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more selectively, photolytic conversion (P-CL). In this work, the nitrous acid (HONO) inter-
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NO2 converters are presented. The first used radiation centered at 395 nm, a wavelength

Photolytic conversion of NO2

region commonly utilized in P-CL. The second used light at 415 nm, where the overlap with

ference in the measurement of NO2 by P-CL was investigated. Results with two photolytic

HONO interference

the HONO absorption spectrum and hence its photolysis rate are less. Mixing ratios of NO2 ,
NOx and HONO entering and exiting the converters were quantified by Thermal Dissociation
Cavity Ring-down Spectroscopy (TD-CRDS). Both converters exhibited high NO2 conversion
efficiency (CFNO2 ; > 90%) and partial conversion of HONO. Plots of CF against flow rate were
consistent with photolysis frequencies of 4.2 s-1 and 2.9 s-1 for NO2 and 0.25 s-1 and 0.10
s−1 for HONO at 395 nm and 415 nm, respectively. CFHONO was larger than predicted from
the overlap of the emission and HONO absorption spectra. The results imply that measurements of NO2 by P-CL marginally but systematically overestimate true NO2 concentrations,
and that this interference should be considered in environments with high HONO:NO2 ratios such as the marine boundary layer or in biomass burning plumes.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
The nitrogen oxides (NOx , the sum of nitric oxide (NO) and nitrogen dioxide (NO2 )) are primarily emitted to the troposphere
as by-products of combustion processes that utilize air as the

∗

oxidant and are found in elevated concentrations in, for example, automobile exhaust and biomass burning plumes. It
is well recognized that the concentration of NOx plays key
roles in air quality including the photochemical formation of
ozone (O3 ) as well as nitric acid (HNO3 ) and aerosol nitrate,
key components of photochemical smog (Bollinger et al., 1983;
Frost et al., 2006). Hence, continuous monitoring of NOx concentrations has been mandated in many jurisdictions.
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Quantification of NOx is most commonly accomplished by
NO-O3 chemiluminescence (CL). In this method, concentrations of NO are measured by oxidizing NO in excess O3 to
produce excited state NO2 ∗ , which relaxes to the ground state
by emitting a photon. The intensity of the light generated is
proportional to the concentration of NO originally oxidized
(Fontijn et al., 1970).
O3 + NO → O2 + NO2 ∗

(R1)

NO2 ∗ → NO2 + hν

(R2)

For the analysis of NOx , NO2 is reduced to NO, and its mixing ratios are quantified by difference. Many analyzers deployed in routine monitoring stations use molybdenum (Mo)
heated to 300 °C - 350 °C (Gluck et al., 2003). However, heated
Mo converters also reduce other components of odd nitrogen (NOy ) to NO, such as peroxyacetyl nitrate (CH3 C(O)O2 NO2 ;
PAN), alkyl nitrates (RONO2 ), nitrous acid (HONO), HNO3 , and
particulate nitrate (Dunlea et al., 2007; Fehsenfeld et al., 1987),
which are by-products of some of the same photochemistry
that produces O3 in the troposphere.
More selective conversion of NO2 to NO is achieved with
photolytic converters coupled to CL detection, P-CL (Kley and
McFarland, 1980; Pollack et al., 2010; Ryerson et al., 2000;
Sadanaga et al., 2010).
NO2 + hν → NO + O

(R3)

The NO2 to NO conversion efficiency or conversion fraction
(CFNO2 ) in P-CL instruments is a function of residence time
(tres ) (Kley and McFarland, 1980).

CFNO2 =



j(NO2 )tres
1 − e− j(NO2 )tres −k[Ox]tres
j(NO2 )tres + k[Ox]tres

(1)

Here, j(NO2 ) is the photolysis frequency of NO2 , and Ox is an
oxidant that converts NO to NO2 . The identity of this oxidant
is not known, but its rate coefficient with respect to oxidation
of NO is several times that of O3 (Pollack et al., 2010), and it is
generated as a by-product of the photolysis of NO2 within the
converter (Jordan et al., 2020).
NO(g) + O3(g) → NO2(g) + O2(g)

(R4)

NO(g) + Ox (g) → NO2(g) + products

(R5)

Because the rate coefficient for R4 (kR4 ) is small, 1.9 ×10–14
cm3 molecule−1 s−1 at 298 K (Burkholder et al., 2015), relative
to j(NO2 ), the effect of ambient O3 concentration on CFNO2 is
usually negligible; however, R4 may decrease NO levels (and
increase NO2 levels) upstream of the photolytic converter in
the sample inlet line which needs to be considered in an ambient measurement of NO and NO2 (Fehsenfeld et al., 1990).
Early photolytic converter designs (Kley and McFarland, 1980; Ryerson et al., 2000) utilized broadband light
sources (i.e., Xe or Hg arc lamps). Combined with optical filters, these devices emit light in the 350 to 400 nm wavelength
region to achieve selective conversion of NO2 . In more recent designs, such as the “blue light converter”, light emitting
diodes (LEDs) are used. Photo-dissociation of HONO produces

Fig. 1 – (a) Normalized emission spectra of the 395 nm
converter LEDs (gray) and the 415 nm converter LEDs
(yellow). Absorption cross-sections (σ) of NO2 (solid green
line) (Voigt et al., 2002), HONO (black) (Burkholder et al.,
2015), and NO3 (blue) (left axis) (Burkholder et al., 2015) and
NO2 quantum yield (φ; dashed green line; right axis)
(Burkholder et al., 2015) are superimposed. (b) Emission
spectrum of a Hg pen ray lamp observed (left axis) and
literature Hg lines (Reader, 2020) (right axis) to verify the
wavelength calibration.

