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1 Abstract

A compact and simple instrument for the sensitive detection of NO, in the atmosphere has
been developed. NO; is sampled in a stripping coil by a selective chemical reaction, converted
into a highly absorbing dye, which is detected by long path absorption in a liquid core
waveguide. Several interferences were quantified in the laboratory, which so far can all be
neglected. The significant interferences against HONO and O3 were suppressed by using an
upstream HONO/Os;-scrubber. The instrument has a detection limit of 2 pptv, an accuracy of
10 % and a precision of 0.5 % for 3 min time resolution. Thus, the new NO,-LOPAP
technique is more sensitive than known commercial NO, instruments. The new analyzer is
much simpler to apply than other highly sensitive and selective NO, methods, e.g. LIF,
DOAS, pulsed CRDS or REMPI methods. The new instrument allows an absolute calibration
that can be easily performed with liquid nitrite standards, which is a significant advantage
over other NO, measurement techniques, for which NO; calibration gas mixtures are typically
necessary. The new instrument has been validated against the chemiluminescence technique
during an urban field campaign and against the FTIR technique in a smog chamber under
complex photosmog conditions. The data sets exhibit high correlation and excellent
agreement.

The instrument was used at an urban field site and direct NO, emissions, from engine
combustion, were determined. A NO,/NOx ratio of (12 + 1) % was determined, a ratio much
higher than 10 years ago. This is explained by high NO, emissions from modern diesel
vehicles and an increasing diesel vehicle fraction. The ratio is lower than that determined by
using a chemiluminescence instrument, which is explained by interferences.

The new NO,-LOPAP was also used in laboratory studies on the photolysis of nitroaromatic
species. In contrast to a recent study on this topic, in which a luminol NO, instrument was
used, a significant formation of NO, was observed besides formation of nitrous acid (HONO).
Both applications demonstrate that the use of selective NO, instruments is of paramount

importance for the quantification and interpretation of NO, sources in the atmosphere.






Introduction

2 Introduction

The atmosphere is a complex photochemical system that surrounds our earth and plays an
important role because it affects the environment where we live. The most abundant
components close to the Earth’s surface are: nitrogen (N;) (~78 %), oxygen (O2) (~21 %),
argon (Ar) (~0.9%), and carbon dioxide (CO,) (~0.04%)", which, with the exception of the
latter, have very long lifetimes and therefore their concentrations remain almost constant
(Brasseur et al., 1999). On the other hand, the concentrations of minor constituents (trace
gases), such as ozone (O3), total reactive nitrogen compounds (NOy), volatile organic
compounds (VOC), and many others, which sum account for only 0.004 % of dry air mass,
are changing. These trace gases play a significant role in the chemistry of the atmosphere,
determining for example the oxidizing capacity of the atmosphere (Monks, 2005).

Of all the nitrogen present in the atmosphere, N, accounts for more than 99.99 %, and nitrous
oxide (N,O) on average constitutes 99 % of the rest (Wallace and Hobbes, 2006). However, in
spite of being trace gases, the rest of the nitrogen compounds, i.e. ammonia (NHj3), reactive
nitrogen oxides (NOy), nitrogen oxides (NOx = NO + NO,), nitric acid (HNO3), nitrous acid
(HONO), the nitrate radical (NOs3), dinitrogen pentoxide (N,Os), peroxynitric acid (HNOs),
peroxyacetyl nitrate (PAN), organic nitrates, etc. are very important in atmospheric chemistry.
For example, NHj3 is the only basic gas in the atmosphere and nitrogen oxides are of crucial
importance for the photochemical formation of ozone in the troposphere and for the formation
of acid rain (Seinfeld and Pandis, 2006; Finlayson-Pitts and Pitts, 2000).

2.1 Nitrogen Oxides (NO,) in the Atmosphere
2.1.1  Tropospheric Chemistry of NOy

NO and NO; are very important species in both stratosphere and troposphere. In the

troposphere, NO; plays a central role in the formation of ozone (O3). In an atmosphere

a

The specified relative abundances in [%] refer to dry air. Since the water content of the atmosphere can vary

between 0-3 % the numbers given above also show some variability.
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containing only NO, NO,, sunlight and air, i.e. without the presence of organics, the reactions

controlling the concentration of O3 are:

(R 1) NO, + hv (A<420 nm) —> NO + OCP)
(R2) OCP) + 0, + M — O; + M
(R 3) 03 + NO E— NOZ + Oz.

Reactions (R 1) - (R 3) lead to a photo-stationary state between O3, NO, and NO, and were
first proposed by Leighton (1961). This relationship can be expressed by:

Vol _ e
[Noz ] k03+NO X [03 ]

(Eq. 1)

Where Jno, denotes the photolysis frequency of NO, and ko +no denotes the rate constant for
the reaction of O3 with NO. The reaction cycle formed by (R 1) - (R 3) does not lead to a net
formation of Os;. However, in the presence of organic compounds, a net production of O3 is
achieved due to the formation of NO; in the presence of HO, (hydroperoxyradicals) and/or

RO; (alkylperoxyradicals) through the following reaction:
(R4) HO,/RO, + NO —_— OH/RO + NO,.

By reaction (R 4) NO; is formed from NO without a loss of O3 by reaction (R 3). Thus, the
subsequent photolysis of NO; (R 1) leads to net production of O3 through (R 2) (Seinfeld and
Pandis, 2006; Finlayson-Pitts and Pitts, 2000; Holloway and Wayne, 2010).

NO; affects the oxidation capacity of the atmosphere through its direct participation in the
formation of O3 and nitrous acid (HONO), which through their photolysis are major sources
of the OH radical, the detergent of the atmosphere (see Fig. 1).

A complete picture of the different processes in which NO; is involved is shown in Fig. 2,
where it can be observed that by its reaction with the OH radical, NO, also limits radical
concentrations in the polluted atmosphere. NO, also contributes to acid precipitation and
formation of other atmospheric oxidants such as the nitrate radical, NO; (Crutzen, 1979;
Finlayson-Pitts and Pitts, 2000; Seinfeld and Pandis, 2006).
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Fig. 1: Ozone formation in the troposphere (HOx-NOx cycles) (Platt and Stutz, 2008).

