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Abstract:

This paper reports the first online gas phase detection of absolute concentrations of HONO under engine
relevant conditions, during the oxidation of an alkane in the presence of NOx The detection was
achieved at laboratory scale thanks to the coupling of a jet-stirred reactor to a continuous-wave Cavity
Ring-Down Spectroscopy cell. The evidence of the formation of HONO was obtained by comparing
measured cw-CRDS spectra with a literature one. The formation of HONO was simultaneously
observed with the appearance of another nitrogen compound: NO,. This confirms that HONO could also

be formed from NO, under engine conditions.
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1. Introduction

Nitrous acid (HONO) is a key species in the atmosphere because it contributes to its oxidizing capacity.
The photolysis of HONO in many environments is a significant source of OH radicals during daytime
[1-4]. The absorption spectrum of HONO extends well into the actinic range, making HONO an
important source for OH radicals indoor [5]. The heterogeneous conversion of NO, is thought to be a
major HONO source at nighttime as well as indoors [6,7]. However, the detailed analysis of field
campaign data reveals that HONO formation paths are far from being understood and major HONO
sources are still to be discovered [8,9]. Another possible source for HONO is the direct emission in the
exhaust gases from internal combustion engines [10]. The detection of this species in exhaust gases was
so far not directly performed in the gas phase, but in the liquid phase after absorption of HONO in water
forming nitrite ions [10]. The formation of this intermediate is considered in gas phase detailed kinetic
models [11] but, to our knowledge, it has not yet been directly measured in gas phase under conditions

relevant to engines.

Under engine conditions, HONO may have a significant impact on the ignition process, since HONO
rapidly dissociates to NO and highly reactive OH radicals. In conventional internal combustion engines,
low amount of NO; is mainly formed from NO, after fuel oxidation, via the reactions of peroxy radicals
(ROO in Figure 1) and NO to RO + NO, and subsequent reactions between NO, and intermediate
species. However, two recent directions for engine improvement, such as exhaust gas recirculation [12]
and the addition of alkyl-nitrates as additives to increase reactivity [13], introduce larger concentrations
of NOy in the fuel-air mixture prior to ignition. As reported by Chai and Goldsmith [14], the reaction
between fuel (RH) and NO,: RH+NO,—R+HONO is one reaction channel for HONO formation
(Figure 1). Moreover, previous studies on the effects of NO addition during alkanes oxidation [15]
reported another HONO reaction channel via NO+OH+M—>HONO+M at low temperatures is a key
chain-terminating reaction to inhibit reactivity. In this study, we report the importance of different
HONO formation channels at engine relevant conditions via NO; reactions with intermediate species
such as HO,, CH,0, CH30, and H,0, (Figure 1). This formation pathways have never been proven

under the above-mentioned conditions.
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Figure 1: Main formation and consumption pathways of HONO and NO,.

HONO has been previously detected in atmospheric chemistry studies by different spectroscopic
methods in the UV-vis [16], IR [17], and near IR ranges [18]. Obtaining absorption cross sections,
indispensable for a quantitative detection, is however not straightforward in spectroscopic
measurements, because HONO exists in equilibrium with other N-compounds such as NO, NO; or
HNOs. Jain et al. [18] solved this problem by generating HONO in-situ and deducing its concentration
from time-resolved traces taking advantage of well-known rate constants. In the atmosphere, HONO has
also been measured thanks to an in situ instrument, LOPAP (long path absorption photometer), using a

wet chemical sampling followed by a photometric detection [19].

The purpose of this work is to accurately quantify HONO under conditions relevant to internal
combustion engines using online sampling in the gas phase followed by a quantification using cw-
CRDS. Oxidation experiments were performed using n-pentane, one of the smallest alkanes having a
significant reactivity at low temperature (below 800 K), the temperature range where HONO

concentration is significant according to detailed kinetic models.

