
Atmos. Meas. Tech., 18, 7221–7230, 2025
https://doi.org/10.5194/amt-18-7221-2025
© Author(s) 2025. This work is distributed under
the Creative Commons Attribution 4.0 License.

High-purity nitrous acid (HONO) generation and
quantification using broadband cavity-enhanced
absorption spectroscopy (BBCEAS)
Alexis P. Harper1, Callum E. Flowerday1, Zachary Giauque1, Kaitlyn Brewster1, Ryan Thalman2, and
Jaron C. Hansen1

1Brigham Young University, Department of Chemistry and Biochemistry, Provo, UT 84602, USA
2Snow College, Department of Chemistry, Richfield, UT 84701, USA

Correspondence: Jaron C. Hansen (jchansen@byu.edu)

Received: 26 August 2025 – Discussion started: 29 September 2025
Revised: 10 November 2025 – Accepted: 11 November 2025 – Published: 2 December 2025

Abstract. Nitrous acid (HONO) is a key atmospheric pre-
cursor to hydroxyl radicals (OH), which drive oxidation pro-
cesses in the troposphere. Accurate quantification of HONO
is essential for modelling atmospheric chemistry but is of-
ten challenging due to low ambient concentrations, signifi-
cant wall losses from instruments with inlets, and interfer-
ence from co-produced nitrogen dioxide (NO2). Laboratory
generation methods frequently struggle to produce HONO in
both high purity and usable quantities. This study introduces
a simple, scalable method for generating high-purity HONO
relative to NO2 via the reaction of hydrochloric acid (HCl)
and sodium nitrite (NaNO2) in a multi-bubbler system. The
method incorporates a thermal “catch and release” mecha-
nism to selectively trap HONO and separate it from NO2
prior to analysis. While the melting point of NO2 is well-
established at −9 °C, the melting point of HONO was moni-
tored and determined to be−4 °C, enabling the thermal sepa-
ration mechanism to function effectively. Broadband cavity-
enhanced absorption spectroscopy (BBCEAS) was used for
detection and quantification in the 329–344 nm region. Sys-
tematic optimization of bubbler temperatures, carrier gas
flow rates, capture durations, and moisture levels yielded
HONO purities greater than 96 %. This method enables reli-
able and flexible production of high-purity HONO relative to
NO2, making it well-suited for use in laboratory-based cham-
ber studies and instrument calibration applications.

1 Introduction

Nitrous acid (HONO) plays a pivotal role in atmospheric
chemistry due to its photolysis at or below 579 nm, producing
hydroxyl radicals (OH) via Reaction (R1), which initiate ox-
idation processes in the troposphere (Burkholder et al., 2020;
Cox et al., 1976a). At lower wavelengths, less than 362 nm,
HONO photolyzes to produce NO2 via Reaction (R2), which
also contributes to oxidative processes in the troposphere
(Burkholder et al., 2020).

HONO+ hv(< 579nm)−→ OH+NO (R1)
HONO+ hv(< 362nm)−→ H+NO2 (R2)

HONO is introduced into the atmosphere both through di-
rect emissions and secondary formation. Primary emissions
occur from combustion processes such as biomass burning,
industrial burning, domestic heating, and internal combus-
tion engines (Pitts et al., 1984; Kurtenbach et al., 2001;
Xu et al., 2015). Secondary atmospheric HONO formation
involves heterogeneous reactions, including the hydrolysis
of NO2 on humid surfaces (Finlayson-Pitts et al., 2003)
and NO2 reduction by adsorbed hydrocarbons (Gutzwiller et
al., 2002), as well as homogeneous gas-phase reactions and
photolysis of gaseous nitrophenols. Su et al. (2011) identi-
fied soil microbial processes as a potential source of HONO
through nitrite conversion. Additionally, in winter, HONO
concentrations can be enhanced due to increased photolysis
of nitrate in snowpacks and the presence of temperature in-
versions, which trap pollutants near the surface, decrease ver-
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tical mixing, and extend the lifetime of precursors, promot-
ing HONO formation pathways (Honrath et al., 2002; Beine
et al., 2008; Michoud et al., 2014).