NO (Burkholder et al., 2015) and thus is a potential positive
interference in the measurement of NO2 by P-CL.
HONO(g) + hν → NO(g) + OH(g)

(R6)

The consensus is that the optimal wavelength region is
around 395 nm, low enough so that the NO2 quantum yield
is unity but high enough to avoid photolysis of other UVabsorbing nitrogen oxides, including HONO (Pollack et al.,
2010). However, the absence of an interference from HONO in
the measurement of NO2 by P-CL is rarely experimentally verified, in part because sources that produce gas streams containing dilute concentrations of HONO in high purity (relative
to other nitrogen oxides) are not readily available.
Our laboratory has recently investigated interferences in a
395 nm NO2 converter prototype and observed a HONO to NOx
conversion rate coefficient of 0.25 s−1 , ˜6% that of NO2 and
larger than expected from the overlap of LED emission and
HONO absorption spectra (Jordan et al., 2020). In this paper,
we investigate the conversion of HONO to NOx in photolytic
NO2 converters. Using a recently developed high-purity HONO
source (Gingerysty and Osthoff, 2020), we examined whether
the NO2 to HONO selectivity of photolytic NO2 converters can
be improved by using light at wavelengths > 400 nm. In this
wavelength region, the NO2 quantum yield is less than unity
but the absorption cross-section of HONO is disproportionally
lower (Fig. 1). Performance parameters of the converter containing the 415 nm LEDs were determined, such as the CFNO2
and CFHONO as a function of tres and the photolysis frequencies j(NO2 ) and j(HONO). Potential implications on ambient air
measurements of NO2 by P-CL due to the interference from
HONO in the conventional 395 nm and the new 415 nm converter are assessed and discussed.
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1.

Methods

1.1.
Thermal dissociation cavity ring-down spectroscopy
(TD-CRDS)
The blue diode laser TD-CRDS method has been described
elsewhere (Odame-Ankrah, 2015; Paul and Osthoff, 2010).
Briefly, mixing ratios of NO2 are quantified by absorption at
405 nm. Ring-down time constants in the absence (τ 0 ) and
presence (τ ) of NO2 are converted to concentrations (N) using
Eq. (2) where c is the speed of light, σ is the NO2 absorption
cross-section, and RL is a correction factor (˜1.2) accounting
for mirror purge flows (Paul and Osthoff, 2010).
N=

RL
cσ



1
1
−
τ
τ0


(2)

Concentrations are converted to mixing ratios using the
ideal gas law. Other components of NOy are sampled and converted to NO2 in parallel CRDS channels and are quantified by
difference.
In this work, we used the compact two-channel TD-CRDS
instrument with 55 cm long optical cavities described by
Taha et al. (2013). The laser pulse repetition rate was 2 kHz,
and 2000 ring-down events were averaged to produce 1 s data.
For the experiments described in Section 1.2.1, both CRDS
channels sampled from 1/4 (0.64 cm) outer diameter (o.d.)
and 1/8 (0.32 cm) inner diameter (i.d.) fluorinated ethylene
propylene (FEP) Teflon inlets. Mixing ratios of NO2 were monitored in channel 1. The second channel was operated with
O3 added at mixing ratios of ˜12 ppmv (after addition) to
titrate NO to NO2 and hence to quantify NOx mixing ratios
(Fuchs et al., 2009; Odame-Ankrah, 2015). The addition of O3
was periodically switched between channels using automated
3-way valves.
For the experiments described in section 1.2.2, both CRDS
channels sampled from 1/4 (0.64 cm) o.d. quartz inlets. One
channel was operated with added O3 and its quartz inlet
heated to 600 °C to quantify NOy (including HONO) (Jordan and
Osthoff, 2020; Perez et al., 2007; Wild et al., 2014), while the
other monitored NO2 or, when the O3 addition was switched,
NOx mixing ratios.

1.2.

Photolytic NO2 converters

The NO2 converters were supplied by Global Analyzer Systems
(GASL, Canada); their design has been described elsewhere
(Odame-Ankrah and Rosentreter, 2017). Briefly, each unit has
three internal fans, two of which cool the light emitting diodes
(LEDs), while the other maintained the temperature of the
quartz photolysis cell (internal volume: 88 cm3 ) at 25 °C. The
415 nm NO2 converter was modified from the 395 nm version
by replacing the original light source with a set of chip arrays
containing forty, 415 nm LEDs.

1.2.1.

