass, concrete and fo-
liage.5–7,12 Although reaction (1) has been the subject of a number
of laboratory studies,1,12–29 the mechanism of this reaction has
been difficult to elucidate. This laboratory has recently
proposed a mechanism for reaction (1) in which dinitrogen
tetroxide (N2O4) is a key intermediate.12 A schematic diagram
of that mechanism, updated to reflect recent findings,30,31 is
shown in Fig. 1.

In this mechanism, gaseous N2O4, in equilibrium with NO2,
is taken up into the water film present on the surface. There,
the N2O4 isomerizes to asymmetric ONONO2, which auto-
ionizes to form NO1NO3

� at the surface. This ion pair reacts
with surface film water to form adsorbed HONO and HNO3.
The HNO3 remains on the surface while HONO is either
displaced into the gas phase by the competitive adsorption

between water and HONO,30 or undergoes secondary chem-
istry to produce gaseous NO, NO2, and small amounts of N2O.
In order for HONO production to be first order in NO2, as
many previous studies reported,12,17–26 a back reaction invol-
ving NO2 reacting with ONONO2 must be faster than the
competing reaction with water.
A photoenhancement of the generation of HONO from the

heterogeneous hydrolysis of NO2 was reported by Akimoto
et al.1 The HONO formed in a 6065-L PFA Teflon (tetra-
fluoroethylene-perfluoroalkyl vinyl ether copolymer) coated
smog chamber did not decay as rapidly as predicted by a
model of the chemistry when the mixture in air was irradiated
with a filtered Xe lamp (l 4 290 nm). The difference between
the model-predicted and experimental data was attributed to a
photoenhancement of the kinetics of HONO formation in the
heterogeneous NO2 hydrolysis reaction itself. Such a photo-
enhancement of the fundamental heterogeneous hydrolysis is
reasonable in light of the proposed mechanism shown in Fig. 1.
For example, conversion of symmetric N2O4 to asymmetric
N2O4 in a methylcyclohexane matrix at 77 K has been reported
during photolysis at 313 and 365 nm,32 which would increase
the rate of formation of HONO (see Fig. 1). Such a photo-
enhancement is also consistent with reports from field studies
of significant daytime sources of HONO.10,33,34

Recently Zhou et al.33,35,36 reported evidence for a photo-
chemical production of HONO from HNO3 deposited on
surfaces. This HONO production was first observed in a glass
sampling line exposed to sunlight during a field study,35 and
was confirmed in subsequent laboratory experiments.36 The
mechanism proposed by Zhou and coworkers involves photo-
lysis of nitric acid via two reaction channels, one producing
HONO þ O(3P) and the other producing NO2 þ OH, follo-
wed by a photoenhanced version of reaction (1) as reported
by Akimoto et al.1 The analytical technique used in these
experiments involves uptake of HONO into solution and
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measurement as nitrite by reaction with sulfanilamide and
N-(1-naphthyl)-ethylenediamine to form a strong, light-ab-
sorbing azo dye; this is separated and analyzed using HPLC
with an absorption detector. The sensitivity for HONO is 5 ppt
or better. While no significant artifacts have been reported
using this method, in principle any species that forms nitrite in
solution will give a positive response. Given the number of
potential surface products and intermediates involved in het-
erogeneous NOx chemistry (Fig. 1), the possible contribution
of other compounds in the HONO measurement cannot be
dismissed with certainty.

In short, understanding the photolytic sources of HONO is
not only of fundamental chemical interest, but is also key for
understanding field measurements of HONO and for accurate
modeling of urban airsheds. In addition, it is critical for
interpreting the data from environmental chambers where a
substantial flux of HONO has been observed from the chamber
walls during photolysis.37–42

In the present study, HONO formation from NO2 hydrolysis
in a borosilicate glass cell has been studied in the presence and
absence of UV radiation (320–400 nm). The data are inter-
preted in the framework of a simplified mechanism similar to
that shown in Fig. 1, along with a kinetics model developed to
describe the reaction in the absence and presence of radiation.
A comparison of the experimental data to the model predic-
tions clearly establishes that while there is no photoenhance-
ment in the kinetics of the NO2 hydrolysis itself, photolysis of
surface-adsorbed HNO3 from this reaction does indeed act as a
HONO source as proposed by Zhou et al.33,35,36 Because
HONO is measured directly in the present study, any uncer-
tainties regarding potential contributions of species other than
HONO are removed. Insights from earlier studies of hetero-
geneous NOx chemistry in this laboratory are used to propose
a mechanism involved in the photolysis of surface-adsorbed
HNO3 to generate gas phase HONO and NO2. The implica-
tions for environmental chamber studies and for chemistry in
the polluted troposphere are discussed.