NO; is also involved in the formation of peroxyacyl nitrates (PANs, RC(O)OONO,), also
known as peroxycarboxylic nitric anhydrides (Roberts, 2007), which are typical
photochemical secondary pollutants and are part of organic nitrates formed in the atmosphere.
The most abundant organic nitrate in the atmosphere is peroxyacetyl nitrate (PAN), which is

formed through reactions (R 5)-(R 7) (Finlayson and Pitts, 2000):

(R 5) CH;CHO + OH — CH;CO- + H,0,

(R 6) CH;CO* + O, + M — > CH;C(0)00- + M,

(R 7) CH;C(0)00+ + NO, + M CH;C(0)OONO; + M,

where CH3COe is an acetyl radical and CH3C(O)OOr« is a peroxyacetyl radical whose general
formula is RC(O)OOe. The concentration of PAN is controlled by thermal decomposition,
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which is strongly temperature dependent (Roberts and Bertman, 1992). Thus, PAN can
provide an effective sink of NOy at cold temperatures and high solar zenith angles. Its lifetime
is long enough at low temperatures so that it can be transported long distances (depending on
meteorological conditions) before decomposing to release NO,, which can participate in Os
formation in remote regions far away from the original source of NOx (EPA, 2008). In Fig. 2,

the many interactions of NO; in the troposphere are depicted.

RONO,

RO

HONO RONO

= N‘O‘

HO,/RO,| | hv

heterogeneous
process (H,0O)

H02N02 ~H NOZ R02N02

Aerosol
NO3'
Wet and dry
deposition
M, NO,
heterogeneous
] process (H,O)
N,O5 Ground Surface
Fig. 2: Schematic diagram of reactive nitrogen compounds in the troposphere. Adapted

from Brasseur et. al., 1999; Warneck, 2000; Moller, 2010.

The range of NO; concentrations varies from few pptv in remote areas to more than 100 ppbv
in polluted regions (Finlayson-Pitts and Pitts, 2000). Thus, for example, Elshorbany et al.
(2009), informed diurnal profiles of NO, with peaks of ~ 100 ppbv during the day in the
framework of a field campaign carried out in Santiago de Chile in 2005. On the other hand
concentrations as low as ~2 pptv were reported by Jones et al. (2011) during a CHABLIS
field campaign in coastal Antarctica in 2004-2005.
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2.1.2  Sources of Nitrogen Oxides

Nitrogen oxides are important trace species that are emitted into the atmosphere from both,
natural and anthropogenic sources, the latter being dominated by fossil fuel combustion and
industrial processes (see Tab. 1) (IPCC, 2007). In Europe road transport reaches 40 % of the
anthropogenic emissions of NOy (Vestreng et al., 2009 and references therein), which are
mainly emitted as NO and only a smaller portion as NO, (5-25 % average NO,/NOy, Carslaw
and Beevers, 2005a).

Tab.1:  Global sources (TgN yr'') of NOy (taken from IPCC 2007)

Source Emissions [TgN/yr]

Anthropogenic sources

Fossil fuel combustion & industrial processes 25.6
Agriculture 1.6
Biomass and biofuel burning 59
Atmospheric deposition 0.3
Natural sources

Soils under natural vegetation 7.3
Lightning 1.1-6.4
Total sources 42-47

2.1.3 Formation of NO, in Combustion Processes

NOxy can be formed in combustion of fossil fuels by three main processes: thermal-NO and
prompt-NO mechanisms, which produce NOy by the high temperature oxidation of elemental
nitrogen present in the combustion air, and finally the fue/-NO mechanism where NO is
formed from nitrogen chemically bound in certain fuels (Dean and Bozzelli, 2000; AQEG,
2004).
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2.1.3.1 Thermal NO Mechanism (Zeldovich NO):

This process involves the oxidation of atmospheric N, by O, at high temperature and
pressure, through the following mechanism proposed by Zeldovich et al. in 1946 (Flanagan
and Seinfeld, 1988):

(R 8) 0, + M —_— 20 + M
(R 9) N, + O _ NO + N
(R10) N + O, —_ NO + O
(R11) N + OH —_— NO + H

The name “thermal” is used, because reaction (R 9) has a very high activation energy due to
the strong triple bond in the N, molecule and is only fast when the temperature is sufficiently
high (>2000 K) to break the triple bond and also, as consequence of this high temperature, the
concentration of oxygen atoms in the flame is very high (Lissianski et al., 2000; Dean and
Bozzelli, 2000; Warnatz et al., 2006). Thus, reaction (R 9) is the rate limiting step in the
mechanism and due to the energy requirements and the presence of O atoms thermal NO is

formed mostly in the flame regions with highest temperatures and under fuel-lean conditions.

2.1.3.2 Prompt NO Mechanisms (Fenimore NO):

This process is closely related to the formation of the CH radical in fuel rich zone. This
mechanism was first described by Fenimore in 1971 (Eckert and Rakowski, 2012) who
measured nitric oxide in a flame front where the concentration of hydrocarbon radicals is

larger. The mechanism is initiated by the reaction of CH radicals with N»:

(R 12) CH + N, - HCN + N

the nitrogen atom (N) formed can produce an NO molecule through reactions (R 10) and (R
11), while hydrocyanic acid (HCN) can lead to a new NO molecule through a series of radical
reactions, where for example isocyanate radical (NCO), cyanonitrene diradical (NCN) and
imidogen (NH) are formed (see Fig. 3 for more details; Miller and Bowman, 1989; Dean and
Bozzelli, 2000; Warnatz et al., 2006; Eckert and Rakowski, 2012).

Under lean flame conditions the amount of NO formed by the prompt NO mechanism is small

compared with the amount formed by the thermal NO due to the lower abundance of CH
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radicals in the flame. However, it makes an important contribution under fuel-rich conditions
when higher concentrations of hydrocarbon radical species like CH are present (AQEG,
2004).