Determination of CFNO2

Mixtures of NO and NO2 were generated by combining the output of a gas cylinder (100.2 ppmv NO in dry N2 , Scott-Marrin,
USA) with a gas stream containing O2 and O3 (generated using a mercury pen-ray lamp (Jelight, USA)) and further di-

luted with scrubbed air at a flow rate of 0.45 standard L min-1
(slpm). These mixtures were passed through a flow restriction
(˜280 μm i.d.) and the photolytic converter, whose output was
sampled by TD-CRDS.
The NO2 conversion fractions were determined by placing
the converter between the CRDS and NOx generation setup
and switching the converter’s LEDs on and off. The CFNO2 was
calculated from the ratio of the change in NO2 mixing ratio observed ([NO2 ] = [NO2 ]in - [NO2 ]out ) divided by the NO2 mixing
ratio delivered ([NO2 ]in ).
CFNO2 =

[NO2 ]in − [NO2 ]out
[NO2 ]in

(3)

The residence time of the sampled gas inside the converter
was controlled by varying the CRDS sample flow and ranged
from 1.0 s to 4.5 s. The NO2 photolysis frequency was estimated from a fit of Eq. (1) to a plot of CFNO2 against tres using
the software package Igor Pro 6.37 (Wavemetrics, USA). The fit
algorithm provides an estimate of the fit error for each variable by a closed-source algorithm.

1.2.2. Determination of HONO interference in the photolytic
NO2 converter
The output of a high-purity HONO source (Gingerysty and Osthoff, 2020) was passed through the photolytic converter and
analyzed by TD-CRDS. The residence time of the gas within
the photolytic converter was varied by changing the TD-CRDS
sample flows (which also varied the pressure inside the converter from 400 to 600 Torr (533 to 800 hPa). Long residence
times (i.e., > 2 s) were chosen to accurately quantify [HONO]in
(due to the time required to titrate the NO generated from TD
of HONO with the added O3 ) and to achieve a high enough
degree of HONO conversion and hence more precise quantification of the main photoproducts (i.e., NO and NO2 ) by TDCRDS. The CF for HONO, CFHONO , was calculated by dividing
the change in NOx mixing ratio ([NOx ] = [NOx ]out - [NOx ]in )
by the HONO mixing ratio entering the converter ([HONO]in ).
CFHONO =



[NOx ]out − [NOx ]in
≈ 1 − e− j(HONO)tres
[HONO]in

(4)

Production of NOx was chosen (rather than NO) because
of slow oxidation of NO to NO2 in the connecting tubing
(Jordan et al., 2020). The HONO photolysis frequency was estimated from a fit of Eq. (4) to a plot of CFHONO against tres using
Igor Pro.
To assess the potential role of chemistry initiated by the hydroxyl radical (OH), CFHONO was measured in the presence and
in the absence of n-pentane, which was added to quench OH.
n-Pentane was delivered by passing ˜50 sccm of O2 through a
3-neck glass vessel containing a few mL of liquid pentane as
depicted in Fig. 1 of Furgeson et al. (2011) and combined with
the output of the HONO source.
Finally, to verify quantitative detection of NO and of HONO
by TD-CRDS, an experiment was conducted in which the effluent of the photolytic converter was sampled in parallel by TDCRDS and by a commercial NO/NOx CL analyzer (Thermo 42i,
USA). This instrument is equipped with a heated Mo converter,
and even though it is marketed as an NO/NOx instrument, it
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efficiently converts most components of NOy , including HONO
(Abida et al., 2011).

1.3.
Measurement of LED emission spectra and
calculation of expected photolysis frequencies
Relative levels of interference can be calculated from LED irradiance data and available cross-section and quantum yield
data (Ryerson et al., 2000). The LED emission spectra, E(λ), were
recorded using a miniature spectrometer (Ocean Optics USB2000, USA; wavelength range 195 - 526 nm, groove density 1200
mm−1 , 200 μm entrance aperture) via a multimode fiber optic
patch cable (Thorlabs M25L01, USA; 200 μm i.d.) whose end
was positioned next to the photolysis cell and LEDs. Intensities were not corrected for variations in sensitivity as a function of wavelength.
Approximate photolysis frequencies (j’expected ) were calculated by assuming a linear relationship between E(λ) and the
actinic flux F(λ), multiplying F(λ) with the absorption crosssection of each molecule at room temperature, σ (λ), and its
respective quantum yield, φ(λ), taken from the National Aeronautics and Space Administration Jet Propulsion Laboratory
(NASA-JPL) evaluation (Burkholder et al., 2015), and integrating over all wavelengths.

j’ expected =
F(λ)σ (λ)φ(λ) dλ
(5)

Table 1 – Photolysis frequencies calculated from Eq. (5),
i.e., the overlap of the LED emission spectra (Fig. 1)
with literature absorption cross-sections and quantum
yields (Burkholder et al., 2015), scaled to j(NO2 ). The superscripted values are the change in j resulting from a
blueshift of the emission spectrum by +0.3 nm, and the
subscripted values are the change in j resulting from a
redshift of the emission spectrum by −0.3 nm.
Species
NO2
Cl2
NO3
HONO
Biacetyl
Glyoxal
ClNO2
HCHO
H 2 O2
PAN
HNO3

jexpected (s−1 )
395 nm
4.2
0.2095−0.0004
+0.0006
0.175+0.007
−0.007
0.137−0.008
+0.008
0.0798+0.0014
−0.0014
0.03003+0.00013
−0.00011
0.01317−0.0007
+0.0008
−7
(2.4−0.4
+0.5 ) ×10
−2.4
(9.0+4.3 ) ×10−14
−15
(3.6−1.0
+1.7 ) ×10
−16
(9.5−2.5
+4.5 ) ×10

