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Ozone
Nitrogen compounds play a key role in the ozone
production processes. The airborne measure- hy
ment of individual species is difficult compared g ﬁ
to their global measurement. This can be done Oxidation
by the conversion of all the species (NO ) in NO NO NO, —*
followed by a subsequent analysis by chemilu- K
minescence. Laboratory tests allow us to deter- m
mine the main characteristics of such conver-
sion. NO , measurements associated with NO R

concentrations allow a quantitative and qualita-
tive study of ozone production processes. In par-
ticular it is possible to determine the ozone pro-
duction potential of an air mass, the ozone
production efficiency and to specify the chemi-
cal regimes.

Figure 1. Simplified mechanism for tropospheric ozone
production.

ple mechanism of this oxidation chain are presented in fig-
ure 1.

The nitrogen compounds emitted in the atmosphere are
ne of the most preoccupying environmental problemgssentially in the form of NO. This compound is rapidly oxi-
is the increasing levels of background tropospheridized into NQ principally by the radical ROQproduced at
ozone. This level has multiplied 5-fold since the endhe time of hydrocarbon oxidation by the OH radical.

of the last century [1]. The evolution of the oxidizing capacPhotolysis of NQproduces an ozone molecule and NO mol-
ity of the atmosphere manifests itself at different spatial levecule which can again be oxidized. N&n also be con-
els. On the regional level maximum amounts of oxidizingrerted to other oxidation products (PAN, HN®rganic
pollution (ozone in particular) are frequently observed durnitrates...) known as NGand leave the photochemical cycle
ing anticyclonic conditions (weak dispersion, strong sunef ozone production. The question is to know how many
light) in particular in a variety of urban and industrial zonestimes this cycle will be carried out, producing at each cycle
This increase of ozone content and it's associated photooxn ozone molecule, before the N@isappears in the form
idants has a notable health impact. On a global scale, toé NO.,.

increase in tropospheric ozone may significantly contribute

(approximately 15 — 20%) to the greenhouse effect. The collectivity of nitrogen compounds is known as,NO

It corresponds to the sum of N@ NO,. The evolution of

) . ozone production depends therefore on our knowledge of the
These adverse effects are discussed in a recent repaftrogen compounds distribution in the atmosphere. Only an

from the French Academy of Science [2]. airborne measurement allows us to study the spatial distrib-

ution (horizontal and vertical) of ozone and it's precursors.

The ozone production processes are now rather well-
known. The production of photooxidants in the troposphere
is the result of oxidation (in the gaseous phase) of volatile
organic compounds (VOC) in the presence of the nitrogen
oxides, NO and N©O(NQ,). The nitrogen oxides play a key
role. As a result, according to their concentrations, they corFhe amount of individual constituents of N difficult to
duct the branching ratios between competitive reactions. kssess especially using airborne methods of measurement.
this manner, they govern the intensity of the production anHowever, their global measurement can be easily obtained
possible destruction of the tropospheric ozone. The princthrough the conversion in NO of it's different compounds

Measurement of NO ,
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following the measurement of NO formed by chemilumi-carried-out on a gold tube which is introduced in the stain-
nescence. There exists two principle techniques employdess steel tube.

since 1985 for converting reactive nitrogen oxides. ) ) ) ,
The mixture is heated by a line-cord resistor. The regula-

tion of the temperature is ensured by a regulator (TC Model
Rex F400).

The air flow in a glass cartridge heated to 400 °C and filled

with molybdenum chips allows a catalytic conversion ofconverter characteristics

atmospheric nitrogen compounds. We obtain, as a result, the

quantitative reduction of N NO,, HNO,, N,O,, PAN  The NQ, PAN and nitric acid are, along with NO, the prin-
(90%), as well as those of other organic nitrogen compoundiple compounds consisting NOVe have therefore tested
more complex (CEDNO,, C,H;ONO,, PNP 68%, etc.). the conversion efficiency of these compounds.

Other nitrogen compounds such as ;NO,, HNO,, and

RO,NO, are supposedly effectively converted to NO,Conversion efficiency in function

whereas the conversion of,®, HCN, CHCN and NH are  of oven temperature

negligible (< 0.1%) at 400 °C [3].

