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Abstract

We describe a new laboratory-based method for in situ detection of nitrous acid (HONO) using a combination of
thermal dissociation (TD) and chemiluminescent (CL) detection of nitric oxide. A prototype was built using a commercial
NO sensor. Laboratory tests for possible chemical interferences show that measurements are affected in predictable ways

by NO,, peroxy nitrates, alkyl nitrates, HNO3, O3 and H,O.
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1. Introduction

Nitrous acid, HONO, has been recognized as an
important contributor to atmospheric HO, produc-
tion (Alicke et al., 2002, 2003; Aumont et al., 2003;
Ren et al., 2003; Kleffmann et al., 2005) and may
represent as much as 13% of the atmospheric
reactive nitrogen reservoir (Zhou et al., 2002a).
Although the mechanism for HONO production
remains elusive and controversial (e.g. Finlayson-
Pitts et al., 2003), field measurements are providing
evidence for the presence of HONO in a range of
urban, rural and remote locations (e.g. Honrath
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et al., 2002; Zhou et al., 2002a; Stutz et al., 2004).
An improved understanding of the mechanisms
controlling HONO concentrations will require
measurements of HONO in concert with a full suite
of other HO, and NO, species, measurements of
HONO fluxes and measurements of vertical gradi-
ents in HONO concentration.

Most prior measurements of HONO in the
atmosphere have been based on wet chemical
methods or on long path absorption spectroscopy.
Wet chemical sampling with derivatization followed
by HPLC separation (e.g. Zhou et al., 1999) and UV
detection (e.g. Heland et al., 2001) and direct
sampling with denuders or filters followed either
by ion chromatography (e.g. Ferm and Sjédin,
1985; Vecera and Dasgupta, 1991; Simon and
Dasgupta, 1995; Oms et al., 1996; Zellweger et al.,
1999; Genfa et al., 2003; Bytnerowicz et al., 2005) or
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by derivatization and fluorescent detection (Take-
naka et al.,, 2004) have been used extensively.
The integration time for wet sampling or filter
sampling techniques spans from a few minutes up
to weeks. Heland et al. (2001) report detection
limits of 3—-6 ppt with a 4 min integration time and
Beine et al. (2005) report detection limits of 0.5 ppt
with an integration time of 5 min. Bytnerowicz et al.
(2005) describe a passive sampling method for
measuring HONO that is intended for integrating
over extended periods of time, usually 1-4 weeks.
HONO has also been detected directly using
differential optical absorption spectroscopy (e.g.
Alicke et al., 2002) with detection limits of 84 ppt
(Alicke et al., 2003). Laser-induced detection of the
OH fragment following the photofragmentation of
HONO with a sensitivity of 10 ppt in 5 min has also
been developed (Liao et al., 2006). Cavity ring-down
spectroscopy has also been proposed as a method
for HONO detection (Wang and Zhang, 2000) but
has not been used for field measurements to our
knowledge.

We propose a new strategy for HONO detection
based on thermal dissociation (TD) coupled to
chemiluminescent (CL) detection of NO (TD-CL).
The method has the potential to provide an order of
magnitude higher time resolution than any of the
above techniques with comparable detection limits.
We describe laboratory tests of the proposed design
and evaluate factors affecting the instrument
response and potential interferences. Modifications
to the prototype are proposed that will improve the
instrument’s prospects for successful field measure-
ments.

2. Thermal dissociation—chemiluminescence
detection of HONO

In recent work, Day et al. (2002) show the use of
gas phase TD of peroxy nitrates (XPNs), alkyl
nitrates (XANs) and nitric acid (HNO3) followed by
the detection of the NO; fragment by LIF is an
accurate and sensitive method for detection of these
species. We follow a similar strategy for the
detection of HONO. Upon heating, HONO
molecules thermally dissociate to yield NO and
OH (Fig. 1)

HONO + heat — OH + NO. (1)

The NO fragment is then detected using the CL
reaction with Q3. Commercial instruments for NO
detection with sensitivities of 50 ppt in 3s or 10 ppt
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Fig. 1. Nitric oxide detected by chemiluminescence during a
temperature ramp (400-670 °C) of 1.39 ppb of nitrous acid in zero
air along with a model temperature ramp. The model used to
produce this figure is discussed below.

in 60 s (Eco Physics, CLD 780 TR) are available and
designs with sensitivities of 1-2 ppt in 10 s have been
developed (e.g. Ridley and Grahek, 1990). Sensitive
and accurate detection of HONO requires three
additional elements: an inlet, a method of calibra-
tion, and a method of accounting for secondary
chemistry affecting the amount of NO arriving at
the detection region. These three elements are
described below.