415 nm
2.9
0.34+0.01
−0.01
2.00+0.13
−0.12
0.007−0.0004
+0.005
0.316+0.014
−0.014
0.0434+0.0008
−0.0008
0.0164+0.0004
−0.0004
−9
(3.7−0.5
+0.6 ) ×10
−0.6
(3.1+0.8 ) ×10− 14
− 15
(1.2−0.2
+0.3 ) ×10
−16
(3.2−0.6
)
×10
+0.9

Since quartz efficiently transmits UV-A radiation, E(λ) can
be assumed to be proportional to the actinic flux within the
photolysis chamber. The proportionality constant was estimated from the ratio of the measured j(NO2 )obs determined in
section 1.2.1 over j(NO2 )’ calculated using Eq. (5). The expected
photolysis frequencies for the other molecules, jexpected , were
then calculated from Eq. (6).
jexpected =

j(NO2 )obs
j(NO2 )’ expected

× j’ expected

(6)

The accuracy of the above calculation hinges on the measurement of E(λ). The uncertainty of E(λ) was estimated from
a comparison of sunlight spectra to those obtained with a
calibrated spectral radiometer with photodiode array detector (Metcon, Germany). In the 380 - 440 nm wavelength range
relevant to this work, the relative standard error was ±30%
(2σ ). Furthermore, the accuracy of the spectrometer’s wavelength calibration was verified using a low-pressure, pen ray
Hg lamp (Jelight, USA); its spectrum is shown in the top panel
of Fig. 1 alongside literature values (Reader, 2020). In the wavelength region of interest (360 nm - 440 nm), deviations between observed and expected values varied between +0.23 nm
at 436 nm and -0.38 nm at 365 nm. The potential impact of
a slightly inaccurate wavelength scale was assessed by blueand red-shifting the observed E(λ) spectrum by ±0.3 nm and
calculating the resulting jexpected values (Table 1).

2.

Results

2.1.

Conversion of NO2 to NO with 415 nm LEDs

An example experiment demonstrating the conversion of NO2
to NO using 415 nm light is shown in Fig. 2. Here, a mixture

Fig. 2 – Sample time series demonstrating photolytic
conversion of NO2 using 415 nm light. The yellow shaded
area indicates the times when the converter’s LEDs were
on. In this example, the TD-CRDS sampled air through the
photolytic converter at a pressure of 480 Torr (640 hPa;
tres = 4.2 s) and observed ˜165 ppbv and 17 ppbv of NO2
when the LEDs were off and on, respectively, corresponding
to a CFNO2 of (89.5 ± 0.1)%, calculated using Eq. (3). The
second TD-CRDS channel was operated with O3 added to
the inlet, converting NO to NO2 , i.e., constituted a NOx
measurement. From these data, NO mixing ratios were
calculated by subtracting NO2 (measured in channel 1).

consisting of ˜165 ppbv of NO2 and ˜20 ppbv of NO was passed
through the converter and sampled by TD-CRDS. When the
LEDs were on, (89.5% ± 0.1)% of the NO2 converted to NO.
In the experiment shown, the CRDS sample flow rate was
˜0.5 slpm and the CRDS cell pressure was 480 Torr (˜630 hPa).
Under these operating conditions, the titration of NO to NO2
was quantitative (Fig. 2), which was verified by a box model
simulation showing > 97% conversion. At lower CRDS cell
pressure, NO was not fully titrated to NO2 . Hence, the loss of
NO2 (rather than production of NO) was monitored.
The value of CFNO2 was determined at different sample
flow rates (and hence converter cell pressures and residence
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Fig. 3 – (a) Scatter plots of CFNO2 (green circles) and CFHONO
(black squares) as functions of tres in the 415 nm converter.
A fit of Eq. (1) to the NO2 data with tres < 2 s gave
j(NO2 ) = 2.95±0.02 s-1 and k[Ox] = 0.158±0.002 s-1 and is
shown in green color. A fit of Eq. (4) to the CFHONO data gave
j(HONO) = (0.1040±0.0002) s−1 . (b) Magnified view of CFNO2
as a function of tres .

times) from the observed ratio of [NO2 ]/[NO2 ]in . The results
are summarized in Fig. 3, plotted against tres . At long residence
times (tres > 2 s), the CFNO2 deceases due to oxidation of NO to
NO2 (via R4 and R5) in the tubing connecting the converter and
TD-CRDS at a rate that increases with the amount of NO2 sampled (Jordan et al., 2020). Eq. (1) does not account for this effect
since it was developed for systems with tightly integrated converter and NO analyzer. A fit of Eq. (1) to the data with tres < 2 s
(i.e., under conditions when the chemistry in the connecting
tubing has a negligible effect) gave j(NO2 ) = (2.95±0.02) s-1 and
k[Ox] = (0.158±0.002) s-1 , where the fit error estimates are from
the closed-source algorithm of the fitting software, which appear to be too optimistic in this case.