Experimental methods

A. Experimental

A cylindrical borosilicate glass long path cell (0.15 m id, 1 m
base path, 19.4 L volume, and a ratio of the surface (including
optics12) to volume of 46 m�1 was used as a reaction vessel. The
cell was equipped with a set of White optics43 aligned for a path
length of 84 m. The flanges and inner supports consist of
anodized aluminum covered with a thin coating of halocarbon
wax (Halocarbon Products, Inc., Series 1500) to avoid reac-
tions with metal surfaces. Ultraviolet radiation (320–400 nm)
entered the cell through the glass walls from a single 0.9 m long

blacklamp (Sylvania, 30 W, F30T8/350BL) aligned vertically
along the side of the cell, irradiating the entire cell and its
contents.
Concentrations of NO2, HONO, and NO in the cell were

measured using FTIR (Mattson, Research Series). Spectra
were typically collected at a resolution of 1 cm�1 and consisted
of 16–64 co-added scans collected over 18–51 s. Gas phase
NO2, HONO, and NO were quantified by the net absorbance
of their peaks at 2917, 1263, and 1875 cm�1, respectively.
Concentrations of NO2 and NO were determined based on
calibrations using mixtures of known concentrations in N2 in
the cell. The HONO concentrations were calculated using the
1263 cm�1 peak due to the trans-isomer and applying an
effective absorption cross section of (3.7 � 0.4) � 10�19 cm2

molecule�1 (base 10) to measure total HONO based on a trans/
cis ratio of 2.3.44 Concentrations of H2O were determined by
flowing a known concentration of water vapor through the cell
and measuring rotational lines at 1174 cm�1 and 1187 cm�1.
In each NO2 hydrolysis experiment, B20–50 ppm NO2 were

introduced to the cell as a mixture in nitrogen or air. The cell
was then filled to atmospheric pressure by opening it to a
collapsible Teflon chamber that contained humid N2 or air
obtained by flowing the carrier gas through a bubbler contain-
ing water and mixing it with dry carrier gas. This method
quickly brought the cell pressure to 1 atm at the desired relative
humidity (RH). Nitrous acid accumulated for 2–3 h via the
hydrolysis of NO2 before irradiation began. Photolysis periods
typically lasted for 2–3 h. All experiments were performed at
296 � 1 K.
In order to model the system quantitatively, the photolysis

rate constants for NO2 and HONO in this system were
acquired. For NO2, this was determined experimentally by
adding NO2 to the cell in concentrations similar to those in the
hydrolysis experiments. The cell was filled to 1 atm with N2,
irradiated and the decay of NO2 measured. The NO2 photo-
lysis rate constant was calculated using the method of Holmes
et al.,45 based on the following mechanism, reactions (H1)–
(H7) (see Table 1 for rate constants):

NO2 þ hn �!
k
NO2
p

NOþO ðH1Þ

OþNO2 �!
kH2

NOþO2 ðH2Þ

OþNO2 þM �!kH3
NO3 þM ðH3Þ

OþNOþM �!kH4
NO2 þM ðH4Þ

NO3 þNO �!kH5
2NO2 ðH5Þ

NO3 þNO2 þM !kH6
N2O5 þM ðH6Þ

NO3 þNO2 �!
kH7

NOþNO2 þO2 ðH7Þ

With the appropriate steady state assumptions for NO, NO3,
and N2O5 in an O2 deficient environment, the photolysis rate
constant for NO2 ðkNO2

p Þ was determined using the following
relationship:45

kNO2
p ¼Z

2t
ðIÞ

where t is time and Z is given by eqn. (II):

Z ¼ 1þ kH3½M�
kH2

� kH4½M�
kH2

� �
ln
½NO2�0
½NO2�

� ��

þ kH4½M�
kH2

� �
½NO2�0
½NO2�

� 1

� �� ðIIÞ

Fig. 1 Schematic of the reaction mechanism of the heterogeneous
hydrolysis of NO2 proposed by Finlayson-Pitts et al.12 with the
inclusion of competitive adsorption between water and HONO.30
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Table 1 Chemical reactions in model