2. Experimental method

Pulsed cavity ring-down spectroscopy invented in 1988 [20] consists of measuring the decay time of a

light pulse trapped within a cavity. Measuring this decay time as a function of the wavelength allows

identifying and quantifying trace species. Pulsed CRDS has been used in the area of combustion since

the mid 90s to detect various intermediates [21]. The more complex CRDS variant using a continuous

wave laser (cw-CRDS) provides higher sensitivity, repetition rates and spectral resolution. A scheme of

the cw-CRDS cell used in the present work is displayed in Figure 2. A complete description of the setup
3
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has been published earlier [22] and can be found as supplementary material. The cw-CRDS cell consists
of a glass tube with an inner diameter of 6 mm and a length of 80 cm. The gas is pumped from the JSR
through a quartz probe with a small orifice into this cell at a flow rate of about 300 cm® min™. Following
this expansion, the gas is at ambient temperature and the pressure is around 1.33 kPa (10 Torr). Two
highly reflective mirrors (with a reflectivity of around 0.9999) are mounted at each end of the cell (one
of them is fixed to a piezo to vary the length of the cavity around an equilibrium position and obtains the
cavity resonance, characterized by a strong emission from the cavity). The laser light is provided by a
diode laser emitting in the range 6624-6647 cm™. The diode laser emission is directly fibred and passes
through a fibred optical isolator and a fibred acousto-optical modulator which allows the laser beam to
be deviated when the resonance occurs (detected by the strong emission from the cavity). The optical
signal transmitted through the cavity is converted into the electric current by an avalanche photodiode
and the ring-down time t is obtained by fitting the exponential decay over a time range of seven

lifetimes by a Levenberg-Marquardt exponential fit (see SM for additional details about this setup).
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Figure 2: Scheme of the JSR and cw-CRDS setup.

The reaction takes place in a fused silica jet-stirred reactor, a type of continuous stirred tank reactor
operated under steady state and characterized by homogenous gas phase composition and temperature.
This reactor has been used for numerous oxidation and pyrolysis gas phase kinetic studies [23]. The

direct sampling of the reactor gas phase is performed using a fused silica sonic probe. This probe creates

4
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the necessary pressure drop between the reactor working at a pressure of 106.7 kPa (800 Torr) and the
spectroscopic cell under partial vacuum (1.33 kPa). It also cools down the sampled gas to quench any
further reactions in the diagnostic part of the setup. The heating of the JSR is achieved thanks to
Thermocoax resistances regulated using Eurotherm controllers and K-type thermocouples located
between resistances and the reactor wall. The reaction temperature (x5 K) is measured at the center of
the spherical reactor thanks to an additional K-type thermocouple inserted in the intra-annular part of
the preheating zone used as a glass finger (a scheme is given in SM). Gas (argon, O, and NO) and liquid
(n-pentane) flow rates are controlled with mass flow and Coriolis flow controllers provided by

Bronkhorst, respectively (relative uncertainty of £0.5%).

This setup has already successfully been used to perform the quantification of hydrogen peroxide
(H20,), a species for which mole fractions are usually not reported because of analytical difficulties
related to the relative low stability of this species due to the weak O-O bond, in the oxidation under
engine relevant conditions of various fuels, such as alkanes from n-butane to n-heptane, and some

oxygenates such as dimethyl-ether and n-hexanal [24,22,25,26].

3. Experimental results

In the present experiments, HONO was detected during the oxidation of n-pentane in the presence of
NO. The advantage of n-pentane is that it is reactive below 800 K [27], the temperature region were
large HONO mole fractions are expected according to detailed kinetic models. The study was carried
out over the temperature range 500 — 775 K, at a residence time of 2.0£0.1 s and pressure of 106.7 kPa.
The inlet composition was a stoichiometric mixture of 10,000 ppm of n-pentane and 80,000 ppm of O,,
in the presence of 500 ppm of NO, with high dilution into argon (argon mole fraction of 0.9095 to close
the balance). In addition to cw-CRDS, two other diagnostic tools were also used: gas chromatography

for the quantification of carbon containing species and a NOy analyzer for NO and NO; detection.