2.2.

Conversion of HONO to NOx

A sample experiment examining the transmission of HONO
through the 415 nm converter is shown in Fig. S1 ("raw" response of the two TD-CRDS channels) and in Fig. 4 (derived
mixing ratios of individual species). With the converter’s LEDs
off, the TD-CRDS observed an average ± 1 standard deviation
of (139.9 ± 0.2) ppbv NOy and (1.81±0.06) ppbv NO2 . When O3
was added (at 19:55:30), (3.63±0.07) ppbv NOx was observed.
Subtracting NOx from NOy gave (136.3 ± 0.3) ppbv HONO (i.e.,
97.4% purity). When the converter’s LEDs were on (19:59), the
TD-CRDS observed (140.5 ± 0.9) ppbv NOy (slightly larger than
before as the source was slightly drifting) and, when O3 was
added to the NO2 measurement channel, (40.3 ± 0.5) ppbv
NOx , from which a mixing ratio of (100.1 ± 0.5) ppbv HONO was
calculated. For the example shown in Fig. 4, CFHONO calculated
from Eq. (4), i.e., the increase in [NOx ] divided by [HONO]in , was
(26.9 ± 0.4)%.
The HONO source was taken off-line at 20:07. The HONO
signal returned to baseline with a 1/e fall-time of 6 s, indicating the absence of a significant memory effect within the photolytic converter and connecting tubing.
The experiment shown in Fig. 4 was repeated at different
sample flow rates (and hence converter cell pressure and residence times); the results are superimposed in Fig. 3. A fit of

Fig. 4 – Sample time series demonstrating interference from
HONO in the 415 nm photolytic NO2 converter. Mixing
ratios (left axis) of NOy (cyan color) and NO2 (green color)
were quantified by TD-CRDS downstream of the converter
at a pressure of 440 Torr (590 hPa; tres = 3.1 s). gray regions
show time periods when the addition of O3 was switched
between TD-CRDS channels to quantify NOx (orange color).
Inter- or extrapolated data are shown as dotted lines.
Mixing ratios of HONO (shown in black color) were
calculated by subtracting NOx from interpolated NOy data
(dotted cyan line). The yellow shaded region indicates
times when the converter’s LEDs were on, at which point
NO2 (and NOx ) mixing ratios increased and HONO mixing
ratios decreased. For the example shown, the CFHONO (right
axis; shown in red color) was calculated from Eq. (4) and
was (26.9 ± 0.4)%. The rosé shaded region (after 20:07) is a
time period when the HONO source was taken off-line and
only zero air was sampled.

Eq. (4) to the data yielded j(HONO) = (0.1040±0.0002) s-1 , with
the caveat on the fit error noted above.
In our experiments, photolysis of HONO at 415 nm yielded
NO2 , as well. Furthermore, the amount of NO2 produced
drifted upwards. In Fig. 4, for example, the mixing ratio of NO2
observed prior to 20:01 was (7.6 ± 0.9) ppbv and (8.41±0.08)
ppbv afterwards. This behavior was in contrast to that of
NOx whose production stabilized rapidly after the LEDs were
turned on. A plausible explanation is the conversion of NO to
NO2 by a secondary process. The fraction of NO2 produced (relative to NOx ) increased with tres , i.e., was small at low tres (Fig.
S2). Since photolytic NO2 converters are usually operated with
tres < 1 s and rapidly convert NO2 to NO, the impact of HONO
to NO2 conversion would be negligible in most P-CL systems.
The results summarized in Fig. 3 were obtained in experiments with HONO mixing ratios > 100 ppbv to achieve a reasonable measurement precision in the less abundant photoproducts. A control experiment was conducted at constant tres
of 4.0 s with HONO mixing ratios between ˜15 ppbv and ˜90
ppbv (Fig. S-3). A least-squares fit of CFHONO against [HONO]in
yielded an intercept of 0.320±0.003 (consistent with the data
shown in Fig. 3) and a slope of (2 ± 1) × 10-4 ppbv-1 ; the dependence of CFHONO on [HONO]in was hence negligible. Another control experiment was conducted to probe the potential influence of OH radical chemistry in the photolytic converter, in which n-pentane was added as a radical quencher.
The CFHONO was (24.7 ± 0.4)% in the presence of pentane and
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˜25% less than the CFHONO in the absence of pentane (Fig. S4). Finally, Fig. S-5 shows a sample series in which the effluent of the photolytic converter was sampled in parallel by TDCRDS and a commercial CL analyzer equipped with a heated
Mo converter. The excellent agreement between the two measurements (Fig. S5b) corroborates the accuracy of the CFHONO
data.