Reaction Rate constant (k298)a Reference

A. Gas phase reactions

2NO2 �!
M

N2O4 2.5 � 10�14 Atkinson et al., 2002

N2O4 - 2 NO2 1.1 � 105 Atkinson et al., 2002

NO3þNO - 2 NO2 2.6 � 10�11 Sander et al., 2003

NO2þNO3 �!
M

N2O5 1.2 � 10�12 Sander et al., 2003

N2O5 - NO2þNO3 3.8 � 10�2 Sander et al., 2003

NO2þO(3P) - NOþO2 1.0 � 10�11 Sander et al., 2003

NO2 þOð3PÞ �!M NO3 3.3 � 10�12 Sander et al., 2003

NO2þO3 - NO3þO2 3.2 � 10�17 Sander et al., 2003

NO2 þOH �!M HNO3 1.0 � 10�11 Sander et al., 2003

NO2þOH �!M HOONO 2.1 � 10�12 Sander et al., 2003

HOONO - NO2 þ OH 1.1 Sander et al., 2003

NO2 þHO2 �!
M

HO2NO2 1.4 � 10�12 Sander et al., 2003

HO2NO2 - NO2 þ HO2 8.6 � 10�2 Sander et al., 2003

NOþNO2 �!
M

N2O3 7.2 � 10�15 Atkinson et al., 2002

N2O3 - NO þ NO2 3.8 � 105 Atkinson et al., 2002

NOþOð3PÞ �!M NO2 1.7 � 10�12 Sander et al., 2003

2 NO þ O2 - 2 NO2 2.0 � 10�38 Atkinson et al., 2002

NO þ O3 - NO2 þ O2 1.9 � 10�14 Sander et al., 2003

NOþOH �!M HONO 7.4 � 10�12 Sander et al., 2003

NO þ HO2 - OH þ NO2 8.1 � 10�12 Sander et al., 2003

NO3 þ O(3P) - O2 þ NO2 1.0 � 10�11 Sander et al., 2003

NO3 þ OH - HO2 þ NO2 2.2 � 10�11 Sander et al., 2003

NO3 þ HO2 - OH þ NO2 þ O2 3.5 � 10�12 Sander et al., 2003

N2O þ O(1D) - N2 þ O2 4.9 � 10�11 Sander et al., 2003

O(1D) þ O2 - O(3P) þ O2 4.0 � 10�11 Sander et al., 2003

HONO þ OH - H2O þ NO2 4.5 � 10�12 Sander et al., 2003

HONO þ O(3P) - NO2 þ OH 9.1 � 10�16 Tsang and Herron, 1991

N2O þ O(1D) - 2 NO 6.7 � 10�11 Sander et al., 2003

Oð3PÞ þO2 �!
M

O3 1.5 � 10�14 Sander et al., 2003

O(1D) þ O3 - 2 O2 1.2 � 10�10 Sander et al., 2003

O(1D) þ O3 - 2 O(3P) þ O2 1.2 � 10�10 Sander et al., 2003

O(3P) þ O3 - 2 O2 8.0 � 10�15 Sander et al., 2003

HþO2 �!
M

HO2 1.2 � 10�12 Sander et al., 2003

O(1D) þ H2O - 2 OH 2.2 � 10�10 Sander et al., 2003

O(3P) þ H2O2 - OH þ HO2 1.7 � 10�15 Sander et al., 2003

OH þ O3 - HO2 þ O2 7.3 � 10�14 Sander et al., 2003

2 OH - O(3P) þ H2O 1.9 � 10�12 Sander et al., 2003

2OH �!M H2O2 6.3 � 10�12 Sander et al., 2003

OH þ HO2 - O2 þ H2O 1.1 � 10�10 Sander et al., 2002

H þ O3 - OH þ O2 2.9 � 10�11 Sander et al., 2003

OH þ H2O2 - HO2 þ H2O 1.7 � 10�12 Sander et al., 2003

HO2 þ O3 - OH þ 2 O2 1.9 � 10�15 Sander et al., 2003

O(3P) þ OH - O2 þ H 3.3 � 10�11 Sander et al., 2003

O(3P) þ HO2 - OH þ O2 5.9 � 10�11 Sander et al., 2003

OH þ HNO3 - H2O þ NO3 1.5 � 10�13 Sander et al., 2003

2 HO2 - H2O2 þ O2 0%RH 2.9 � 10�12 Sander et al., 2003

50%RH 5.4 � 10�12 Sander et al., 2003

80%RH 6.9 � 10�12 Sander et al., 2003

NO2 þ H - OH þ NO 1.3 � 10�10 Sander et al., 2003

B. Photolysis reactions

NO2 �!
hn

NOþOð3PÞ (1.7 � 0.1) � 10�3 Measuredb

HONO �!hn NOþOH (4.9 � 1.4) � 10�4 Measuredc

HONOðadsÞ �!
hn

NOþOH (4.9 � 1.4) � 10�4 Estimated

O3 �!
hn

O2 þOð1DÞ (4.7 � 0.1) � 10�5 Calculatedd

C. Surface reactions

NO2(g) þ H2O(g) - HONO(ads) (2.4 � 0.4) � 10�23 Model fite

NO2(g) þ H2O(g) - HNO3(ads) (2.4 � 0.4) � 10�23 Model fite

HONO(ads) þ H2O - HONO(g) þ H2O 1.35 � 10�20 Model fit

HONO(ads) - NO(g) 8.0 � 10�4 Model fit

HONO(g) - HONO(ads) 2.0 � 10�4 Measured