Fuel Nitrogen  HOCN e > HNCO NH;

‘ A

CH + N, mli— NCN—>HCN—>NC0 —> NH —> N —>Nz

+CH,
+OH, +0,

HZCN

N
+0
NH,

+H

+CH,,#HCCO

+M

Fig. 3: Reaction path diagram illustrating the major steps in prompt NO formation and
conversion of fuel nitrogen to NO. The bold lines represent the most important
reaction paths (adapted from Miller and Bowman, 1989; Sutton and Fleming,
2008).

2.1.3.3 Fuel-Bound Nitrogen NO Mechanism:

The conversion of fuel-bound nitrogen to NO is mainly observed in coal combustion, which
contains 0.5 - 2 % nitrogen by weight, chemically bound in large heterocyclic compounds,
with pyridine and pyrrole-type structures and aromatic amines (AQEG, 2004 and references
therein). Fuel NO can reach 50 % of the NO production in coal combustion (McAllister et al.,
2011). When the coal is heated, some of the nitrogen compounds are released into the gas
phase and small nitrogen compounds such as hydrocyanic acid (HCN), cyano radicals (CN)
and ammonia (NHj3) (Miller and Bowman, 1989; AQEG, 2004) are formed. The further

-9.



Introduction

conversion of these species takes place through the reaction with small gas-phase radicals (O,
OH, H) in accordance with mechanisms indicated in Fig. 3.
However, this mechanism does not play any role in engine combustion, because fuels for

internal combustion engines contain negligible amounts of nitrogen, for example diesel has

less than 0.05 % nitrogen (AQEG, 2004).

2.1.3.4 Formation of NO; in Combustion:

Generally is assumed that only 5 % of the NOy released from combustion exhaust is in the
form of NO,. However, despite this low ratio, it is important to understand the mechanism of
formation and removal of NO, in the engine. In the low temperatures regions of the flame
(between 600-1000 K), and under fuel-lean conditions, NO, is formed through the following

reaction;

(R13)  HO, + NO _— NO, + OH.

Since the rate of this reaction depends on the HO, concentration, NO, formation is sensitive
to reactions forming and removing HO,. At higher temperatures HO, dissociates quickly into
H atoms and O, and the higher prevailing concentrations of H, O, and OH lead to more rapid
NO; loss by:

(R14) NO, + O ——= NO+ O,
(R15) NO, + H =~——=  NO + OH

(R16) NO, + OH —_— NO + HO..

Hence, in combustion systems that are well-mixed, i.e. spark-ignition engines (gasoline
engines); most of the NOy remains as NO. However, in diesel engines, where the fuel is
injected to the cylinder just before combustion starts, there is a nonuniform burned gas
temperature and composition due to the nonuniform fuel distribution during combustion, and
there are cooler regions in the cylinder, which quench the conversion of NO, back to NO
(Heywood, 1988; AQEG, 2004). As a consequence diesel engines emit more NO; than
gasoline engines.

In addition, the use of oxidation catalysts in diesel engines also increases the content of NO,

in the exhaust gas (Wurzenberger and Tatschl, 2012).

-10 -
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214 Control of NO, Emissions from Combustion

As the main source of NOy emission, are coming from road transport (Vestreng et al., 2009)
the methods given in this section focus on those control techniques related with internal
combustion engines, which use either diesel or gasoline.

Control of NOy emissions can be performed using two strategies: the first one is controlling
the combustion conditions in the engine and the second one is with post combustion

treatment.

2.1.4.1 Combustion Modification:

The aim is to reduce NOy emissions, where they are formed. In the case of low-nitrogen fuels
(diesel, gasoline and natural gas), the thermal NO production is the main mechanism for NOy
formation and the control is done by reducing the temperature of the combustion and the
residence time. Thus, control over the combustion entails manipulating the mixing of fuel and

air in order to affect the temperature and fuel/air ratio in the engine (Lissianski et al., 2000).

2.1.4.2 Post Combustion Treatment

Post combustion treatments are based on the application of different control techniques to the
exhaust gases that are coming from the engine itself.

One of the techniques used in is the so-called “exhaust gas recirculation” (EGR) in which a
fraction of the exhaust gas is recycled through a control valve from the exhaust to the engine
intake system, where it is mixed with fresh fuel-air mixture. The effect of this recirculation is
to reduce the peak flame temperature and as a consequence the rate of NO formation is also
reduced (thermal NO) due to EGR gases act as a diluent (AQEG, 2004).

Three-way catalyst promotes the oxidation of carbon monoxide (CO) and hydrocarbons (HC)
to CO; and H;0, and simultaneously, nitrogen oxide (NO) are reduced to N, The surface
where the catalytic process takes place contains platinum (Pt), palladium (Pd) and rodhium
(Rh) with some alumina as a supported material (Heywood, 1988; AQEG, 2004). This kind of
catalytic converter is efficient under fuel/air ratios close to the stoichiometric conditions, i.e.
for vehicles with gasoline engines. In the case of diesel engines “diesel oxidation catalyst” is
used, which oxidizes carbon monoxide and unburned hydrocarbons, and oxidizes nitrogen
monoxide (NO) to nitrogen dioxide (NO,) (Wurzenberger and Tatschl, 2012).

Selective catalytic reduction (SCR) systems are used in diesel vehicles for NOy reduction. The

principle is based on the injection of urea ((NH2).CO) into the exhaust, upstream of the

-11 -
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catalyst bed layers, where N, is produced. The most common catalyst used is vanadium
pentoxide (V,0s) supported on titanium dioxide (TiO;) (Schnelle and Brown, 2002; AQEG,

2004). Reactions involved are:

(R 17) (NH,).CO + H,O —_— 2NH; + CO;
(R 18) 4NO + 4NH; + O =—== 4N, + 6 H,O

(R 19) 2NO; + 4NH; + O =— 3N, + 6 H,O.