2.1. Inlet

We use an inlet similar to the one described by
Day et al. (2002). Air is taken in through a { in
(6.4mm) OD quartz tube and is rapidly heated,
producing an enhancement in NO over the ambient
background. In our laboratory experiments we used
a two-channel system which sampled air at approxi-
mately 2 standard liters per minute through 15cm of
PFA tubing heated to approximately 50°C to
prevent losses of HONO to the walls of the inlet
and then split into two equal flows directed through
a 120cm long section of 6.4mm OD (3.8 mm ID)
long quartz tubing (see Fig. 2). The first channel is
set at ambient temperature and is used to measure
NO and the second channel is heated to the
temperature at which HONO dissociated (640°C)
and used to measure the sum of NO and HONO.
Nichrome wire wrapped around the first 25cm of
the quartz tubing resistively heats that segment and
the remaining ~100cm is used to cool the gas.
Quartz tubing surrounds the heated section to
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Fig. 2. Diagram of inlet.

protect the Nichrome and acts as insulation. A
thermocouple attached to the quartz tubing is used
as a feedback for temperature control. After cool-
ing, the gas enters 6.4mm OD (3.8 mm ID) PFA
tubing that transports the sample to the detector. At
residence times of about 30ms and a pressure of
1 atm, HONO thermally dissociates to produce NO
at 640°C. The temperatures used in this paper are
defined operationally, based on the experimental
temperature ramp of HONO (cf. Fig. 1) where the
temperatures are measured with the thermocouple
mentioned above and do not correspond to the
actual temperatures of the gas. Calculations show
the gas temperature required for complete dissocia-
tion of HONO in 30ms is 680°C.

To decrease the concentration of OH and peroxy
radicals (RO, = RO, + HO;) produced in the
heated section of the inlet, and thus minimize the
subsequent secondary chemistry, quartz wool was
placed 20cm downstream of the heated section.
This added surface area increases the loss of reactive
radicals without affecting the NO concentration.
Inlets both with and without the quartz wool were
tested as described in Section 2.3 and we conclude
that, as long as the quartz wool is well downstream
of the heated section, it is an effective scavenger of
radicals. All of the results described below were
obtained using quartz wool in the inlet.

At the front end of the PFA inlet, before the
heaters, two PFA swagelock tees are incorporated
where an NO standard and zero air are injected for
calibration. Solenoid valves prevent the calibration
gas and zero air from entering the instrument when
sampling.

2.2. Calibration

We assessed the behavior of HONO in the
instrument and characterized its conversion effi-
ciency by comparison with a commercial NO/NO,
instrument (Thermo Environmental Co. 42CTL)
that uses a Mo converter set at 350°C to convert
HONO (and other NO, species) to NO. NO
chemiluminescence detectors with Mo converters
set a 350°C have been shown to have near unit
response to HONO (Allegrini et al., 1990). This
instrument was calibrated with NO (5.42 ppm £ 5%
in N,, Praxair Inc.) and the conversion efficiency
was tested using NO, (4.63 ppm NO;, 0.1 ppm NO
in N, Praxair Inc.) and a HNOj; standard prepared
using a homebuilt permeation device (2.4 ppb in our
zero air flow rate). The background was measured
using zero air (Sabio Instrument Inc., 1001/1000M).