HONO(ads) þ HNO3(ads) - 2 NO2 1.0 � 10�17 Model fit

OH(g) - wall loss 700 See textf

N2O5 - 2 HNO3(ads) 83 g

a Termolecular reactions with a third body are accounted for in the rate constants using [M] ¼ 2.46 � 1019 molecules cm�3 to match experimental

conditions. Rate constants are in the units of cm3 molecule�1 s�1 or s�1. b Experimentally measured as described in the text. Errors shown are

2s. c Experimentally measured in the cell using cyclohexane as an OH scavenger. Errors shown are 2s. d Calculated using an analogue of eqn. (IV). e The

rates of these reactions were always taken as being equal; by expressing the production of HONO andHNO3 separately, the first order kinetics in NO2 and

H2O was captured. f Equivalent to a reaction probability for wall loss of OH of 0.1.67 g Equivalent to a reaction probability of 0.03.68
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In eqn. (II), [NO2]0 is the initial NO2 concentration, [NO2] is
the concentration at time t, kH2, kH3, and kH4 are the rate
constants for reactions (H2), (H3), and (H4) respectively, and
M is the required third body, in this case N2. The NO2

photolysis rate constant was obtained from the slope of a plot
of Z versus time. From data such as those shown in Fig 2, the
NO2 photolysis rate constant (kNO2

p ) was determined to be
(1.7 � 0.1) � 10�3 s�1 (2s).

To determine the HONO photolysis rate constant, 100–200
ppm of cyclohexane was added to mixtures of HONO (0.2–1.8
ppm) in N2 in order to scavenge the OH and prevent the
regeneration of HONO from the OH þ NO recombination
reaction and the loss of HONO from secondary reactions, such
as HONO þ OH. The HONO decay was treated as first order
and the HONO photolysis rate constant was obtained from
eqn. (III):

ln
½HONO�0
½HONO� ¼ kHONO

p t ðIIIÞ

The photolysis rate constant for HONO (kHONO
p ) was deter-

mined from data such as those shown in Fig 3 to be (4.9 � 1.4)
� 10�4 s�1 (2s). As a further check on the experimentally
determined HONO photolysis rate constant, eqn. (IV) was also
used to calculate kHONO

p based on the measured value of kNO2
p :

kHONO
p

k
NO2
p

¼
R 400 nm

320 nm FHONOðlÞsHONOðlÞFðlÞ dlR 400 nm

320 nm
FNO2

ðlÞsNO2
ðlÞFðlÞ dl

ðIVÞ

In eqn. (IV), s is the relevant base e absorption cross sec-
tion,46,52 F is the corresponding quantum yield, and F(l) is the
wavelength-dependent intensity of light. The values of F(l) are
given by I(l) C, where I(l) is obtained from the manufacturer
supplied spectral light distribution and C is a constant that
takes into account the overall light intensity for this experi-
mental configuration. The constant C cancels out so that the
spectral distribution I(l) can be substituted for F(l) in eqn.
(IV). This calculation yielded a value of kHONO

p ¼ (5.0 � 1.5) �
10�4 s�1 (2s), in excellent agreement with the measured value of
(4.9 � 1.4) � 10�4 s�1. This agreement establishes that addi-
tional sources of HONO such as NO2 heterogeneous hydro-
lysis and HNO3 photolysis (see below) are not significant under
the conditions under which kHONO

p was measured.