Conversion on molybdenum (graphite) surface

_ ) j The conversion temperatures tested range between 50 °C and
The major problem with this type of converter corre-400 °C. The conversion is done with a gas flow leading to
sponds to an important memory phenomenon which may mixing ratio of 0.3% [5]. Finally, the flow is 3 to 3.5

persist several days, resulting from the active surface of thgmin permitting concentrations of N®etween 50 and 80
catalyzer. Furthermore, we can find a reduction in convempp.

sion efficacy, in particular after prolonged utilization in the
presence of air highly polluted by N@nd hydrocarbons. In
addition, when functioning in normal mode, the molybde-
num oxides forming Mo@©and MoQ which can migrate The test performed in the presence of a gas reductor show
into the flow tubes in powder form and increase the menmthat the conversion is complete for temperatures exceeding
ory effects [3,4]. The analysers equiped with this type 0f00 °C (Fig. 2).

converter have a limit of detection of about 300 ppt. This

depends on the memory phenomenon as well as the conver-Whatever the conversion temperature, the signal given by
sion efficiency [3]. the NQ, (channel) remains constant. The conversion of NO

doesn’t produce a loss or production of supplementary. NO
Few results have been published concerning the conversion
without a reducing agent. In order to clarify the importance
Fahey proposed in 1985 a reduction technique of IN®  of a reducing agent. in the reduction process, reduction tests
NO, by catalysis on a gold surface comprised of temperaf NO, were performed excluding CO. Our results show two
tures between 300 and 350 °C [5]. This reduction is carrie@mperature domains. (Fig. 3). As a result, for temperatures
out in the presence of CO or, His the reducing agents. The exceeding 25 °C the conversion increases and becomes com-
addition of CO does not interfere with the measurement gflete at 260 °C (conversion efficiency at 98.5%) Then for
NO. The CO is necessary for the reduction of N@d temperatures exceeding 260 °C, the conversion loses its effi-
allows a lower detection limit by 10% [5]. The conversionciency: not more than 41% efficacy at 400 °C. This phe-
of NO, exceeds 98% for NOHNO;, N,Os;, PAN and PNP  nomen will be explained below. Morever, the concentration
(76%) [5,6]. The interferences due to the conversion of NHevels detected on the N®hannel remain constant during
and HCN are negligible [6].

Conversion of nitrogen dioxide

Conversion on gold surface

Set-up of NO, converter

The major problem observed during N@easurements cor-
respond to the loss of nitric acid on the sampling line f
lowed by a subsequent desorption. This adsorption of ni
acid, which constitutes a major type of N@ carried out
on all surfaces. It is preferable to withdraw all samplil
lines and to place the gold converter directly in contact w
the air samples to be analyzed.

80 1 9—9—9’9\9—9’9_&_%—“
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[X] at the output converter

In the case of airborne measurements, we should also , !
vent any leaks occurring at altitudes. The tightness, ol : o _
S . . . 0 : PG ErEE-E B

gold tube, is impossible to verify due to the large mi 100 200 300 00
leability of this metal and of its thermal expansion. We he
therefore, decided for a stainless steel tube (500 mmr
length, 60 mm internal diameter) whose internal surfaces

coated with 10um of gold (Degus$g. The conversion is

Temperature (°C)

Figure 2. NO, conversion with a reducing gas.
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Figure 3. NO, conversion without a reducing gas. Figure 4. NO and NO , conversion efficiency without CO.
50
the entire temperature range. There is therefore no los
formation of other nitrogen species detectable. B oat N\
35
C H f H 'd .g &30 ..........................
onversion of nitrogen monoxide $s =io
. .. . . 5 E % NO
The results of nitrogen dioxide conversion without a red % £ 2o AN
ing agent have led us to take a closer look at the test re % g
. . o
using the oven with NO. § oot SN
When the tests are carried-out in the presence of C( ok
0.3%, only NO is detected throughout the entire tempera 25 oo s s s &5 oTs e
range studied. There is therefore, no influence on the ¢ onversion Temperature (*C)
version conditions on the nitrogen monoxide. On the ot Figure 5. Nitric acid conversion.
hand, in the absence of a reducing agent, we find a decr
of NO signal beyond 250 °C, which is compensated by
augmentation of the signal detected on the, M@annel.
This interference is increased between 250 and 400 °Conversion of PAN
Fig. 4). . . .
(Fig- 4) The peroxyacetyl nitrate, PAN, is one of the important con-

The NQ signal remains constant during the entire teststituents of NQ It's major sink corresponds to it's thermal
We can therefore conclude the presence of a more complégcomposition. After decomposition, the peroxyacetyl radi-
oxidation mechanism for NO, starting at 250 °C and leadcal reacts either with NQo give back PAN or with NO to
ing to a reactive nitrogen species (i.e. included in)NO disappear definitely. The half-life of PAN is therefore depen-
because detectable by a Néhalyzer. dant upon the NO/NOratio. The calculation of the half-life

of PAN shows that at temperatures exceeding 300 °C the

This test allows an understanding of the decrease in effihermal decomposition of PAN is almost instantaneous
ciency of the NQ conversion at high temperatures. For(Tab. I).
temperatures exceeding 250 °C, an oxidation mechanism of

NO enters in competition with the process of thermal con-. For this reason, we have not performed conversion effi-
Version. ciency laboratory study for this species.