2.3.
LED emission spectra and expected photolysis
frequencies
Fig. 1 shows the emission spectra of the commonly used
395 nm LEDs and that of the new 415 nm LEDs scaled to a
maximum intensity of 1. The spectra are reproduced by an
exponentially modified Gaussian function (fExpGaussian in
Igor Pro) with the following parameters for the 395 nm and
415 nm LEDs, respectively: Gaussian location = (389.7 ± 0.5)
and (408.48±0.07) nm, FWHM= (12.1 ± 1.1) and (18.2 ± 0.1)
nm (σ = (5.15±0.45) and (7.74±0.04) nm), and τ = (10±1) and
(7.2 ± 0.1). The peak of the 395 nm LED spectrum is located at
the upper end of the region where the quantum yield φ(NO2 )
is unity, whereas the maximum of the 415 nm LED spectrum
falls in a region where φ(NO2 ) is small, ˜6% (Burkholder et al.,
2015). However, the lower-wavelength tail of the 415 nm LED
emission spectrum partially overlaps with the region where
φ(NO2 ) is unity. Thus, significant photo-dissociation of NO2
can be expected with the 415 nm LEDs as long as the emission intensity suffices. There is considerable overlap of the
longest-wavelength band of HONO with the 395 nm LED spectrum, whereas the corresponding overlap with the 415 nm LED
spectrum is small, such that a lower rate of HONO photolysis
is expected in the 415 nm converter.
Table 1 summarizes photolysis frequencies of atmospherically relevant molecules calculated from Eq. (6), which were
scaled using j(NO2 ) determined in Section 2.2. For the 395 nm
converter, a jexpected (HONO) value of 0.14 s−1 was calculated,
less than the measured 0.25 s−1 (Jordan et al., 2020). The discrepancy is considerably larger for the 415 nm converter, for
which a HONO photolysis frequency of jexpected (HONO) = 0.007
s−1 was calculated, and a value of 0.10 s-1 was measured.
These differences are larger than expected from the uncertainty of the spectral measurement (±30%) and from the
uncertainty in the wavelength axis calibration of ±0.3 nm
(Table 1).

2.4.
P-CL

Implications for atmospheric NO2 measurements by

The magnitude of the impact of HONO interference on ambient air P-CL NO2 data depends on the actual HONO:NO2 ratio and on how the converter is operated, i.e., to what extent
NO2 is converted to NO, which can be expressed in terms of
the converter residence time, tres . Increasing tres is desirable
to maximize the CF and lower the detection limit but sacrifices selectivity.
To aid with this assessment, CFNO2 and CFHONO were calculated for four tres for both the 395 nm and the 415 nm converters (Tables S1 and S2). With the 395 nm converter, residence
times in the range of 0.1 s to 1.0 s result in 34.2% to 98.5% NO2
conversion and 2.5% to 22.1% HONO conversion, respectively.
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Data from randomly selected campaigns (in which NO2
and HONO were quantified by a variety of measurement techniques such as differential optical absorption spectroscopy
(Wojtal et al., 2011), incoherent broadband cavity-enhanced
absorption spectroscopy (Jordan and Osthoff, 2020), and long
optical path absorption photometry (Meusel et al., 2016)- see
SI) were used as input parameters to probe the potential impact of HONO if ambient air NO2 concentrations are measured by 395 nm P-CL (Table 2). The expected contribution
of HONO to the observed NO2 signal ("eNO2 ") was calculated
from Eq. (7), and the relative error (% eNO2 ) from Eq. (8), respectively.
eNO2 = [HONO] 1 − e− j(HONO)tres

% eNO2 =

[HONO] 1 − e− j(HONO)tres
[NO2 ] 1 − e− j(NO2 )tres

(7)

(8)

With the shortest residence times and lowest overall photolytic conversion, the NO2 measurement bias due to HONO
would have been in the low 10 s of parts per trillion (10−12 ,
pptv) and small compared to the signal due to “true NO2 ” under most conditions. The only exceptions are scenarios as observed by Wojtal et al. (2011) who quantified NO2 and HONO
in the marine boundary layer (MBL) on Saturna Island, BC, and
reported HONO mixing ratios larger than those of NO2 ; for this
data set, the error of the 395 nm P-CL at the shortest residence
time is 8.8%. When the P-CL is operated with longer residence
time and conversion rate, the predicted error from HONO increases but generally remains small (i.e., reaches a few 100
pptv, or < 3% of the “true NO2 ” signal). The exception again
is the Saturna Island data set, for which a maximum potential error of 27% is calculated.
With the 415 nm converter, the CFNO2 is still large, e.g.,
76.5% at 0.5 s compared to 87.8% with the 395 nm converter
(Tables S1 and S2), but the error introduced by the presence
of HONO is greatly reduced. At a tres of 0.5 s, for example, the
error is < 1% for all data sets except the Saturna Island study,
for which a response of 7.8% of “true NO2 ” is calculated (Table
S-4).

3.

Discussion

This work has shown that a 415 nm LED system is capable of efficiently converting NO2 to NO CFNO2 > 94%) with a
photolysis rate constant of j(NO2 ) of 2.9 s−1 (Fig. 3), a performance that is only marginally below that of the 395 nm model
(Table 1). The lower j(NO2 ) at 415 nm than at 395 nm is qualitatively consistent with the reduced overlap with the highquantum yield region of NO2 photo-dissociation (Fig. 1). The
j(NO2 ) value at 415 nm is sufficiently large to be useful for analysis of high NO2 concentrations, for example in on-stack continuous emission monitoring systems.