2.1.5 Health Effects and Legislative Frameworks for NO,

The health effects of a specific pollutant are studied by epidemiologic, human clinical, and
animal toxicological investigations. It has been shown in such studies that NO, has health

impacts on both, short term and long-term exposures of the population.

2.1.5.1 Effects of Short Term Exposure

Epidemiologic evidence that NO, is associated with adverse effects on the respiratory system,
has been supported by animal toxicologic and human clinical studies, which has been carried
out within the range of maximum ambient concentrations observed in epidemiologic studies
(100-300 ppbv). The observed effects are related with an increase of the risk of susceptibility
to viral and bacterial infections, airway hyperresponsiveness, lung functions decrements,
inflammation, and aggravation of asthma effects after NO, exposures (EPA, 2008; and
references therein).

The evidences of cardiovascular and mortality effects of short terms exposure are weak and
can not be used for inferring a relationship with NO,. Thus, as an example, Peters et al.
(2000) found that association of ventricular arrhythmias with other pollutants are similar or

even stronger than with NO,.

2.1.5.2 Effects of Long Term Exposure

Long term exposure to NO; is associated to deficits in lung function growth, which reduce
maximum lung size and subsequently this fact may increase the risk in adulthood for chronic
respiratory disease (Gauderman et al., 2004; Oftedal et al., 2008).

Nyberg et al. (2000) and Nafstad et al. (2003) have shown, through epidemiologic studies,

that there is a positive association between long term NO; exposure and incidence of lung
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cancer. However, animal toxicological studies have not provided clear evidence that NO, act
directly as a carcinogen (EPA, 2008). But even though there is no direct evidence that NO; is
a carcinogen, NO; is precursor of nitrous acid (HONO) which either can form carcinogenic
nitrosamines (Pitts et al., 1978) or DNA-DNA cross-links (Harwood et al., 2000).

It is important to note that it is difficult to separate NO, health effects from other pollutants
such as particulate matter or any other pollutant not measured (Samoli et al., 2006; Delfino et
al., 2008; Mol et al., 2008). In addition, the instrumentation used in all these health studies
may be affected by the non-selective detection of NO, for the techniques applied, which may
lead to wrong conclusions (Spicer et al., 2001; Brunekreef, 2001; Van Strien et al., 2004;
Jarvis et al., 2005).

Based on these health effects, the European Union (EU), during the last two decades set
different legislative frameworks in order to assess and manage air quality and to control the
pollutants released in vehicle exhaust, e.g. EU Directives 96/62/EC, 98/69/EC, 99/96/EC and
99/30/EC (First Daughter Directive). European NOy emissions linked to road transport have
strongly decreased during the last 20 years by approximately 40 % (Williams and Carslaw,
2011) due to the introduction of the three-way catalyst at the beginning of the 1990s (AQEG,
2004). However, unexpectedly, in many European cities NO, is not showing the same
tendency, either NO; levels are constant or even show a small increase (EEA, 2007; Vestreng
et al., 2009; Carslaw et al., 2011a). EU Directive 99/30/EC set two limits on ambient
concentration of NO,, which must be achieved since 2010: an annual mean limit of 40 pg/m’
and an hourly limit of 200 pg/m’ that must not be exceeded more than 18 hours a year
(Carslaw et al., 2007). However, for European urban network stations it has been difficult to
meet the annual mean limit value for NO, (Carslaw et al., 2007; Carslaw et al., 2011a). The
reasons for this NO, behaviour can be explained in terms of secondary formation in the
atmosphere and by increasing primary NO, emissions particularly close to roads where
exceedances of the annual mean limit value of NO, are more probably (Carslaw, 2005;
Carslaw et al.,, 2011b). The former can be explained in terms of the increase of the
background level of Os (Wang et al., 2009), which reacts with NO emitted to the atmosphere
mainly from combustion processes related to road transport. The latter is due to increasing
number of diesel cars and the introduction of new exhaust technologies, which oxidize a
portion of NO to NO, in order to promote the oxidation of soot collected on the particle filter
(Grice et al., 2009). Due to this increase of primary NO, emissions many studies have been

focused on its impact on air quality in the urban environment (Carslaw and Beevers, 2004;
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2005a; 2005b; Carslaw, 2005; AQEG, 2007; Carslaw et al., 2007; Carslaw and Carslaw,
2007; Jenkin et al., 2008; Alvarez et al., 2008; Keuken et al., 2009; Kurtenbach et al., 2009;
2012).

2.2 Measurement Methods

Due to its importance in atmospheric chemistry and air quality, many direct or indirect
techniques have been developed for measuring NO, in the laboratory and/or in the field. In

this section some of the techniques used for NO, measurements will be described.

2.2.1  Spectroscopic Methods

2.2.1.1 Differential Optical Absorption Spectroscopy (DOAS)

The differential optical absorption spectrometer (DOAS) technique was pioneered, in the late
1970s, by Platt and Perner and until now has been used in many field campaigns for the
measurements of different molecules, among them NO, (e.g. Platt et al., 1979; Biermann et
al., 1988; Harder et al., 1997; Dunlea et al., 2007). The technique is based on the absorption

of electromagnetic radiation, by trace gases and can be expressed by the Lambert-Beer Law:
(Bq.2)  I1(A)=1,(A)xexp(~ Lxo(A)xc),

where Iy(4) corresponds to the initial intensity emitted by a source of radiation (natural or
artificial), /(1) is the intensity of the radiation after passing through the air with an optical path
length L, where the molecules to be measured are present at the concentration c; a(4) denotes
the absorption cross section of the molecule to be measured, which depends on the
wavelength A.