B. Materials

Nitric oxide (Matheson, 99%) was purified by passing it
through a liquid nitrogen trap to remove impurities such as
NO2 and HNO3. Nitrogen dioxide was synthesized by reacting
the purified NO with excess oxygen (Oxygen Service Company,
99.993%) for at least 2 h. The NO2 was then purified by

condensing in a cold finger at 195 K and pumping away the
excess O2.
Nitrous acid was synthesized by reacting HCl with NaNO2:

NaNO2 þHCl �! HONOþNaCl

Solid NaNO2 (Aldrich, 99.5%) was exposed to humid N2 (80-
100% RH) for 15–20 minutes to moisten the salt surface. The
flow of humid N2 was stopped and replaced with a flow of
gaseous HCl prepared by passing dry N2 over a HCl solution
(Fisher, Certified ACS Plus, 12.1 M diluted B1:3 (v:v) using
Nanopures water).
The nitrogen (Oxygen Service Company, 99.999%), air

(Oxygen Service Company, o0.1 ppm total hydrocarbons,
o0.5 ppm CO,o2.0 ppm H2O, o0.5 ppm CO2) and cyclohex-
ane (Fisher, 99.9%) were used as received. The water was
Nanopures ASTM type I reagent grade water (Barnstead, 18.2
MO cm).

C. Modeling

A kinetics modeling program (REACT for Windows v.1.2)47–49

was used to simulate the gas phase chemistry and photolysis as
well as the hydrolysis of NO2 in the cell. The program
numerically integrates the differential rate equations represent-
ing the reaction kinetics. The model for the dark period
includes the gas phase reactions given in section A of Table 1
and the surface chemistry summarized in section C. The model
includes the relevant gas phase reactions and kinetics from
available databases.50–52 To represent the chemistry during
irradiation, the photolysis reactions listed in section B of Table
1 were included; these are discussed in more detail below. The
surface reactions were parameterized as gas phase processes.
Because the specific details of the NO2 heterogeneous hydro-
lysis mechanism are uncertain, this portion of the model is
simplified to have the least number of unknown variables and
yet still capture the essence of what is known about the
heterogeneous hydrolysis of NO2: the reaction is first order
in NO2 and water vapor,12,17–26 there is a competitive adsorp-
tion on the surface between H2O and HONO,30 and HONO
undergoes heterogeneous reactions on the cell walls to generate
NO and NO2.

30,53–59 A more complex mechanism involving
N2O4 can also be used but since the rate constants for the
individual steps are not known, it does not add to the data
interpretation during photolysis and hence we have chosen to
use this more simplified mechanism in this case.
Rate constants for the surface reactions were adjusted within

the constraints of the mechanism to provide a best fit to the
observed decay of NO2 and the formation of HONO during
the dark period. By accurately predicting the chemistry in the
dark and having measured the photolysis rate constants for
NO2 and HONO, the chemistry should be predicted during the

Fig. 2 Typical data for the loss of NO2 during photolysis plotted in
the form of eqn. (I) (see text).

Fig. 3 Typical first order plot for the photolysis of 1.2 ppm HONO in
the presence of 135 ppm of cyclohexane.
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irradiation period as well if there is no unknown chemistry
occurring. The rate constant for the NO2 heterogeneous
hydrolysis was allowed to vary slightly from experiment to
experiment to give the best fit to the data in the dark portion of
the experiment; a value of (2.4 � 0.4) � 10�23 (Table 1)
encompassed all of the experiments. This gives accurate initial
concentrations for NO2 and HONO at the end of the dark
period. Once the data for a particular experiment were
matched for region I, the same rate constants were used during
irradiation.The photolysis period was modeled by including
the photodissociation of NO2, HONO, and O3 in the model
(section B of Table 1), along with the chemistry in sections A
and C of Table 1.

Results and discussion

Fig 4 shows a typical concentration–time profile for the gas-
eous reactants and products for the reaction of 46 ppm NO2 at
39% RH in 1 atm of N2. In the dark period (region I), the NO2

concentration slowly decays while HONO increases; NO is
initially below the detection limit of 1� 1013 cm�3 and is barely
detectable at the end of the dark period. The relatively high
detection limit for NO in the presence of water vapor is largely
due to the strong overlapping rotational lines of water which
need to be subracted from the spectra; in addition, NO is a
relatively weak absorber and the concentration-absorbance
relationship is non-linear at this resolution. While nitrous acid
is the initial product of reaction (1), subsequent reactions of
HONO on the surface generate NO and NO2.