3.1.
Comparison of photochemistry at 415 nm with that
at 395 nm
The key improvement of the 415 nm device is the reduction
of the HONO interference over the standard 395 nm device
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Table 2 – Potential error due to HONO interference.

Reference

Location

Environment

HONO:NO2

395 nm
tres = 0.1 s

415 nm
tres = 0.1 s

395 nm
tres = 1.0 s

415 nm
tres = 1.0 s

(Yokelson et al., 2009)
(Wojtal et al., 2011)
(Wong et al., 2011)
(Lee et al., 2013)
(Lee et al., 2016)
(Neuman et al., 2016)
(Meusel et al., 2016)
(Ye et al., 2016)
(Wen et al., 2019)
(Jordan and Osthoff,
2020)

Yucatan, Mexico
Saturna, BC
Houston, TX
Houston, TX
London, UK
Tennessee, TN
Cyprus
North Atlantic
Bohai Sea, China
Calgary, AB

BB
MBL
Urban, coastal
Urban, coastal
Urban, coastal
Power plant plume
MBL
MBL
MBL
Urban, continental

0.14∗
1.22∗
0.06
0.04
0.04
0.13
0.25
0.60∗
0.11
0.04

1.0%
8.8%
0.4%
0.3%
0.3%
0.9%
1.8%
4.3%
0.8%
0.3%

0.6%
4.8%
0.2%
0.2%
0.2%
0.5%
1.0%
2.4%
0.4%
0.2%

3.1%
27.4%
1.2%
0.9%
0.9%
2.9%
5.6%
13.5%
2.5%
1.0%

1.4%
12.3%
0.6%
0.4%
0.4%
1.3%
2.5%
6.0%
1.1%
0.4%

% eNO2 calculated from Eq. (8) in the measurement of NO2 by P-CL for representative ratios of HONO to NO2 chosen from recent data sets.
∗
= upper limit. BB = biomass burning; MBL = marine boundary layer. See Tables S1-S4 for additional information on these data sets and
calculations at tres = 0.3 s and 0.5 s.

(discussed in more detail below). The opposite is true for interference from photolysis of NO3 , which is predicted at a
frequency of 2.0 s−1 , nearly on par with j(NO2 ). Fortunately,
ambient air mixing ratios of NO3 are small (< 200 pptv) and
usually much smaller than those of NO2 in the troposphere
(Brown and Stutz, 2012), such that this interference can be neglected in ambient air measurements of NO2 under the vast
majority of conditions.
The photolysis frequency for ClNO2 , whose mixing ratios in
ambient air can exceed 30% those of NO2 (Mielke et al., 2013),
is ˜0.6% that of NO2 (Table 1) and is hence predicted to be negligible.
Certain organics (e.g., biacetyl and glyoxal) can suppress
photolytic conversion of NO2 by generating HO2 , which oxidizes NO to NO2 (Villena et al., 2012). The photolysis frequencies of both biacetyl and glyoxal are slightly larger in
the 415 nm converter than at 395 nm, e.g., 0.043 s-1 versus
0.030 s−1 for glyoxal (Table 1). This type of interference can be
tracked by regular “span checks”, i.e., by the addition of known
amounts of NO2 when sampling ambient air and can hence be
accounted for.
Other molecules present in a relatively high abundance
such as formaldehyde (HCHO), hydrogen peroxide (H2 O2 ),
PAN, and HNO3 , have negligibly small photolysis frequencies
(Table 1) and are immaterial.

3.2.

Unexpectedly high conversion of HONO at 415 nm

The red-shift of the LED emission to 415 nm reduces the
photo-dissociation of HONO compared to the 395 nm version
(Table 1). However, the experimentally determined j(HONO)
value, 0.25 s-1 at 395 nm (Jordan et al., 2020) and 0.10 s−1 at
415 nm (Fig. 3), are greater than the values predicted from
the overlap of emission and absorption spectra (Table 1). The
observed difference of more than an order of magnitude for
j(HONO) versus j(HONO)expected is outside any reasonable uncertainty due to errors in E(λ) and the jexpected value derived
from it.
A partial explanation for this discrepancy may be the reaction of HONO with OH, which is a product of (R6):

HONO(g) + OH(g) → NO2(g) + H2 O(g)

(R7)