A first attempt of detecting HONO was performed during the oxidation of methane doped with NO and
NO, [28]. However, HONO could not be detected during that study likely because HONO mole
fractions were below the detection limit estimated as 3 ppm, which was in agreement with predictions

using the detailed kinetic model developed in that work [28]. Even with the promoting effect of the



additions of NO or NO,, methane oxidation starts above 800 K which is not favorable for HONO

detection.

Figure 3a displays the mole fractions of n-pentane as a function of temperature measured using gas
chromatography. To highlight the effect of the addition of NO on the reactivity, two profiles are
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displayed: one corresponding to the oxidation of neat n-pentane (red crosses), and one in the presence of

500 ppm NO (green circles).
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Figure 3. Mole fractions as a function of temperature of a) n-pentane with and without addition of 500
ppm NO, b) NO, NO, and N-atom balance c) HONO for the three selected cw-CRDS lines.
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For the oxidation of neat n-pentane, the mole fraction temperature dependence exhibits the classical
behavior observed for n-alkanes: a first reactivity zone indicating low-temperature chemistry, a marked
negative temperature coefficient area, followed by a second reactivity zone corresponding to the high-
temperature chemistry. The fuel mole fraction temperature dependence obtained in the presence of the
500 ppm of NO is quite different. It shows the antagonistic effect of NO on the oxidation of n-pentane:
an inhibition of the reaction below 650 K and a reactivity enhancement above 650 K. The temperature
dependence still exhibits a negative temperature coefficient area, but it is much less marked than for

neat n-pentane.

A limited number of nitrogen containing products was detected during this study. These products are
NO, NO; and HONO. The concentration profile of NO is displayed in Figure 3b. An abrupt
consumption of NO is observed between 625 and 650 K. It corresponds to the temperature from which
n-pentane consumption is observed in Figure 3a. As expected at such low temperatures, an important
product from the oxidation of NO is NO;, (Figure 1). The temperature dependence of the NO,
concentration is also displayed in Figure 3b: NO, represents a little bit more than half of the consumed

NO around 700 K. This indicates that other nitrogen containing species are formed.

Figure 4 displays the spectrum recorded using cw-CRDS during the oxidation of n-pentane + NO at 700
K. Strong evidence for the formation of HONO is shown by comparing this spectrum to a HONO
spectrum recorded by Jain and coworkers [18]. Four main peaks are well visible on the literature
spectrum over the range 6638 — 6643 cm™. These four peaks are also present in the spectrum recorded at
700 K. Moreover, the comparison shows an excellent agreement of both shapes and relative intensity for
all four peaks. A large peak which cannot be attributed to absorption by HONO is also visible (at about
6641.0 cm™) in the spectrum recorded during this work. This peak is due to the presence of water, one
of the main reaction products of fuel oxidation, which has several absorption lines in the wavelength
range investigated in this study, as it can be seen in the water literature spectrum displayed in Figure 4.
Other less intense peaks due to the absorption of light by water are well present (e.g., the peaks at
6638.9, 6641.3 and 6641.6 cm™).
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Figure 4. Comparison of the cw-CRDS spectrum obtained in the present study during the oxidation of
n-pentane + NO at 700 K, the literature HONO spectrum recorded by Jain and coworkers [18], and that
recorded for water by Bahrini et al. [29].

The quantification of HONO was performed at three different spectral lines at 6638.26, 6642.51 and
6643.17 cm™ using the absorption cross-sections published by Jain and coworkers [18]. The
quantification was also performed for the less intense line at 6637.36 cm™ (in very good agreement with

all other three sets of data) but is not shown for the clarity of the graph in Figure 3c (see Figure S3 in
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SM for the quantification of all four lines). Absorption cross-sections and uncertainties are given in

Table 1. Reported uncertainties are quite large, for the line at 6638.26 cm™ it is 42%.