HONO was generated by flowing a H,;SOq,
aerosol through NaNOy) dispersed between filters
(50 um PTFE):

H,S0,4 + NaNO, — HONO + NaHSO,. ©)

Aerosol was produced by disrupting the surface of
an approximately 0.5 M H;SOy(aq) with a stream of
nitrogen gas (800-1200 sccm) aimed at the surface
of the solution. This mixture was diluted with
zero air to produce HONO mixing ratios of
1-3 ppb. Fig. 3 shows 2h of output from the source
as measured by the TD-CL. The mean concentra-
tion was 1.11 ppb with a standard deviation of
0.06 ppb. A similar technique for producing HONO
was described by Bertman et al. (2003) using
NaNO;, between paper filters and flowing HNO;
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Fig. 3. Time series of HONO produced as described in text and
measured using TD-CL.

through the filters. In our work, H,SO4 was used
instead of HNOj3 because of the possibility of HNOj;
interfering with our measurement. We initially tried
a calibration source based on the reaction of HCly)
with NaNQO, as described by Febo et al. (1995), but
identified trace quantities of CINO in this source.
The CINO was observed to dissociate at 450°C
producing NO. Using H,SOy4 aerosol to react with
NaNOys we observed only NO and a signal
appearing at an inlet temperature consistent with
HONO dissociating. The purity of the HONO
generated with the H,SO4 was examined using TD
with LIF detection of NO, (Day et al., 2002). No
NO, containing compounds were observed. Taken
together these experiments show that the HONO
source had a purity of at least 95% with the major
impurity being NO.

2.3. Secondary chemistry

Day et al. (2002) and Rosen (2004) discussed
several possible effects that could complicate the
interpretation of measurements of NO or NO, using
the TD technique. These include NO oxidation by
RO, and Oj3 as well as the reduction of NO, by O
atoms:

O3 + NO — O; + NO»,, 3)
RO, + NO — RO + NO,, “
NO, + O — NO + O,. (5)

In the heated inlet, at temperatures above 225°C,
05 dissociates into molecular oxygen very quickly
minimizing the importance of the reaction of Oj

with NO (reaction (3)).
O3 + heat — O, 4+ O. (6)

The O atom formed in the inlet reacts almost
exclusively with water leading to elevated concen-
trations of OH, which after reacting with hydro-
carbons, lead to RO, mixing ratios that are much
higher than ambient mixing ratios.

We constructed a kinetic model representing
the chemistry that occurs in the inlet. The model,
which describes the different sections of the inlet
including relevant temperatures and residence
times, includes the above reactions (1), (3)—(6) as
well as other relevant reactions (see Tables 1-4 in
the supplementary information section). Loss of
OH and O radicals onto walls (ky,y) are calculated
based on their diffusion to the wall and assuming
an uptake coefficient of unity (Gormley and
Kennedy, 1949). The approximate probability that
a molecule will encounter the quartz wool was
determined using a collision frequency based on the
pressure and temperature of the gas as well as an
approximate surface area along the length of
the quartz wool. For ease of calculation, reactions
in which molecular oxygen is one of the reactants
and thus occurring orders of magnitude faster
than other reactions were assumed to happen
instantly and were eliminated from the explicit
calculation.

At 640°C, all XONO and XONO,, where X is H,
R or RO, species are completely dissociated to NO
and NO;, respectively. The secondary chemistry
described briefly above affects the total NO and
NO; mixing ratios regardless of their original source
(e.g. sources of NO; include peroxy nitrates, alkyl
nitrates and HNOj3). Thus, we can study the effects
of secondary chemistry in the laboratory with
experiments that examine NO and NO, detection
efficiencies under a variety of conditions. Addition-
ally, the effect of the XONO, species is further
discussed on the basis of model studies in Section
3.3. Organic nitrites, RONO, are not described in
this text because their atmospheric concentration is
expected to be negligible.