While HONO formation mechanisms vary by location,
its atmospheric significance is consistently linked to its role
in OH radical production. During daylight hours, HONO
photolysis serves as a major source of OH, especially in
the early morning when other photochemical sources like
ozone (O3) and formaldehyde (HCHO) are less active (Kleff-
mann, 2007). OH radical governs atmospheric oxidative ca-
pacity and contributes to the degradation of pollutants, influ-
encing the formation of ground-level ozone and photochem-
ical smog, both hazardous to human health (Elshorbany et
al., 2010). Numerous studies have quantified the relative con-
tributions of various OH initiation pathways, showing that
HONO plays a major role in the lower atmosphere, even out-
side of urban settings (Ren et al., 2003, 2006; Elshorbany
et al., 2010; Dusanter et al., 2009). Due to its importance,
a comprehensive understanding of HONO sources and be-
haviour is essential for accurately modelling atmospheric
composition and predicting pollutant lifetimes.

Reliable detection and quantification of HONO remain
challenging due to interference from other nitrogen oxides
and its low ambient concentrations. Various techniques, in-
cluding chemiluminescence (Kanda and Taira, 1990), laser-
induced fluorescence (LIF) (Bottorff et al., 2021; Ning
and Pfab, 1997), differential optical absorption spectroscopy
(DOAS) (Febo et al., 1995), Fourier-transform infrared spec-
troscopy (FTIR) (Gingerysty and Osthoff, 2020), long path
absorption photometry (LOPAP) (Heland et al., 2001; von
der Heyden et al., 2022), cavity ring-down spectroscopy
(CRDS) (Gingerysty and Osthoff, 2020), ultraviolet (UV)
absorption (King and Moule, 1962; Stockwell and Calvert,
1978), and broadband cavity-enhanced absorption spec-
troscopy (BBCEAS) (Dixneuf et al., 2022; Gherman et
al., 2008; Wu et al., 2012; Wu et al., 2014; Duan et al., 2018;
Jordan and Osthoff, 2020), have been employed for HONO
detection. Each method presents trade-offs in sensitivity, se-
lectivity, and operational complexity.

In parallel, the generation of HONO in laboratory set-
tings has been essential for calibrating instruments and sim-
ulating atmospheric processes. Traditional methods typically
rely on acid displacement reactions, where a proton donor
(e.g., H2SO4, HCl) reacts with a nitrite salt. However, ex-
isting methods often produce significant amounts of NO2
alongside HONO, complicating spectral quantification, par-
ticularly for spectroscopic methods where spectral overlap
occurs (King and Moule, 1962; Stockwell and Calvert, 1978;
Cox and Derwent, 1976b). While some techniques achieve
high-purity HONO, they often involve complex setups, such
as the use of permeation devices, or yield low concentra-
tions (Gingerysty and Osthoff, 2020; Lao et al., 2020; Reed
et al., 2016; Villena and Kleffman, 2022).

Early generation methods, such as bubbling air through
a solution of 0.1 M sodium nitrite with 1.4 %–2.5 % sulfu-

ric acid, produced HONO vapours with purities around 50 %
(Cox and Derwent, 1976b). Subsequent strategies used ox-
alic acid sublimed onto sodium nitrite, achieving purities of
50 %–90 % depending on water content (Braman and De la
Cantera, 1986). Flow reactor designs improved stability and
control, achieving> 90 % purity at low concentrations by dy-
namically mixing sulfuric acid with sodium nitrite (Taira and
Kanda, 1990).

More recently, hydrochloric acid (HCl) has emerged as a
viable proton donor for producing high-purity HONO via Re-
action (R3).

HCl+NaNO2 −→ HONO+NO2+NaCl (R3)

Febo et al. (1995) developed a permeation-based system
where HCl vapour reacted with solid NaNO2 in a humidi-
fied gas stream, achieving HONO purities of 99.5 %. Other
groups have refined this concept, though some reported that
HONO concentrations must remain low to avoid dispropor-
tionation (Stutz et al., 2000). This study aims to address these
limitations by presenting a simple and scalable method for
generating HONO using HCl as the proton donor. By ther-
mally separating HONO from NO2, the method achieves
high purity relative to NO2 while producing sufficient quan-
tities for laboratory use and experimental applications. Be-
yond controlled environments, its simplicity, reproducibility,
and scalability (up or down) make it suitable for integration
into diverse analytical setups and for deployment in long-
term atmospheric monitoring both in chamber setups and as
standards and calibration sources for field monitoring sites.