The results we have obtained show the necessity of tHeonversion efficiency in function of air flow
presence of a reducing gas so that the effectiveness of tBassing through the oven

conversion stays maximal, but also to prevent interferengg order to simulate the conditions produced during airborne

reactions with nitrogen monoxide at high temperatures. measurements, the NQonversion efficiency has been
tested with samples flows ranging from 1.45 to 13.55 L/min.

Conversion of nitric acid Experiment with various flows allows us to vary the resi-
dence time of the gas in the oven and the contact time with

We were able to test the conversion efficiency of the golghe gold tube. This experiment alloweed us to make 3 justi-
oven for nitric acids thank to a HN@enerator developed fications:

in the laboratory (permeation tube) [7]. In the presence of

CO, the conversion of nitric acid to NO is completed fromd) The conversion efficiency remains maximal throughout
at 200 °C (Fig. 5). the series of flows experimented.
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Table I. PAN half time life(s) as a function of the NO/NO ,
ratio. 100
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Figure 6. Variation of conversion efficiency with the concentra-
tion of the reducing gas.

b) The oven and NCanalyzer respond instantly to variatiot
NO, and HNQ concentrations.

c) We have shown a good correspondence between the
centrations, after dilution, of NQOcalculated and mea-

CO, the oven does not give any detectable memory effects.
sured by the analyzer.

We can then assume that the action of the CO is to reduce
) o ) ) the nitric acid molecules which are adsorbed on the oven
Conversion efficiency and mixture ratio walls and that the temperature alone are not sufficient
of reducing gas enough to desorb the nitric acid molecules.

Most of the research teams which use the, diiDversion
technique on gold, carry-out the conversion with a yield of
CO mix of 0.3%. The concentrations of N the atmos-
phere rarely exceed several ppb, the carbon monoxide there-
fore is found in large excess at the time of conversion. We
have tested the efficiency of N@onversion using various In order to qualitatively and quantitatively understand the
concentrations of reducing gas. By the way, we wanted tprocesses that induce ozone production, it is necessary to
know what would be the effect of varying the reducing gaanswer the following questions:

mixing ratio on the conversion efficiency. The yield mix of
CO tested are comprised between 0.42% and 0.0077% (i.e.
77 ppm). The results show (Fig. 6) that the conversion effe If so, with what degree of efficiency?

ciency is 100% for mixing ratios higher than 42%, . e

(420 ppm). However, the conversion efficiency remains Whgt 'f. thg precursor (N@r COV) which limits ozone
higher than 94% for concentration of 77 ppm. We can production:
emphasize that it is important to carry-out the conversion in The answer to all of these questions requires thg NO
the presence of a large excess of CO and that the weak vanieasurement.

ations of it's mixing ratio are acceptable.

Interest of NO , measurement

Is the air mass still able to produce ozone?

Is the air mass still able to produce ozone?

Memory effect Nitrogen oxides may be use as photochemical age indicators

The oven converter presents a large surface for exchangd.an air mass. The NMIO, ratio gives an estimation of
Some species adsorb more or less strongly on the surfggeotochemical age relative to the nitrogen oxides content in
living and are alternately re-ejected, giving a memory signahe air mass [8]. The proportion of NRO, indicates the
interference. percentage of oxidation products of N@e. NQ) in NQ,
and will evolve with photochemistry. In areas close to the
ource, the NQare essentially constituted of NO'he pho-
chemical age will be then close to 0%. The,Nd@l par-
ticipate in the photochemical cycles of ozone production, as
long as they will not be oxidized in the form of N@lso,
Nitric acid case The nitric acid is adsorbed by the ovenas long as the air mass is photochemically active, the pro-
walls whatever the temperature. In the presence of a redugertion of NQ will decrease whereas that of N®ill
ing gas the memory effect given by the oven is 3 to 5 ppincrease. The photochemical age will then have a tendency
over a 15 min period, at 350 °C (the initial concentratiorfo augment. If the air mass does not receive supplementary
being 40 ppb). This memory effect lasts 20 min at a tenontributions of NQ by emissions, the photochemical age
perature of 300 °C. On the other hand, in the absence ill then tends towards 100%. Knowing the photochemical

Nitrogen dioxide caseFor temperatures higher than
200 °C the converter does not show memory effects. In fact
we have seen that the phenomenon of, Kiation in the
oven become negligible at a high temperature.
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age therefore allows us to evaluate the potential of the ¢ 12
mass to produce ozone.