However, because of the wide range of both, gases and particles that are present in ambient
air, which lead to light scattering (Rayleigh and Mie) and absorption, it is difficult to measure
the original unattenuated atmospheric spectrum /. Thus, the so-called differential absorption
is used, where 7'y is calculated based on measuring the difference between the absorbance at
some wavelength, where the species of interest has a sufficiently narrow absorption peak, and

another wavelength on either side of the peak. (Eq. 2) can be rewritten as:

€a.3)  Inl,(2)/1(2))=1x Y0 (2)xe,
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where the absorption is summed over all species i and ¢'i(A) corresponds to the differential
absorption cross section (Finlayson-Pitts and Pitts, 2000; Platt, 1994; Plane and Smith, 1995;
Plane and Saiz-Lopez, 2006). The main advantages of this system are its ability to detect
absolute trace gas concentrations without calibration if the absorption cross sections and the
optical path length are known (Stutz and Platt, 1997) and its capability to allow simultaneous
detection of multiple absorbing species (Gherman et al., 2008). However, since the
absorbance is integrated over long and open paths, interpretation of DOAS data becomes
difficult when the air masses are inhomogeneous and rapidly changing (Osthoff et al., 2006).
Several detection limits have been reported, however they will depend on the path length and
the absorption cross section used. Detection limits as low as 55 pptv have been reported for 5

min integration time (Harder et al., 1997).

2.2.1.2 Cavity Ring-Down Spectroscopy (CRDS)

Cavity Ring Down Spectroscopy covers those absorption techniques that use high-finesse
cavities, i.e. stable optical resonators with high reflectivity mirrors to achieve long sample
absorption path lengths and high sensitivities (Brown, 2003; Langridge et al., 2008). Different
schemes have been used including Cavity Ring Down Spectroscopy (CRDS) (Mazurenka et
al., 2003; Hargrove et al., 2006; Osthoff et al., 2006; Fuchs et al., 2009; 2010), Cavity
Enhanced Absorption Spectroscopy (CEAS) (Langridge et al., 2008), Incoherent Broad Band
Cavity Enhanced Absorption Spectroscopy (IBBCEAS) (Gherman et al., 2008; Wu et al.,
2009; Fuchs et al., 2010), and Cavity Attenuated Phase shift Spectroscopy (CAPS) (Kebabian
et al., 2005; 2008).

In CRDS in particular, the absorption path length of a pulsed laser through an absorbing
sample is made very long by trapping the pulse between the mirrors of a high-finesse (low-
loss) optical cavity containing the sample. Instead of measuring the total intensity of the light
exiting the cavity, the decay time is determined by measuring the time dependence of the light
leaking out of the cavity. The decay time inversely depends on absorption of the sample
(Berden et al., 2000). The effective absorption path length can be several kilometres, so very
small concentrations of chemical species can be detected, being limited mainly by the cavity
mirror reflectivity and scattering losses. With this technique only a small gas volume is
required due to small diameters of CRDS cells of only a few millimetres to centimetres.
(Vasudev et al., 1999).
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Instruments based on cavity ring-down spectroscopy and related techniques have the
advantage of both long effective path lengths and a compact sample volume for in situ
sampling (Osthoff et al., 2006). However, they have not yet reached detection limits for NO,
like those obtained with Tunable Diode Laser Absorption Spectroscopy (TDLAS) and
chemiluminescence techniques. For example, Gherman et al. (2008) obtained a detection limit
of 300 pptv for 10 min integration with IBBCEAS, while Fuchs et al. (2010) reported a
detection limit of 80 pptv for 10 seconds with a CRDS instrument.

2.2.1.3 Laser Induced Fluorescence (LIF)

Laser induced fluorescence (LIF) is a direct spectroscopic technique where the molecules of
interest are selectively excited to one of their molecular transitions, using a narrow band laser.
The number of fluorescence photons detected is then proportional to the atmospheric trace gas
concentration (Thornton et al., 2000). LIF is based on fluorescence assay by gas expansion
(FAGE) and the excitation of the target molecule with the second harmonic of a Nd:YAG
laser at 532 nm (in the case of NO,). The low pressure in the gas expansion leads to reduction
of collisional quenching and to increasing fluorescence times of the molecule of interest
(George and O'Brien, 1991; Matsumi et al., 2001). The shortcomings of the FAGE technique
are the low signals for the lower trace gas concentrations obtained due to the pressure
reduction in the cell and the use of fixed frequency laser sources which may lead to
interferences of molecules that absorb at the same wavelength than NO, (Fong and Brune,
1997). These difficulties were overcome using a high resolution tunable dye laser, exciting
the NO, sample at two wavelengths alternatively around 564 nm, corresponding to the peak
and bottom positions of the absorption cross-section spectrum of NO,, avoiding the
interference of fluorescent species other than NO,, reaching a detection limit of ca. 1 ppbv in
10 s (Fong and Brune, 1997; Matsumoto et al., 2001). During the last ten years, several light
sources have been tested and several field campaigns have been carried out using LIF
instruments (Thornton et al., 2000; 2003; Matsumoto et al., 2001; 2006; Dari-Salisburgo et
al., 2009; Fuchs et al., 2010) reaching good sensitivities as good as 10 pptv/10 s (Day et al.,
2002). However, LIF requires complex systems and highly skilled operators (Schiff, 1992).

2.2.1.4 Resonance Enhanced MultiPhoton lonization-Mass Spectrometry (REMPI-MS)

Resonance enhanced multiphoton ionization is a technique that so far is in developing state

and combines laser spectroscopy with mass spectrometry. A laser-induced process is used to
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produce the ions, which are needed for mass spectrometry, where the resonant intermediate
states formed in the first step, enhance the ionization process. McKeachie et al. (2001) used a
two-color method for the selective detection of NO,, i.e. the wavelengths involved in the
different steps were not the same. Detection limit as low as 5 pptv has been reached by
Garnica et al. (2000) and 20 pptv by McKeachie et al. (2001), the difference between the
system is that the latter used tunable broad-bandwidth laser radiation for the detection of NO».
The main disadvantage of this technique is the cost of the complex system components

together with the difficulties to deploy the instrument in the field.