2 Experimental

2.1 HONO generation setup

The experimental system, shown in Fig. 1, comprises a series
of three bubblers immersed in controlled temperature baths.
Nitrogen (N2) serves as the carrier gas throughout the sys-
tem, with tested flow rates ranging from 100–500 standard
cubic centimetres per minute (SCCM). The first bubbler con-
tains 12 M HCl, while the second houses a NaNO2 slurry dis-
persed over 4 mm glass beads to maximize the surface area
for the gas-phase reaction. These two bubblers are held in a
constant temperature bath, with tested temperatures ranging
from 20 to 40 °C. The third bubbler, the capture stage, con-
tains dry 4 mm glass beads and is maintained in a separate
temperature bath at tested temperatures ranging from −5 to
−8 °C to condense and trap HONO.

Between the second and third bubblers, a condenser is
set up to lower the gas mixture temperature before entering
the collection bubbler. Antifreeze solution is introduced to
the condenser from the collection bubbler temperature bath,
making it the same temperature as the collection bubbler,
which gives HONO time to cool and freeze at negative tem-
peratures. A dilution manifold is situated between the HONO
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Figure 1. Nitrogen gas flows through the experimental system to produce NO2 and HONO. HONO is captured on the final bubbler’s beads,
while NO2 is passed through the manifold to waste. After the collection period, reactant bubblers are bypassed and the collection bubbler is
heated up to release HONO, which flows through the BBCEAS cavity to be analysed.

generation system and the BBCEAS cavity. During the cap-
ture phase, the manifold is directed toward waste only, allow-
ing NO2 to escape, while HONO is captured on the bubbler’s
beads. After a 1 h reaction and capture phase, the HCl and
NaNO2 bubblers are bypassed, and nitrogen is introduced at
a flow rate of 1 SLM. The capture bubbler is then gradually
heated to 30 °C to release the trapped HONO for analysis.
The manifold exit leading to the BBCEAS is then opened and
allows the mixture to be diluted by a factor of two, ensuring
the measured extinction falls within the instrument’s linear
response range and enabling accurate quantification. Adjust-
ing the flow rate in this last step can alter the concentration
of HONO exiting the system.

2.2 Thermal “catch and release” mechanism

The melting point of HONO was measured to optimize its
selective capture. While the melting point of NO2 is well-
established at −9 °C (O’Neil et al., 2013), HONO’s melting
point was identified by incrementally lowering the capture
bubbler temperature and monitoring HONO release. This in-
formation guided the selection of capture temperatures that
maximize HONO collection while minimizing NO2 interfer-
ence.

2.3 HONO detection using BBCEAS

Broadband cavity-enhanced absorption spectroscopy
(BBCEAS) has been used for detection of a wide range of
molecules including short chained alcohols, formaldehyde,
glyoxal (CHOCHO), methyl glyoxal (CH3COCHO) iodine

oxide (IO), water vapour (H2O), oxygen dimers (O4),
sulphur dioxide (SO2), NO2, and OH radical. (Thalman
and Volkamer, 2010; Washenfelder et al., 2016; Thalman
et al., 2022; Flowerday et al., 2023a, b, 2025) Briefly,
BBCEAS employs highly reflective mirrors (R> 99.9 %) to
form an optical cavity that amplifies a 1 m base pathlength
to an effective sample pathlength of 2000 m. The cavity
consists of two 1′′ planar-concave AR-coated mirrors
(Layertec 109657) mounted 1 m apart within a carbon
pultruded tube cage system (Goodwinds) using 3D-printed
PLA brackets. The cavity is enclosed in a brass pipe sealed
against the mirrors. The light source is a UV-LED centred
at 340 nm (Roithner Lasertechnik, DUV340-SD353EL-31),
mounted on a copper heat sink. A Peltier cooler (Digi-Key
102-166-ND), sandwiched between the LED and heat
sink and controlled by a precision temperature controller
(Meerstetter TEC-1091), maintains the LED at 15± 0.1 °C
to ensure stable light intensity. A fan is mounted on the
back of the heat sink for additional thermal management.
Light is guided through the cavity using UV AR-coated
collimating and focusing optics (ThorLabs). A 340± 13 nm
bandpass filter (Edmund Optics, 84092) ensures that only the
desired wavelength reaches the fibre optic cable (Thorlabs
BFL200HS02), which directs the light to a CCD detector
cooled to−20 °C (SR-303i). For each experiment, 30 spectra
with 2 s integration times were accumulated to yield one
spectrum per minute. The optical setup is shown in Fig. 2.