10 + - Air Mass .- Air Mass
Photochemical Young Photochemical old

The relation between ozone production {P@nd the
photochemical age of an air mass allows us to evaluate t
ozone production potential. R@orresponds to the quantity
of ozone formed and can be determined by difference
between the ozone concentration measured in the air me
and the ozone background level. We will see latter how thi
background level can be determined. In order to eliminat
the influence of various sources of nitrogen precursors w : , , ,
have normalized the ozone production by N@d studied 0% 20% 40% 60% 80% 100%
the relation P[QJ/[NO,] = f (photochemical age) [7]. Photochemical age

-]
"

D{O3}[NOy]
»

The relation met between photochemically young and olFigure 7. Evolution of ozone production potential with photo-
air masses indicate that ozone production does not develogchemical age.
in a constant and linear manner during it's aging. In the cas
of a photochemically young air mass we can see, in figur

7, an increase of the ozone production potential with 100
augmentation of photochemical age. This indicates tha y = 0.0046x + 49.5
this air mass the number of ozone molecules produced 90 +{RAZ=080 oo
X : . ‘ EPO = 4,6
molecule of NO emitted, increases with the photochemi [Osl1ona = 49,5 ppb
80 - 3ifond W PPR b o oL -

aging process. For example, when the air mass has a
photochemical age (10% NO0% NQ), it's about 2 mol-
ecules of ozone which have been produced for each
molecule emitted. Also, at 50% photochemical age, t

e T T JOF s, 2. A

[Os] (ppbv)
3

quantity is increased to 6 molecules. On the contrary, i .

photochemically aged air mass (>70%) we find a limitati S R

of the ozone production potential, although the photoche 40 , : , , , 1 ,

ical age varies between 70% and 90%. Therefore exist: 0 1000 2000 3000 4000 5000 6000 7000 8000
this case, a balance between the ozone production an [NOZz] (pptv)

destruction process.
Figure 8. O ; and NO, correlation.

What is the ozone production efficiency?

The association of NCand ozone data allows us to evalu-— The slope of the {NO,, regression corresponds to OPE.
ate the ozone production efficiency (OPE) relative to the In the example presented in figure 8, the slope is 0.0046,
nitrogen oxides. This OPE is determined by studying the implying an OPE of 4.6. In the air mass, there is there-
ratio O/NO, [9]. Indeed, the NQnot yet having exited the  fore 4.6 ozone molecules produced per, N@lecule pro-
photochemical cycles of ozone production, must not be duced, or per NOmolecule oxidized.

taken into account when considering the nitrogen oxide data. Tg orginate of the linear regression corresponds to the
We must therefore use only the Nfata. Evaluation OPE —jeye| of ozone in the air mass when the Mel is 0,
allows us to judge the “quality” of ozone production. It 4 is to say when the photochemical aging process has
allows the evaluation of the number of ozone molecules pro- |, yet affected the air mass. This value corresponds to
duced per NQmolecule emitted. the ozone background level.

The OPE value depends on the following criteria [7]. The OPE values generally measured range between 4 and
* Ambiant concentrations of ozone, nitrogen oxides, an 4 in rural zones [9,10] however its necessary to consider
NMHC ' ' ese values as high limits taking into account that the depo-
. . L _ sition processes must strongly increase the OPE values [11].