2.2.1.5 Fourier Transform Infrared Spectroscopy (FTIR)

Another possibility for the detection of NO, is Fourier Transform Infrared Spectroscopy
(FTIR), which is an optical technique based on infrared absorption by the gas molecules due
to vibrational-rotational transitions (Fried and Richter, 2006). Infrared light is absorbed only
when the electric dipole moment of a molecule changes. The pattern of these absorptions for a
molecule, i.e. the IR spectrum, is generally unique for a particular compound. Since the
spectral absorbance is directly proportional to the amount of sample present (Lambert Beer’s
Law), IR spectra can also be used to make quantitative determinations of the amount of
individual components in a sample mixture (McKelvy, 2000).

A major advantage of the FTIR technique is its ability for multicomponent analysis of
gaseous samples. On the other hand, FTIR cannot always provide the high resolution required
to avoid interference between species, particularly at wavelengths where the ubiquitous water
vapour and carbon dioxide have their maximum absorptions. In addition, the sensitivity of the
FTIR technique is frequently insufficient to measure most species in relatively clean air
(Schiff et al., 1994). Even using very long optical path lengths, detection limits for NO, only
in the low ppbv range have been reached (Mentel et al., 1996).

The FTIR technique has been used for NO, detection in smog chambers studies (Mentel et al.,
1996; Ramazan et al., 2004); as well as in atmospheric monitoring with an open-path

configuration (Burling et al., 2010).

2.2.1.6 Tunable Diode Laser Absorption Spectroscopy (TDLAS)

Another technique used for NO, detection, based on infrared absorption, is tunable diode laser
spectrometry which has much higher optical resolution and sensitivity than FTIR (Schiff,
1992). The difference to FTIR is the use of a tunable diode laser of very narrow line-width,
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which allows NO, detection at specific rotational-vibrational transition. The composition of
the laser determines the frequency of the emitted radiation. In the middle infrared region, lead
salts alloyed with group IV-VI elements, e.g. tin (Sn), tellurium (Te), sulphur (S) and
selenium (Se) are generally used (Schiff et al., 1994). Tuning of the emitted wavelength can
be done by either changing the temperature or the forward current of the diode (Schiff, 1992;
Finlayson-Pitts and Pitts, 2000). Open long path (Nelson et al., 1998; Jimenez et al., 2000)
and long path multipass absorption cells (Gregory et al., 1990; Schiff et al., 1990; Fehsenfeld
et al., 1990; Li et al., 2004; Horii et al., 2004; Herndon et al., 2004; Dunlea et al., 2007) have
been used as configuration in order to permit a sensitive detection. The former can only be
applied to small molecules such as CO, NO,, N,O, NH3, CH,0O, and other small-molecule
hydrocarbons (Nelson et al., 1998), since at atmospheric pressure the rotational and
vibrational lines get broader and the identification of specific lines is more difficult. In the
case of TDLAS systems with absorption cells it is important to remark that they operate at
reduced pressures in order to minimize rotational line broadening, decreasing the sensitivity
and, at the same time, decrease the probability of interferences between atmospheric gases
(Schiff et al., 1983; Schiff, 1992). Detection limits as low as 30 pptv/min have been reached
for NO; (Li et al., 2004).

2.2.2 Chemiluminescence Methods

2.2.2.1 Luminol Chemiluminescence

A commonly used technique for the detection of NO, in the atmosphere is the luminol-
chemiluminescence method, which employs the reaction between NO, and an alkaline
solution of luminol resulting in light emission (Wendel et al., 1983). In this technique, the air
sampled is drawn through the instrument by a vacuum pump and flows across a fabric wick
that is saturated with a specially formulated luminol (5-amino-2,3-dihydro-1,4-phthalazine-
dione) solution. When NO; encounters the wick, the luminol is oxidized leading to an excited
aromatic species that produces chemiluminescence (in the region of 465 nm) (R 20). A
photomultiplier tube (PMT) measures the light intensity and converts it into a signal which is
proportional to the concentration of NO,.

— —_ *
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NH, OH OH
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This technique is direct, but it is non-specific for NO, because ozone and peroxyacylnitrates
(PANSs) are also detected (Fehsenfeld et al., 1990). Another disadvantage of this technique is
the non-linear response below a few ppbv (Kelly et al., 1990) and at high NO; levels. In
addition, ppmv levels of NO and hydrocarbons lead to quenching of the excited aromatic

species and to reduced sensitivity against NO, (Kleffmann et al., 2004; Bejan et al., 2006b).

2.2.2.2 NO based Chemiluminescence Techniques

The most widely used chemiluminescence technique is based on the gas phase reaction
between NO and O; forming an electronically excited molecule of NO," that emits light,

which is proportional to the NO concentration.

(R21)  NO + Os — NO," + 0O,
(R22) NO, — NO, + hv
(R23) NO, +M — NO, + M

To detect also NO,, either heated (300-350 °C) molybdenum (Mo) surfaces (Fontjin et al.,
1970; Ridley and Howlett, 1974) or photolytic NO; converters (Kley and McFarland, 1980)
are applied.

a) Thermal Converters

The reduction of NO; to NO by heated Mo converters (R 24) followed by ozone reaction is
the reference method recommended by the US EPA (Demerjian, 2000) and by the European
legislation (European Standard, EN 14211, 2005):

(R24) Mo +3 NO, —> MoO; + 3 NO,

but is affected by significant interferences against other reactive nitrogen species (NOy) like
N,Os, HONO, HNOs, PAN, etc., which are also reduced to NO (Winer et al., 1974; Dunlea et
al., 2007).