Table 1. Cross sections used for the quantification of HONO [18].

Wavenumber (cm™) Absorption cross-section (10 cm?)
6638.26 3.8£1.6
6642.51 5.8£2.2
6643.17 4.2+1.7

The temperature dependence of HONO concentrations obtained from the analysis of the three lines are
displayed in Figure 3c. The three lines provide data in excellent agreement. As for other products, an
abrupt increase of the concentration is observed between 625 and 650 K. At 725 K, the temperature for
which the HONO mole fraction is at the maximum, the average concentration of HONO is 256+24 ppm.
Error bars have been drawn in the graph of Figure 3c considering the reported uncertainty for the line at
6642.51 cm™ (the line for which the uncertainty is the lowest). The nitrogen atom balance (Figure 3b)
shows that measured HONO concentrations are quite consistent at 725 K (the sum of the concentrations
of NO, NO, and HONO is 510+128 ppm). N-balance deviations observed at lower and higher
temperatures may indicate that one or several nitrogen containing species could be formed but not being
detected.

The formation of many carbon containing reaction products was observed, as in our previous studies on
neat alkanes [27], most of them being carbon containing species. These products are not discussed here
as the current focus is on nitrogen containing products and particularly the detection of HONO. Mole

fractions of all reaction products are given in SM.

4. Comparison with computed data

Model calculations included in Figure 3 were performed with a kinetic mechanism based on a n-pentane
oxidation mechanism well validated under JSR conditions [27,30] and an updated NOx sub-mechanism
[28]. Reactions to merge the n-pentane mechanism and the NOx sub-mechanism, by analogy with
n-pentane/n-butane and NO [14] and the work for the oxidation of engine surrogate fuels

(n-heptane, iso-octane and toluene) in the presence of NOx [15], were augmented in the model as

9
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well. Moreover, the chemistry of HONO was also updated by the adoption of the available rate
constant for NO+OH(+M)=HONO(+M) [31], along with a modified third-body coefficient for Ar
(coefficient of 0.1), and HONO forming reaction (NO2+HO2=HONO+02) was adopted following
Rasmussen et al. [32]. The reaction associated with OH radical attacking HONO to form NO; and
H>0 was implemented with the aids of Burkholder et al. [33]. The complete mechanism (832
species and 4217 reactions) is provided as supplemental material of this paper in CHEMKIN

format, along with thermodynamic properties.

In the absence of NO, the model predicts quite well the low-temperature behavior of the “n-pentane +
0O,” system with the negative temperature coefficient phenomenon (Figure 3a). Model predictions are
also in good agreement in the presence of NO with the shift of the onset of low temperature reactivity
towards higher temperature and then a higher reactivity than in the absence of NO as in experiments. As
far as nitrogen-containing species are concerned, the mole fractions of NO and NO, are satisfactorily
predicted by the model, even if the consumption of NO and the increase of the model fraction of NO,
are a little bit shifted of about 25 K. The order of magnitude of HONO concentrations is satisfactorily
predicted by the model. Some deviations are observed between the computed and the experimental
profiles. The model also predicts the formation of nitro-compounds like nitro-ethane, for example, but

this type of species was not observed during experiments.

5. Conclusion

This study presents the first reliable direct quantification of HONO in the gas phase during the oxidation
of a fuel in the presence of NO. The ability to detect this key intermediate adds an important constraint
to the models to improve the understanding of the specific low-temperature oxidation chemistry of fuel
— NOy systems for further improvement of more efficient and cleaner combustion applications. This
quantification confirms the role of exhaust gas emissions, as a HONO source, in the atmosphere.
Moreover, it will favor the development of reliable chemical kinetic mechanisms to be used in

constraint to the models of newly proposed engine types.
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