* Ratio of NQ/VOC which will drive the ozone production | tropical areas, the OPE varies between 4.6 and 7.2 in pho-

System. _ o tochemically aged air masses, isolated from ground and
 Speciation of various hydrocarbons constituting NMHC.therefore from deposition processes, and between 6.3 and
* The process of loss by deposition. 14.8 in the planetary boundary layer [7].

e The night time chemistry.
g Y What are the precursors (NO , or VOC)

Determination of the OPE value comes from the graphievhich limit ozone production?
representation showing the correlation between ozone and
NGO, (Fig. 8). From this linear regression, we can conclud
that:

detailed study of ozone formation and the photooxidants
is necessary before planning the most effective reduction
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strategy. In fact, if each one of the two families of precur
sors (NQ and COV) is susceptible to allow a reduction of
ozone production (P this effect will be different
depending on the type of chemical production process. If
precursor limits the production, a reduction of its emission
will effectively reduce ozone production whereas a reductio
of the emission of the other precursor will have a very lim
ited effect.

latitude

It has been shown [12] that, for N@oncentrations infe-
rior to 2 ppb (low NQ), PO, is almost proportional to the
concentration of NO and practically independent of the VO(
concentration. The ozone production is therefore depende
upon NQ. The photochemical production of ozone increase
rapidly versusNO, concentrations. In this case values up tc
10 ppb/hr can be obtained. On the other hand, foy ¢¢@-
centration higher than 5 ppb (high NOPO, increases with
an augmentation of VOC and decrease with an augment
tion of NQ. The ozone production is therefore dependen
upon VOC. The photochemical production of ozone there

fore varies between 1 and 2 ppb/hr according to the hydreange between 10 — 12 ppb. The treatment and interpreta-
carbon concentrations. Between these 2 cases is foundign of the data collected during this PIPAPO campaign will
transition zone. be the object of a future publication.

Air masses over rural zones generally exhibit weak con-
centrations of NQ(low NO,) and are therefore, most often,
in a state sensitive to N@uring the summer period. Over Conclusions
urban zones the N@nd VOC emissions can tip the system
towards an ozone production sensitive to VOC (high)NO
In moving away from urban zones, the air mass travelShe nitrogen compounds play a key role in the tropospheric
above regions of weak N@missions. Dilution in the air ozone production process. The individual airborne measure-
mass and chemical reactions reduces precursor concentn@ent of the different constituents is difficult to determine.
tions. We are then in a transition zone. Thereafter, new biddowever, their global measurement is easier to obtain but
genic emissions of VOC bring the chemical mechanismeequires an adapted converter. The major problem in mea-
back to a NQsensitive regime (low NQ It is consequently suring NQ is due to the loss of nitric acid in the sample
important to know the temporal evolution and spatial exterline. The nitric acid absorption occurs on all surfaces. As a
sion of different chemical regimes (low MBigh NQ-tran-  result, it is best to cancel all sampling lines and to place the
sition) as well as the corresponding oxidant production igonverter directly in contact with the air sample to be ana-
order to improve the reduction strategies. lyzed. The tests carried-out in the laboratory allowed us to
determine the principle characteristics of NOconversion.

longitude

Figure 9. Iso-concentration (ppb) lines for NO |, in the Milan area.
The aircraft trajectory is presented with bold dots.

The sensibility of ozone production in respect to,Méd
VOC concentrations is important in estimating the impact of The presence of the reducing gas such as CO is indis-
emission reduction strategies, or even to study the variabibensable in the conversion process. In addition, it prevents
ity of photochemical processes in the intermediate regiothe appearance of NO oxidation interference reactions
between the source and regional areas. Sillman [13] prbetween 250 and 400 °C.
posed in 1995 the use of indicators of this sensibility instead o .
of the 3D model which may sometimes give important errors CO Mixing ratios between 0.42 and 0.042% allow a total
associated with transport and chemistry. Amongst those indionversion of NQ

cators, there are NO O/ (NO-NO), HCHO/NQ, Flow rate contained between 1.45 and 13.5 L/min do not
H,O,/HNO;. lower the conversion efficiency.

Between 250 and 400 °C the conversion efficiency of

NO, and HNQ are optimal. Therefore, if we would like to
Examples of NO , airborne measurements minimize the adsorption and desorption problem of nitric
acid on the oven walls, it is preferable to carry out the con-

- o version between 350 and 400 °C.
As a preliminary example, we present in figure 9, a 2D rep-

resentation of NQconcentrations obtained during the May The gold oven converter enables a complete conversion
1998 PIPAPO campaign. The urban plume is clearly visiblef NO, up to concentrations reaching 80 ppb. The amount
on this curve with concentrations reaching 26 ppb downwindf NO,, coupled with NO and N{allows a quantitative and

Milan whereas the lowest values during this same periogualitative study of the processes resulting in ozone
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production. It enables, in particular, the determination of the6.

ozone production potential of the air mass, the effectiveness
with which the ozone is produced and the chemical process

of ozone production. This type of detailed study of ozone?-

and photooxydant formation is necessary before establishing
the most effective reduction strategy.
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