30,53–59 AtB6500
s, the contents of the cell were irradiated (region II). As
expected from the large absorption cross sections and quantum
yields for NO2 and HONO in the 300–400 nm region,11 the
concentrations of both compounds decrease. Nitric oxide, the
primary photolysis product of these reactions, rapidly in-
creases. After B650 s of photolysis (region III), the HONO
concentration begins to level off while less than 25% of the
initial NO2 remains.

Fig 5 shows expanded plots for the concentration–time
profiles for three NO2 hydrolysis experiments at different
relative humidities and initial concentrations of NO2. The time
is referenced to the irradiation period with zero designated as
the start of irradiation. In the dark period, there is excellent
agreement between the measured concentrations (symbols) and
those predicted by the model (solid lines). During the first
B10 min of photolysis (region II), the measured and modeled
HONO concentrations agree to within 2% at all times without
including any photoenhancement of the NO2 heterogeneous
hydrolysis reaction. This agreement is quite satisfactory, given
the simplified mechanism used to treat the surface reactions.
The model does not match the NO concentrations quite as well
as HONO in region II, but the predicted concentrations are
still within the measured error bars for NO.

Fig 6 shows expanded plots of regions II and III for three
typical experiments. In region III, the model underestimates
the HONO concentrations. Although the 2s error bars on the
HONO concentrations (which are due primarily to the uncer-
tainty in the measured IR absorption cross section at 1263
cm�1) overlap the model predictions in region III, the model
provides a good match to the data at shorter photolysis times
(region II), suggesting that errors in the HONO measurement
are not responsible for the increasing discrepancy between the
experiment and model. One factor could be that there is an
additional source of HONO at the longer irradiation times but
which is not included in the chemistry shown in Table 1.
Indeed, there is experimental evidence from other labora-

tories for such a photochemical production of HONO. Zhou
et al.35 recently reported significant production of gaseous
HONO when a glass sampling manifold was exposed to sun-
light and hypothesized that photolysis of HNO3 on the surface
was the source of the additional HONO. In a later laboratory
experiment,36 significant HONO and NO2 production were
observed when 0–80% RH air was irradiated with a filtered
mercury arc lamp (4290 nm) in a glass flow cell which had
been previously conditioned with gaseous HNO3 and water
vapor.
To test for photolysis of surface-adsorbed nitric acid as a

possible source of the additional HONO in region (III), reac-
tion (2) was added to the model:

HNO3ðadsÞ þ hn �!k2 HONO ð2Þ

The value of k2 was allowed to vary to match the HONO data

Fig. 4 Experimental concentration–time profiles for NO2 (K),
HONO (E), and NO (.) with 46 ppm initial [NO2] and 39% RH in
1 atm N2 at 296 K. Typical error bars shown are � 2s.

Fig. 5 Comparison of experimental data (symbols) and model-pre-
dicted (solid lines) concentration–time profiles for NO2 (K), HONO
(E), and NO (.) with (a) 20 ppm initial [NO2] and 33% RH in N2 (b)
46 ppm initial [NO2] and 39% RH in N2 (c) and 54 ppm initial [NO2]
and 57% RH in N2. Typical error bars shown are � 2s.
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in region III. The dotted lines in Fig. 6a–c show the model
predictions with k2¼ 2.1� 10�5, 2.9� 10�5 and 2.9� 10�5 s�1,
respectively. Including reaction (2) in the model did not change
the predicted NO and NO2 significantly, so that the dotted
lines for NO and NO2 overlay the solid lines. Addition of this
photolytic source of HONO provides a much better prediction
of the HONO concentrations and is consistent with the pro-
posal of Zhou et al.33,35,36 that the photolysis of nitric acid
adsorbed on surfaces generates gas phase HONO. In the
present set of experiments, however, HONO was detected
directly, removing the ambiguity associated with measuring
HONO as nitrite in solution.

Recent experiments in this laboratory shed some light on
potential mechanisms of the production of HONO and NO2

from the photolysis of surface-adsorbed HNO3.
30,31 First,

water competes with HONO for surface sites, so that as the
water vapor increases, it displaces HONO.30 In addition,
HONO reacts on surfaces that have been preconditioned with
HNO3 to generate NO2.