Reaction (R7) yields NO2 , which in turn rapidly photodissociates to NO. The rate coefficient for this reaction is
k7 = 4.5×10−12 cm3 molecule−1 s−1 at room temperature
(Burkholder et al., 2015). Under the conditions of the experiments in this work (˜100 ppbv of HONO), the OH reactivity
with respect to HONO is large (˜11 s−1 ) and in all likelihood
competitive with other OH loss pathways such as loss on the
inner walls of the quartz chamber.
If OH exclusively reacts with HONO and R6 is its only
source, the effective j(HONO) would increase by a maximum
factor of two. This does not suffice to explain the observed
factor of 0.10 / 0.007 ≈ 14. Furthermore, addition of n-pentane
only had a minor effect on CFHONO (Fig. S3 and S4). Moreover, wall loss of OH would have been competitive at lower
HONO mixing ratios, yet a substantial concentration dependence was not observed (Fig. S3). Thus, an alternative explanation for the high HONO to NO conversion rate is needed.
Another possibility is that the inner walls of the photolysis chamber are conducive to HONO dissociation. We are not
aware of a study demonstrating HONO adsorbed to quartz undergoing faster photo-dissociation than is observed in the gas
phase, though literature would be consistent with this as a
possibility. For example, Tang et al. (2019) showed that water
clusters of HONO are more prone to photo-dissociation than
HONO monomer; a similar phenomenon may occur for HONO
adsorbed to a surface. Likewise, certain surfaces can promote
photo-dissociation directly by red-shifting a chromophore’s
absorption spectrum (Kahan and Donaldson, 2007). Moreover,
trace impurities such as Ti, which can be substituted for Si in
the lattice of quartz (Götze et al., 2004; Rottier et al., 2017), can
catalyze the photochemical breakdown of molecules and have
been shown to convert HONO to NOx (Ostaszewski et al., 2018;
Ranjit and Viswanathan, 1997). It is not known if transition
metals are present within the commercial fused silica quartz
of the chamber (or at its surface (Liu and Liu, 2013)) at sufficiently high concentration to drive photocatalytic destruction
of HONO, or if the absorption spectrum of adsorbed HONO is
red-shifted. A study on the potentially accelerated degrada-
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tion of HONO adsorbed on quartz, similar to studies showing such chemistry by HNO3 adsorbed to Pyrex and quartz
(Laufs and Kleffmann, 2016; Zhou et al., 2003), is needed.

3.3.

Mystery oxidant

The analysis of CFNO2 in terms of tres (Fig. 3) yielded a k[Ox]
value of ˜0.158 s−1 which is of the same magnitude as observed
with the 395 nm version (Jordan et al., 2020). This suggests that
sample cell material and perhaps geometry, identical in both
systems, are governing factors determining the magnitude of
k[Ox].
Previous work in our lab (Jordan et al., 2020) has shown that
the unknown oxidant is a by-product of NO2 photolysis (and
not by the internal surfaces of the converter), since one is able
to sample high concentrations of NO (in the absence of NO2 )
without NO being oxidized.
When sampling HONO, an (unknown) oxidant is also generated that oxidizes NO to NO2 (Fig. S2). This oxidation occurs downstream of the converter where the oxidation of NO
is not reversed by NO2 photolysis. The conversion of NO to NO2
does not reduce the impact of HONO, since most modern P-CL
instruments have minimal transfer times between converter
and NO analyzer.
When Eq. (1), with j(HONO) in place of j(NO2 ), is fit to the
NO produced, a k[Ox] of ˜0.17 s-1 is obtained, which is of similar
magnitude as observed during NO2 photolysis. Assuming then
that the same oxidant is involved, an obvious candidate for Ox
is the hydroperoxyl radical (HO2 ), which oxidizes NO to NO2
with a rate coefficient at room temperature of k8 = 8×10-12
cm3 molecule−1 s−1 (Burkholder et al., 2015).
HO2(g) + NO(g) → NO2(g) + HO(g)

(R8)

A k[Ox] value of ˜0.17 s−1 would require an HO2 equivalent concentration of ˜2×1010 molecules cm−3 (˜1 ppbv). Further, this concentration would have to be buffered somehow
(e.g., regenerated catalytically) to oxidize 10 s of ppbv of NO.
Along this line of thought, R3, R6 and R8 may constitute the
backbone of a catalytic cycle converting HONO to NOx , though
one piece is missing: a reaction generating HO2 . Clearly, more
work is needed to understand the oxidation of NO to NO2 in
photolytic converters.

3.4.

Implications for atmospheric measurements

The conversion of HONO to NO in photolytic converters
is real and can introduce a measurement bias if not considered (Table 2). For most data sets, the resulting error is negligibly small, in particular in polluted urban environment where the interferences from carbonyls identified by Villena et al. (2012) are more severe. However, large
measurement errors are predicted in marine environments,
where HONO:NO2 ratios approach, or even exceed, unity
(Meusel et al., 2016; Wen et al., 2019; Wojtal et al., 2011; Ye et al.,
2016). Notably, it is the marine boundary layer where accurate NO2 measurements are required to probe the photostationary state that exists between NO, NO2 and O3 ; overestimation of NO2 can be mistakenly interpreted as a missing
oxidant (Reed et al., 2016).
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Large HONO to NO2 ratios have also been observed in biomass burning (BB) plumes. For example,
Yokelson et al. (2009) observed HONO:NOx ratios of ˜0.14:1
in boundary layer BB plumes in the Yucatan. Similarly high
ratios in the range of 0.03:1 to 0.20:1 (Burling et al., 2010)
and between 0.1:1 and 0.9:1 (Roberts et al., 2020) have been
observed in laboratory-simulated wild fire plumes.
In this work, the HONO interference was evaluated for
photolytic converters by one manufacturer; other makes and
models may exhibit different performance but should be evaluated, preferably experimentally. Clearly, diligence is required
to accurately quantify NO2 mixing ratios by P-CL in such environments.
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