3. Laboratory tests

We characterized the NO detection efficiency
over a range of CHy (1000-1700 ppb), Os; (0-
100 ppb), NO;, (040 ppb) and water mixing ratios
(10-80% relative humidity) confirming that the NO
detection efficiency behaves as predicted by model
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calculations. Similarly we characterized the conver-
sion efficiency of NO, to NO over a wide range of
conditions. For these studies, ozone was produced
by photolysis of zero air at 185 nm using a mercury
lamp and quantified using a commercial ozone
instrument (2B Technologies Inc., Model 202). We
dynamically diluted 4.63 ppm NO;, 0.1 ppm NO in
N,, Praxair Inc. and 5.42 ppm + 5% in N,, Praxair
Inc. standards. The CHy4 concentration was varied
by using a zero air generator with or without a
methane oxidizer (Sabio Instrument Inc., Model
1001/1000M). Model calculations show that the
reactions of O with N,O and O with NHj3 are not
significant sources of NO under conditions we are
using for HONO detection.

3.1. NO oxidation

The fraction of NO oxidized to NO, before
detection is proportional to the concentration of
oxidant available. For the TD-CL technique, there
is an elevated mixing ratio of RO, in the heated
channel due to three distinct processes that occur
upon heating the sample. These include the dis-
sociation of peroxy nitrates (XPNs) and alkyl
nitrates (XANs):

R02N02 + heat — ROz + NOQ, (7)
RONO; + heat — RO + NO,, (®)
RO 4 O, — aldehyde or ketone + HO,. 9)

In addition to these reactions, RO, is produced by
the reaction of VOCs with OH, which is present in
elevated concentrations due to the O + H,O reac-
tion:

O + H,0 — OH + OH, (10)

OH + RH + 0, — RO, + H,0. (11)

The elevated OH mixing ratio is confined to the
heated section of the inlet where the OH is rapidly
converted to RO, primarily by reaction with
methane at high temperatures. The mixing ratio of
OH produced in the inlet by atomic oxygen reacting
with water is much larger than the OH produced by
HONO, HNOj and H,O, dissociation. For exam-
ple, in the heated inlet with an O3 mixing ratio of
50 ppb and a relative humidity of 50% at 25°C, we
calculate a peak RO; mixing ratio of 7 ppb due to
the sequence of reactions (6) and (10)—(11), but only
0.59 ppb due to direct OH production from HONO,
HNOj; or H,0, dissociation (assuming 2ppb of

each compound). With an O3 mixing ratio of
100 ppb, the RO, mixing ratio increases to 11 ppb.
This effect is not linear with O3 because of the
increasing importance of radical-radical loss pro-
cesses at high RO, concentration. The mixing ratios
of RO, due to reactions (7)—(9) are typically of
order 1ppb in rural settings and 2ppb in urban
settings.

Fig. 4 shows the observed and calculated frac-
tions of NO detected when a mixture of 6.29 ppb of
NO in zero air with a relative humidity of 10% and
a CH4 concentration of 1.7ppm is exposed to
different concentrations of O3 (5-100 ppb) at 640°C
as well as the calculated fraction of NO detected at
80% relative humidity. As Ojs concentrations
increase, radical-radical loss processes become
increasingly important causing the nonlinear re-
sponse of NO to O;. At 100 ppb of O3, 80% of the
original NO is detected. Fig. 4 demonstrates that the
oxidation of NO has a slight dependence on RH,
such that at the highest concentration of ozone the
detection efficiency is approximately 80% at 10%
relative humidity and 77% at 80% relative humid-
ity. At low Oz concentrations, the humidity
dependence is less important because we are
in pseudo-first order regime with respect to
atomic oxygen. At lower concentrations of CHy,
the oxidation decreases as expected due to a
decrease in RO, formation. The model repro-
duces the laboratory observations of NO yield to
within +5%.
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Fig. 4. Fraction of NO detected by TD-CL from a mixture of
6.29ppb NO and O; (5-100ppb) in zero air with methane
(1.7 ppm) and a RH of 10% along with model results (solid line).
Also shown are model results of the same mixture in zero air with
a RH of 80% (dashed line).
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3.2. NO; reduction

The reduction of NO, to NO that occurs in the
inlet is due to its reaction with O atoms (reaction
(5)) produced by dissociation of O3 (reaction (6)) in
the heated section of the inlet. In the absence of O3
we observe no measurable conversion of NO, to
NO; the dissociation temperature for NO, is
approximately 1300°C. Atomic oxygen can also
react with water, VOCs and with the walls of the
inlet. The fraction of atomic oxygen that reacts with
NO; (Fo+No,) is given by

FO+N02(T) =

koino,(T)[NO;]

signal as a function of temperature in the presence
of O3 and NO; shown in Fig. 5.