30 The mechanism of the latter reaction
may involve protonation of HONO to form NO1 followed by
its reaction with NO3

� to generate N2O4 which dissociates to
2NO2 (essentially the reverse of the NO2 heterogeneous hydro-
lysis); alternatively, one can envision this reaction occurring
through the formation of a hydrogen-bonded complex between
HONO and HNO3 on the surface. A third relevant observation
is that nitric acid forms complexes with water on surfaces;
indeed, these complexes were first observed in the heteroge-
neous hydrolysis of NO2 on high surface area porous glass.31

Thus, the HNO3(ads) formed during the reaction will likely be
complexed to water on the borosilicate glass surface through
hydrogen bonding.60–64 Photolysis of this complex in the gas
phase to generate HONO and H2O2 is energetically possible
with wavelengths of light below B710 nm:

HNO3 �H2O(ads) þ hn(l o 710 nm) - HONO(ads)

þ H2O2(ads) (3)

On a surface, the fate of the adsorbed HONO will be deter-
mined in large part by the water vapor concentration which
releases HONO to the gas phase through a competitive ad-
sorption process:

HONO(ads) þ H2O - HONO(g) þ H2O(ads) (4)

As the RH is lowered, the adsorbed HONO increasingly reacts
with other species such as adsorbed nitric acid and/or its
complex, forming NO2 (the reverse of reaction 1):

HONO(ads) þ HNO3(ads) - 2 NO2 þ H2O (5)

Zhou et al.36 reported that HONO generation in the photolysis
required the presence of some water, but that the rate of
production of HONO was relatively insensitive to RH between
20 and 80% RH. This is consistent with the data in Fig. 6b,c
where a change in the RH from 39 to 57% at similar NO2

concentrations does not significantly change the best fit value
of k2. Desorption of HONO(ads) to the gas phase will increase
as the water vapor increases. If the concentration of the nitric
acid–water complex on the surface decreases with increasing
RH, the generation of gas phase HONO will be relatively
insensitive to RH, as is observed both here and in the studies of
Zhou et al.36 Consistent with this hypothesis is the observation
in earlier studies that the concentration of the nitric acid–water
complex on a borosilicate glass surface decreased with increas-
ing RH.31

As the RH is lowered, reaction (5) becomes more important
relative to the competitive desorption, reaction (4), and the
yield of gas phase NO2 increases. This is consistent with the
decrease in gas phase HONO and increase in NO2 observed by
Zhou and coworkers during an experiment in which the RH
was lowered during the photolysis (see Fig. 1 of Zhou et al.36).
Based on studies in this laboratory,31,65 once nitric acid–water
complexes are formed on a surface, they remain adsorbed even
after pumping or purging with dry gas for many hours. Thus
even after lowering the RH to 0% RH, such complexes will be
available on the surface to generate HONO during photolysis;
in this case, however, the HONO generated is converted
rapidly to NO2 via reaction (5). There may also be a contribu-
tion from the decomposition of HNO3 in the absence of
radiation as observed in other studies,66 generating NO2 and
the nitrate radical, NO3.
The values of k2 that provide a best fit to the data in Fig. 6

are sensitive to a number of factors. The first is the amount of
the nitric acid–water complex on the wall that is available to
form HONO during photolysis. The model predictions as-
sumed that only the nitric acid formed during that experiment
was available for HONO formation. However, as discussed
above, the nitric acid–water complex remains strongly ad-
sorbed to the surface even after pumping so that there will be
some additional amount, which was not possible to quantify,
available from previous experiments. This will cause the model
to overestimate the value of k2 needed to fit the data.
The second factor involves the OH and NO concentrations

in region II, since the OH–NO recombination is the major
source of gas phase HONO in this region. The model slightly
overestimates NO, which will lead to an underestimate of k2.
The OH concentration during photolysis is determined pri-
marily by the NO2 concentration, due to its removal by the
NO2–OH reaction, which competes with loss of OH to the
wall. We have assumed a rate constant for OH wall loss that

Fig. 6 Comparison of experimental data (symbols), model-predicted
(solid lines), and model-predicted with the inclusion of HNO3 photo-
lysis (dashed lines) concentration–time profiles for NO2 (K), HONO
(E), and NO (.) during irradiation with (a) 20 ppm initial [NO2]
and 33% RH in N2 (b) 46 ppm initial [NO2] and 39% RH in N2 (c)
and 54 ppm initial [NO2] and 57%RH in N2. Typical error bars shown
are � 2s.
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corresponds to a reaction probability of 0.1 for uptake of OH
on the walls. This is reasonable given that the loss of OH on
uncoated borosilicate glass surfaces is known from many
decades of fast flow discharge system studies of OH reactions
to be rapid. On glass coated with reactive organics, soot or
alumina, the reaction probabilities for OH are 40.1;67 given
that the surface in our reactor has a number of surface-
adsorbed species (Fig. 1) which are potential reactants with
OH, a value of 0.1 is reasonable. If the reaction probability for
loss of OH to the walls is taken to be zero, the best fit values of
k2 for the experiments shown in Fig. 6a–c become 0.6 � 10�5,
2.0 � 10�5, and 2.0 � 10�5 s�1, respectively. As expected, this
value is most sensitive to the wall loss of OH at lower NO2

concentrations (Fig. 6a) where the wall loss is more competitive
with the reaction with NO2.