A closed cavity configuration was utilized for the
BBCEAS, using a pump to pull the sample through the cavity
at a rate of 2 SLM from the manifold. The known Rayleigh
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Figure 2. The BBCEAS cavity is comprised of a broadband light source coupled into an optical cavity consisting of two highly reflective
mirrors, increasing the pathlength of the light. The transmitted light is collected and directed into a spectrometer via an optical fibre, where
it is dispersed and recorded using a CCD detector.

scattering of N2 and He (ε{Ray,N2}(λ), ε{Ray,He}(λ)), along
with the observed intensity drop between spectra (IN2(λ) and
IHe(λ)) and the distance between the mirrors (d0), were used
to calculate the reflectivity of the mirrors (R(λ)), as seen in
Eq. (1) and Fig. 3, by flowing these gasses through the cavity
directly prior to the experiment. This reflectivity value, along
with the intensity of the reference spectrum (I0(λ)) and the
spectrum of interest (I (λ)), was then used to determine ex-
tinction coefficients (ε(λ)), as seen in Eq. (2), to which the
known literature cross-sections of HONO and NO2 could be
fit (σ[NO2], σ[HONO]). From these fits, a concentration of the
species ([NO2], [HONO]) could be calculated using Eq. (3).
Using a series of concentrations over time, a total amount of
HONO captured, measured in nanomoles, was calculated for
each experiment. Figure 4 shows the representative fit of ex-
perimental data to HONO and NO2, as well as the residuals
from this fit.

R(λ)= 1−

{
d0

( {
I{N2}

(λ)
}

{I{He}(λ)}

)(
ε{Ray,N2} (λ)− ε{Ray,He} (λ)

)}
{

1−

( {
I{N2}

(λ)
}

{I{He}(λ)}

)} , (1)

ε (λ)=

(
{1−R(λ)}
{d0}

+ ε{Ray,Air} (λ)

)(
{I0 (λ)− I (λ)}

{I (λ)}

)
, (2)

where I0 is the intensity of light in N2, and I is the intensity
of light in our target sample.

ε (λ)= σ{NO2}[NO2]+σ{HONO}[HONO]+polynomial. . . (3)

Fit residuals were consistently unstructured, white noise
distributed around zero, and an order of magnitude or smaller
lower than the fitted extinction of HONO which serves as
an indication of a good fit. The 1 min limit of detection
(LOD) calculated from this fit residual, while measuring both
NO2 and HONO, is 6.56× 108 molec. cm−3 for HONO and
4.94× 108 molec. cm−3 for NO2, which is at least 3 orders of
magnitude below the concentrations measured in this exper-
iment thus indicating confidence in the fit to the extinction.
The fit is not stretched or shifted at all and, therefore, had
negligible bias towards either species when trying to fit the
other.

Figure 3. Reflectivity curve of mirrors. Mirrors are centered at
350 nm, where they peak at 99.95 % reflectivity and the light source
emits with a maximum at 330 nm, resulting in the observed overlap.
Absorbance is measured between 329 and 344 nm, where there was
sufficient light and reflectivity for detection and sensitivity.

Figure 4. Fit of observed data (black) to the measured extinction
coefficient (red) to determine the concentration of HONO and NO2
in sample. Fit residual seen above.

The total 1σ uncertainty in HONO and NO2 was deter-
mined by combining all independent sources of error, in-
cluding uncertainties in temperature, cavity length, pressure,
and the reported absorption cross-section uncertainties under
these conditions of 5 % for HONO (Bongartz et al., 1991)
and 3 % for NO2 (Vandaele et al., 1998). The total uncer-
tainty was determined by combining the individual uncer-
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tainties in quadrature to be 3.5 % for NO2 and 5.3 % for
HONO.