The NO signal in the presence of NO, at different
concentrations of O in zero air with a 10% RH and
a CH4 concentration of 1.7 ppm is shown in Fig. 6
along with the calculated NO detection efficiency at
10% and 80% RH. Oxygen atoms increase linearly
with increasing ozone concentration explaining the
linear response of NO to O3 in the presence of NO,.
The experimental results show that at 100 ppb of O3
approximately 4% of the total NO, available
(NO; + 2PNs + YANs + HNO3) is converted to

where koim,0, kotrcn, and koino, are rate con-
stants for the reaction of the atomic oxygen with
H,0, CH4 and NO,, respectively, and ky,y is the
rate constant for the loss of atomic oxygen to the
wall. At high temperatures the O reaction with CHy4
dominates over its reaction with other hydrocar-
bons because of the much larger concentration of
CHy present. Although the reaction of O with NO,
does not have a steep temperature dependence
between ambient temperature and 640°C, O atom
reactions with water and CHy4 do, thus Foino,
decreases as temperature increases. Ozone dissocia-
tion in our inlet starts at 225°C and is complete by
550°C. This increase in atomic oxygen and the
decrease in Foino, explain the behavior of the NO
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Fig. 5. Fraction of NO, detected as NO by chemiluminescence

during a temperature ramp (225-675°C) of 13.83 ppb of NO, in a
mixture of zero air and 73 ppb of ozone.

kwan(T) + ko+n,0(T)[H20] + koycu, (T)[CH4] + kosno,(T)INO,]’

(12)

NO. Experimental results not shown but accurately
represented by the model curve in Fig. 6 demon-
strate that at higher relative humidity with a CHgy
mixing ratio of 1.7 ppm, the observed NO; reduc-
tion due to ozone decreases because of the
competition for O atoms by H,O as well as because
of an increase in re-oxidation of the NO formed
from NO, due to an increase in RO».

3.3. Calculated performance of laboratory prototype

Fig. 7 shows calculations of the mixing ratio of
NO expected at the detector as a function of
temperature for a rural and an urban nighttime
scenario, each with and without 100 ppt and 1.8 ppb
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Fig. 6. Fraction of NO, detected as NO by TD-CL with the inlet
set at 640°C from a mixture of 21.3ppb NO, and O;
(10-100ppb) in zero air with a RH of 10% along with model
results (solid line). Also shown are model results of the same
mixture in zero air with a RH of 80% (dashed line).
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Fig. 7. Modeled temperature ramp (0-650°C) of (a) a mixture of
O3 (50ppb), NO (0.05ppb), NO, (0.5ppb), ZPNs (0.5 ppb),
2ANs (0.5 ppb) and HNOj (0.5 ppb) in ambient air with a RH of
50% with (solid line) and without (dashed line) HONO (0.1 ppb)
and (b) a typical urban nighttime atmosphere where Oj is fully
titrated (0 ppb) with NO (10 ppb), NO, (60 ppb), XPNs (2 ppb),
2ANs (2ppb) and HNO; (2ppb) in ambient air with a RH of
50% with (solid line) and without (dashed line) HONO (1.8 ppb).
The markers in (a) indicate the NO signal at different
temperatures ([NOJgyy = U, [NOlysq = <, [NO],p = V).