Because of these factors, the best fit value for k2 cannot be
directly compared with that of Zhou et al.36 However, it is very
clear from our data that the present experiments provide clear
and compelling evidence for photochemical production of
HONO from surface-adsorbed nitric acid, which is likely in
the form of a nitric acid–water complex. In addition, the
photolysis of this surface complex is faster than expected for
gas phase HNO3 in our system. Based on the known52 UV
absorption cross sections and quantum yields for photolysis of
gas phase HNO3 and NO2, and our measured photolysis rate
constant for NO2 in this system, we calculate that the photo-
lysis rate constant for gas phase HNO3 should be 1.4 � 10�7

s�1 in the reaction cell. This is about two orders of magnitude
slower than the best fit values of the photolysis rate constant k2
for the surface complex that are needed to predict our mea-
sured gas phase HONO.

The earlier studies in which a photoenhancement of the
heterogeneous hydrolysis was reported1 were performed in
air using a much larger (6065 L) chamber that was coated with
PFA Teflon, with a filtered high pressure Xe lamp as the light
source (4290 nm). In order to determine whether the presence
of O2 affects HONO formation during photolysis, back-to-
back experiments were performed in N2 and then in air. No
significant differences were observed, indicating that the pre-
sence of oxygen does not alter the observations.

The surface reaction mechanism used by Akimoto et al.1 was
as follows:

NO2ðgÞ �! NO2ðwallÞ ð6Þ

NO2ðgÞ þH2OðgÞ �! HONOðgÞ ð7Þ

NO2ðgÞ þH2OðgÞ �! HNO3ðwallÞ ð8Þ

NO2ðgÞ þH2OðgÞ �! NOðgÞ ð9Þ

N2O5ðgÞ þH2OðgÞ �! 2HNO3ðwallÞ ð10Þ

This is similar to our mechanism except that we do not include
wall uptake of NO2 because we have not observed it in a dry
system. Instead of reaction (9), NO is generated in our me-
chanism by a heterogeneous reaction of HONO on the surface.
Our mechanism also includes desorption of HONO to the gas
phase caused by competitive adsorption of water and HONO,
and a heterogeneous reaction of HONO with surface-adsorbed
HNO3 to form NO2. These steps in the mechanism have all
been observed in separate studies of the uptake and reaction of
HONO on borosilicate glass surfaces.30–31,65 Wall loss of OH
does not appear to be included in their model, but there is a
variety of experimental evidence showing this process is im-
portant in reaction chambers. Despite these differences, both
our data and model are quite similar to those of Akimoto and
coworkers.1 It seems likely, based on the present results, that
the source of the additional HONO observed in the experi-
ments of Akimoto et al.1 was photochemical production of

HONO from species adsorbed on the cell walls, as we have
observed at longer photolysis times.
The nitric acid–water complexes that we propose as the

HONO precursor are formed not only on borosilicate glass,
but also on other surfaces such as quartz and Teflon.31 As a
result, this chemistry is expected to occur in any system where
nitric acid is formed by heterogeneous reactions on surfaces
(e.g., the heterogeneous hydrolysis of NO2 and N2O5), or is
formed first in the gas phase (e.g. by the OH-NO2 reaction) and
subsequently taken up on surfaces. This explains the long-
standing common observation of a ‘‘wall source’’ of HONO
and OH during photolysis of mixtures in environmental cham-
bers having different surface composition.37–42 It also indicates
that avoiding HONO production from the walls in such
chambers is impossible if they have been exposed to nitric acid
and water vapor, including that found in air. However, as
discussed by Zhou et al.,36 the same chemistry occurs on
surfaces in the atmosphere, providing a daytime HONO source
as well as a means of ‘‘renoxification’’ of nitric acid that has
previously been deposited out on the surfaces of particles or
boundary layer soils, building materials etc. It is critical to take
this chemistry into account in models of both environmental
chamber experiments as well as the chemistry of the polluted
troposphere.
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