3 Results and discussion

3.1 HONO melting point determination

The melting point of HONO was measured by monitoring
its capture and subsequent release at decreasing bubbler bath
temperatures. The first bath was kept constant at 30 °C as
HONO and NO2 were being generated. The second tem-
perature bath, containing the third bubbler, temperature was
stepped down incrementally until the temperature of the bath
reached −10 °C, which is below the known melting point
of NO2. As seen in Fig. 5, below −4 °C, HONO recovery
ceased, indicating this as the approximate melting point of
HONO. NO2, by contrast, remained in the gas phase until
the bath was cooled below −9 °C. This was beneficial as it
is then possible to freeze out and capture HONO, as well as
allow for the majority of NO2 to pass through the capture
bubbler due to the 5 °C difference in melting points.

3.2 Capture bubbler optimization

Before attempting the use of the capture bubbler to further in-
crease the purity of HONO being produced, initial tests with-
out a capture stage yielded a HONO : NO2 ratio of 0.46 : 1
(31.3± 1.9 % purity). This and following experiments kept a
constant reactant bubbler bath temperature of 30 °C, contain-
ing the two bubblers with HCl and the NaNO2 slurry, and a
flow rate of N2 gas through the system set at 300 SCCM. To
start, the capture bubbler bath was set to −8 °C, intending
to allow any excess NO2 to pass through the system before
freezing out, while HONO adhered to the beads. Implement-
ing a capture bubbler at −8 °C improved the ratio to 2.27 : 1
(69.4± 1.8 %). Further experiments raised the temperature
of the capture bubbler bath incrementally to find an optimal
temperature for HONO capture. As the temperature varied,
the amount of HONO captured on the beads stayed relatively
constant from −8 to −6 °C, while purities rose, meaning
less NO2 was being captured. Purity maximized at −5.5 °C
(90.4± 0.5 %), albeit with a slightly reduced HONO yield,
decreasing from 41 to 37 nmol captured. Raising the temper-
ature beyond −5.5 °C produced similar purity of HONO, but
in smaller amounts, meaning less of both HONO and NO2
were being captured on the beads. Figure 6 shows how pu-
rity and amount of HONO changed over different capture
bubbler bath temperatures.

3.3 Reactant bubbler bath temperature optimization

Along with capture bubbler bath temperature, the reactant
bubblers’ bath temperature was also changed to determine
optimal HONO synthesis conditions. Different reaction bub-
bler temperatures will prefer HONO or NO2 production,

as temperature influences the reaction kinetics and chem-
ical equilibria. In these experiments, the capture bubbler
bath was kept constant at the optimal −5.5 °C and the flow
rate remained at 300 SCCM. At 30 °C, the system produced
the highest HONO purity (90.4± 0.5 %), with the same ra-
tio found above (9.44 : 1). Figure 7 shows how purity and
amount of HONO changed over different reactant bubbler
bath temperatures.

3.4 Carrier gas flow rate optimization

Lastly, the flow rate was varied to determine optimal HONO
production. At lower flow rates, less HONO will be gener-
ated as less HCl gas is able to transfer to the second bubbler
and react with NaNO2. However, once flow rates reach a cer-
tain point, N2 gas will be moving through the bubblers too
fast to transfer HCl into the NaNO2 bubbler to be reacted.
High flow rates also lead to NO2 being pushed out of the
NaNO2 bubbler without being reacted. In these experiments,
the optimal capture bubbler bath temperature of −5.5 °C and
reactant bubbler bath temperature of 30 °C was used and the
flow rate through the system was systemically varied. Flow
rate experiments revealed an optimal value at 200 SCCM,
yielding a HONO :NO2 ratio of 25.53 : 1 (96.2± 0.5 % pu-
rity). Flow rates below or above this value resulted in either
insufficient reaction or excess NO2 breakthrough. Figure 8
shows how purity and amount of HONO varied with different
flow rates. Figure 9 shows the concentration of HONO and
NO2 desorbed from the capture bubbler beads over time un-
der optimal conditions of bubbler and capture temperatures,
and carrier gas flow rate. Typically, it took 30–45 min for the
glass beads to be completely desorbed of HONO and NO2.
The more HONO and NO2 collected, the longer the desorp-
tion process took.