of HONO, respectively, and with a relative humid-
ity of 50% and a CH4 concentration of 1.7 ppm. In
a rural setting (Fig. 7a), concentrations of NOj,
2PNs, XANs and HNOj; each at 0.5 ppb for a total
mixing ratio of NO, sources of 2 ppb, and of NO at
0.05 ppb would not be unusual (Day et al., 2003).
The NO detected in the presence of 50 ppb of O3
begins to rise above ambient at 250°C due to the
increasing importance of the reaction of NO, with
atomic oxygen, peaks at 450°C in the absence of
HONO (dashed line) and at 640°C in the presence
of HONO (solid line). In the absence of HONO, the
signal at 640°C represents the sum of 80% of
0.05ppb of ambient NO and 0.03ppb of NO

produced by reducing NO; (1.5% of the total
NOy). A calculation with 100 ppt of HONO (solid
line) shows that the total NO detected at 640°C is
0.148 ppb. The NO difference with and without
HONO is 78 ppt, almost exactly the expected 80%
of the NO contained in the HONO. Fig. 7b depicts a
situation that might be encountered in an urban
center at night where O3 is completely titrated by
NO emissions that lead to high overall NO,
(70 ppb) and 2ppb each of XPNs, XANs and
HNO;3. Calculations show that in this situation,
NO, reduction is eliminated and NO oxidation in
the inlet would be only due to the RO, resulting
from 2PNs and 2YANs dissociation. For this case, in
the absence of HONO (dashed line), the NO signal
at 640°C (9.002 ppb) only has a contribution from
the ambient NO. With the RO, contribution from
2PNs (2ppb) and XANs (2ppb) dissociation,
approximately 90% of the ambient NO is detected
after secondary chemistry. A calculation with
1.8 ppb of HONO which is 3% of the NO, mixing
ratio (solid line) shows the total NO detected at
640°C is 10.590 ppb, or an NO difference at 640°C
of 1.588 ppb, 88% of the HONO available.

4. Proposed configuration of a field instrument

The measurements described above show that (a)
it is possible to detect and quantify HONO using
TD-CL provided sufficient information about other
trace gases (O3, H,O and total NO, as defined
above) is collected simultaneously and (b) our
understanding of the most likely factors to affect
the instrument response in the field is accurate.
While this understanding, as represented in a model
constrained by laboratory observations, is in our
opinion essential to the success of the instrument, it
would clearly be useful to further minimize and
evaluate the effects of secondary chemistry directly
in the field. Thus, for a field instrument we propose
that the HONO response be directly evaluated by
standard additions, that a three-channel instrument
be employed to observe NO at ambient, 450 and
640°C and that an improved inlet be implemented
that reduces the effects of secondary chemistry.
Note that the secondary chemical effects we
describe as affecting the instrument response are
not expected to vary with time. Thus, once they are
characterized in the lab they can be treated as
constants that depend only on concentrations of O3,
H,O, CH4 and total NO,. The inlet in this
instrument would be protected from sunlight to
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avoid photolytic HONO production which has been
observed by Zhou et al. (2002b). The first channel of
the proposed three-channel instrument would be
devoted to ambient NO detection, the second
channel will measure the sum of HONO + NO via
a 640°C heated inlet and the third channel will be
set at 450°C to monitor the effects of secondary
chemistry in the heated inlet due to the NO; + O
reaction. To minimize secondary chemistry, we
propose using an inlet modified from what we use
above. A small orifice will be placed before the
heating section resulting in a steep pressure drop to
300 torr. Quartz wool would not be used down-
stream of the heated section. Calculations of the
performance of this modified inlet indicate that NO
oxidation will be slower than in our laboratory
prototype resulting in an NO detection efficiency of
greater than 90% at O3 of 100 ppb (compared to
80% for our prototype). The calculations also show
that NO, reduction at 640 °C will be 1% of the total
NO; at 100ppb of O3 (compared to 3% in our
laboratory prototype). This makes the use of quartz
wool downstream of the heated section unnecessary.
We are currently unable to test this configuration of
the inlet in the laboratory due to poor performance
of our commercial NO detection system at low
sample pressures. A custom built NO detector need
not suffer from this limitation.

In summary, we developed and evaluated a lab
prototype for in situ detection of HONO based on
its TD to OH and NO followed by detection of the
NO fragment by its CL reaction with O3. We briefly
describe modifications for using the technique to
make field measurements of HONO. Evaluation of
this technique under field conditions is required. In
addition, it would be valuable to have a field
intercomparison with the currently available tech-
nologies.
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