As an example of these interferences, Fig. 4a shows the campaign averaged diurnal profiles of
NO; obtained by DOAS and a chemiluminescence instrument with molybdenum converter
(TELEDYNE MO) from a two week field campaign in 2005 in Santiago de Chile (Elshorbany
et al., 2009). There is a clear difference between the results from both instruments with lower
concentrations of the DOAS compared to the chemiluminescence instrument. While during

the night, both data sets differ by only ~5-10 ppbv, the chemiluminescence instrument shows

-19 -



Introduction

positive interferences of up to ~25 ppbv during daytime. On a relative basis, NO, is
overestimated by up to a factor of four during daytime (see Fig. 4a). Interestingly, the
difference between both instruments correlates quite well with the concentration of ozone (see
Fig. 4a and b). Ozone may be used here as an indicator for the photo-chemical activity of the
atmosphere. Since most NOy species, such as nitric acid (HNO3), peroxyacetyl nitrate (PAN),
and organic nitrates (RONQO,), are photo-chemically formed during daytime and since all NO,,
species, which enter the molybdenum converter, are quantitatively measured by this technique
(Winer et al., 1974; Steinbacher et al., 2006; Dunlea et al., 2007), the observed differences are
due to NO, interferences of the chemiluminescence instrument. PAN and HONO were the
only measured NOy species during the campaign. Subtraction of their concentrations from the
observed interference (see ‘“corr. NOs-interference”, Fig. 4b) showed that the night-time
differences of both instruments could be mainly attributed to interference of the
chemiluminescence instrument by HONO. However, during daytime there were still
significant, not quantified NOy-interferences, which correlated well with the concentration of

ozone (see Fig. 4b).
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Fig. 4: a) Campaign averaged NO; and O3 diurnal profiles in Santiago de Chile, 2005

(Elshorbany et al., 2009). The error bars show the 16 error of the average of all 10
min NO; data. The spectroscopic DOAS technique was used as a reference in this
campaign. b) Correlation of the NO,-interference of the chemiluminescence
instrument, i.e. difference NO, (TELEDYNE Mo) - NO, (DOAS), with the ozone
concentration. In addition, the NO,-interference, which was corrected for the
HONO and PAN interferences of the chemiluminescence instrument, is also

shown (“corr. NO,-interference™).
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b) Photolytic Converters

The conversion of NO; into NO by photolytic converters, for which either Xenon lamps or
UV emitting diodes (“blue light converters”) are used (R 25), are much more selective,
although positive interferences by photolysis of HONO for the Xenon lamp converter
instruments (Rohrer et al., 2005) and negative interferences in the presence of hydrocarbons
have been reported (Kurtenbach et al., 2001; Kleffmann et al., 2001; Bejan et al., 2006b;
Villena et al., 2012).

(R25) NO, + hv — NO + OCP)

As an example of these negative interferences, Fig. 5 shows the diurnal variation of NO and
NO; concentrations in the Kiesberg tunnel during a campaign in 1999 (Kurtenbach et al.,
2001), in which a chemiluminescence instrument with photolytic NO, converter (ECO) was

compared with a DOAS instrument.
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Fig. 5: NO; diurnal profiles measured with DOAS and a chemiluminescence instrument

with photolytic NO, converter (ECO) in a tunnel study (Kurtenbach et al., 2001).

Both NO, data sets exhibit excellent agreement for measurements at low pollution levels
during night-time (see Fig. 5 0:00-4:00 LT). However, with the onset of elevated volumes of
traffic through the tunnel, the NO, measurements of the ECO instrument exhibited strong
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negative interferences. Remarkable are the artificial negative concentrations measured by the
ECO-Physics instrument during the early night at high pollution levels as indicated by the
high NO concentrations also shown in Fig. 5.

In addition to the negative interferences, photolytic converter instruments exhibit non linear
response for high NO, and O; levels caused by the reaction NO with O3 in the converter.
Finally, all NO/Os chemiluminescence instruments show a negative H,O interference by

quenching of the excited NO," during the NO detection.

2.2.3 NO; Detection using Griess-Saltzman-type Reagents

During the 1960s and 1970s, one of the most used analytical methods for the determination of
NO;, was the colorimetric detection using the Griess-Saltzman reagent, where a dye
compound is formed and the color intensity, which is directly proportional to the NO,
concentration, is measured in a photometer.

Peter Griess discovered diazo compounds in 1858 and this was the starting point of the
chemistry of azodyes (Ivanov, 2004). Based on his experience with azo compounds, Griess
proposed in 1879 the use of sulphanilic acid, a-naphthylamine, in a sulphuric acid solution
(H2SO4) for identification of nitrites (NO;) in water, through the formation of an azodye
compound (Griess, 1879). In 1889, Lajos llosvay did the first modification to the method,
changing sulphuric acid by acetic acid (CH;COOH) for the preparation of the reactants, being
the reaction much faster and sensitive (Treadwell and Hall, 1955). Since then this reagent is
also commonly known as Griess-Ilosvay reagent. Thus, the diazotization of sulphanilic acid
by the available nitrite in the absorbing solution, using a-naphthylamine as a coupling agent,
continued throughout the years being used just for nitrite determination.

The first time that Griess-llosvay reagent was used for a quantitative determination of
nitrogen oxide was in a work published by Bennett in 1929, in the framework of impurities
determination of nitrous oxide used for anaesthesia. In that opportunity NO, was first
absorbed in a sodium hydroxide (NaOH) solution and the nitrite formed was mixed with the
Griess-Ilosvay reagent. The first published method for the use of the combined Griess-Ilosvay
reagent as both absorbent and reactant for the determination of NO, in air was the British
method in 1939 (Jacobs, 1960). During the same year, Bratton and Marshall (1939)
introduced the use of N-(1-naphthyl)-ethylenediamine dihydrochloride (NEDA) for the
determination of sulphanilamide in blood samples, due to NEDA produced a greater

reproducibility and rapidity of coupling, also the sensitivity was increased and the azodye
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formed remained stable for a longer time. In 1941, Shinn was the first to make use of
sulphanilamide and the coupling agent NEDA, as a means of determining nitrites.

In 1943, Patty and Petty did the first field campaign, specifically in an industrial area, and
used for the first time the Griess-Ilosvay reagent for the determination of NO; as NO;,". A 50
ml glass syringe was used as a container for the reagents, sampling unit, reaction vessel and
color comparator tube. However, the useful sampling range was from 1 to 500 ppmv (Patty
and Petty, 1943).