3.5 Capture duration

HONO was collected on the beads of the final bubbler for
1 h in the general procedure, allowing for accurate compar-
ison of different variables to optimize HONO production.
However, extending the capture period from 1 to 2 h under
optimal conditions resulted in a higher recovery of HONO
(86 nmol) without compromising purity (95.0± 0.6 % pu-
rity). Adjusting the collection time provides flexibility in
generating specific HONO quantities. Additionally, because
HONO remains stable when frozen on the beads, it can be
stored for later use, allowing for controlled release from the
generation system by modifying the flow rate.

3.6 Moisture sensitivity

The water content of the NaNO2 slurry had a significant im-
pact on product purity. Both saturated NaNO2 solutions and
dry solid NaNO2 favoured increased NO2 production, result-
ing in lower HONO purities compared to the slurry used un-
der optimal conditions. In the optimal preparation, enough
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Figure 5. Concentration vs. time plot of NO2 (brown) and HONO (blue) as temperature is changed incrementally over time to determine the
melting point of HONO.

Figure 6. Effect of capture bubbler bath temperature on purity and
amount of HONO.

Figure 7. Effect of reactant bubbler bath temperature on purity and
amount of HONO.

Figure 8. Effect of flow rate on purity and amount of HONO.

Figure 9. Concentration of HONO and NO2 desorbing from the
capture bubbler beads using the optimal HONO production method.
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water was added to wet the NaNO2 without fully dissolving
it. Specifically, 200 g of NaNO2 was combined with 20 mL of
distilled deionized water. To assess the effect of hydration on
HONO production, experiments were conducted under other-
wise optimal conditions using either a saturated NaNO2 so-
lution or dry solid NaNO2. The saturated solution yielded
HONO at 44.2± 2.1 % purity, and the solid NaNO2 pro-
duced a mixture with 56.4± 2.2 % purity, both significantly
lower than the 96.2± 0.5 % purity achieved with the slurry.
These findings highlight the critical importance of precisely
controlling hydration in the reaction medium.

4 Conclusions

This study presents a reproducible, scalable method for gen-
erating high-purity HONO relative to NO2 using a multi-
bubbler system with thermal separation. Through systematic
optimization of bubbler temperatures, carrier gas flow, cap-
ture duration, and water content, the method achieved HONO
purities exceeding 96 % at high and flexible yields. The use
of a thermal “catch and release” system not only allows for
the decoupling of HONO from interfering NO2, but also en-
ables temporary storage of HONO in a condensed phase, of-
fering flexibility in both concentration and timing of release.

This approach overcomes a longstanding limitation in
acid displacement generation techniques, where NO2 co-
production often complicates spectroscopic detection and
quantification. When paired with broadband cavity-enhanced
absorption spectroscopy (BBCEAS), this generation method
supports sensitive, selective, and high-throughput HONO de-
tection, with broad applicability in both laboratory and field-
based research. The HONO source can be easily coupled to
other detection platforms, including spectroscopic, chemical
ionization, or mass spectrometric techniques, and thus en-
ables comparative and intercalibration studies across multi-
ple measurement frameworks.

Beyond BBCEAS calibration, this technique is particu-
larly well-suited for use in environmental chamber exper-
iments. The ability to produce HONO at controlled purity
and concentrations enables detailed studies of its role in at-
mospheric chemistry, including its photolysis into OH radi-
cals, a key driver in tropospheric oxidation. Previous cham-
ber studies such as those at CESAM (Yi et al., 2021) and
SAPHIR (Dixneuf et al., 2022) have focused primarily on
HONO detection and budget analysis. CESAM has also con-
ducted chamber studies that utilize HONO as the source for
OH radical production (Lamkaddam et al., 2019; Picquet-
Varrault et al., 2020). We present possibilities for similar
chamber studies in a smaller environment, investigating not
only HONO abundance, but also its contribution to OH for-
mation and subsequent reaction kinetics within simulated at-
mospheric environments.

Future applications may include integration with field-
deployable HONO sensors, automated sampling systems, or

kinetic studies exploring the influence of HONO on radical-
driven oxidation pathways. Ultimately, this method provides
a robust, transferable foundation for investigating HONO
chemistry across varied environments by enhancing our ca-
pacity to isolate, quantify, and mechanistically understand
one of the atmosphere’s most influential trace species.
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