In 1954 Saltzman published a work where he investigated several reagents and reported that a
mixture of sulphanilic acid (5 g/l), NEDA (0.02g/l) and CH3;COOH (140 g/1) was the most
sensitive and gave the best results with respect to the absorption of NO,. Color development
was reached within 15 min, and it was stated that the reagent was specific for NO, and did not
absorb NO. The absorbance was measured at 550 nm and a nitrite equivalent of nitrogen
dioxide (Saltzman factor), i. e. the moles on NO, required to give a color intensity equivalent
to that produced by one mole of sodium nitrite (NaNOy), of 0.72 was observed, which was in
disagreement with the value of 0.57 found by Patty and Petty (1943). The method had a
sensitivity of a few ppbv with an air flow of 0.4 liter min™' and 10 ml of the reagent mixture.
Thomas (1956) developed an apparatus for continuous determination of NO, and NO using
the mixture of Griess-Ilosvay reagent recommended by Saltzman, which was later known as
Griess-Saltzman reagent, forgetting completely the work by Ilosvay. The instrument had two
special absorbers, one absorber measured the nitrogen dioxide alone and the other measured
nitrogen dioxide and nitric oxide after the latter was oxidised to NO, by potassium
permanganate, ozone or chloride dioxide. The response time of the instrument was ~20 min.
Since then, many modifications were done to the Griess-Saltzman reagent. Jacobs and
Hochheiser (1958) used the reagent along with an absorption solution of NaOH in order to
reduce NO, to NO,” which was later reacted with sulphanilamide and NEDA in acid media to
form the azodye. Inspite of its low collection efficiency (~35 %) (Purdue et al., 1972), NO
interference (Hauser and Shy, 1972) and its long sampling period (24-hr), the Griess-
Saltzman method was used as a reference method for NO, determination by the
Environmental Protection Agency (EPA) until the end of the 1970s when it was replaced by
chemiluminescence methods.

Saltzman itself modified the reagent two times. The first modification was the reduction of
CH3;COOH to 50 ml and the increase of NEDA to 0.05 g/l. The objective was to reduce

economic cost and the color development time (Saltzman, 1960). The second modification
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was to increase the concentration of NEDA to 0.1 g/l because he observed that the color was
developed faster in comparison with the first modification. Also a wetting agent (Kodak photo
flow) was incorporated in order to facilitate the free movement of air bubbles (Saltzman and
Mendenhall, 1964).

Lyshkow (1965) used a modified Griess—Saltzman reagent that consisted of NEDA 0.05 g/1,
2-naphtol 3,6 disulphonic acid disodium salt 0.05 g/l (promoter), sulphanilamide 1.5 g/l,
tartaric acid 15 g/l and Kodak photoflow 0.25 ml/l (used as wetting agent). The time
resolution and the detection limit of the instrument were 15 min (Margeson and Fuerst, 1975)
and 10 ppbv, respectively (Baumgardner et al., 1975; Margeson et al., 1976). This version of
the Griess-type reagent was among those tentative techniques studied by EPA in order to
replace the reference method (Jacobs-Hochheiser method) used during the 1970s (Margeson
and Fuerst, 1975). However, due to the divergent values of the Saltzman factor (0.57-1)
(Huygen and Lanting, 1975), its relative long response time (15 min) and its negative ozone
interferences, this technique was not chosen as a reference method.

However, the Griess-Saltzman method is still used in developing countries (Goyal, 2003;
Raheem et al., 2009).

2.3 Multiphase Reactions

In the LOPAP instrument developed in the present study, NO, from the gas phase is taken up
by a liquid solution and converted into a dye by a chemical reaction in the liquid phase. Such
reactions are termed “multiphase reactions”. This type of reaction is also of importance in the
atmosphere, e.g. for the transformation of halogen reservoir species into ozone destroying
species on polar stratospheric clouds during winter in the stratosphere (Seinfeld and Pandis,
2006). The detailed understanding of the different steps and rate limiting parameters of these
heterogeneous multiphase reactions is of paramount importance, both to describe atmospheric
processes but also to optimize the LOPAP instrument in the present study.

Heterogeneous reaction systems are characterized by the fact that their reactants are in
different states of aggregation, e.g. in gas and liquid phases. The reactants react only when
they reach and overcome the interface. In practice, heterogeneous chemistry involves a
number of processes that determine the overall rate of transport and chemical conversion
between the gas and condensed phases. The processes involved are shown in Fig. 6 and

include gas diffusion of the reactant to the surface, mass accommodation and evaporation at
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the interface, diffusion of the solvated specie into the bulk phase and chemical reaction in the
condensed phase or at the interface itself (Kolb et al., 1995; Molina et al., 1996; Finlayson-
Pitts and Pitts, 2000).

GAS PHASE

INTERFACE

Diffusion  Accomodation | Diffusion
> > ———»

« Solubility

Evaporation
Reaction
LIQUID PHASE
Fig. 6: Schematic diagram of transport and conversion processes that determine the net

uptake of gaseous species by the condensed phase (adapted from Molina et al.,
1996).

An understanding about heterogeneous multiphase reactions can be met only if the kinetics of
the reaction and the limiting steps are known.

An approach based on a resistance model, which is a simplified representation (see Fig. 7),
provides a broad framework to determine the different transport and kinetic processes
involved (Kolb et al, 1995; Molina et al., 1996). In the model it is assumed that the overall
uptake process can be divided in sub-steps and every sub-step can be considered analogous to
an electrical resistance, which may be combined in series or parallel to obtain the rate of the
overall heterogeneous process (Kolb et al., 1995; Molina et al., 1996; Fogg, 2003). In Fig. 7
and (Eq. 4) the resistances 1/y, and 1/a represent the effect of gas-phase diffusion and surface
accommodation, respectively, and 1/yn and 1/ys are associated with liquid solubility and
reaction in the liquid phase, respectively. Thus, the overall resistance model can be expressed

as:

(Eq.4y =1,

Vs Vs

it
(24 (yrxn + ysol )
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Fig. 7: Electric circuit resistance model representing transport and conversion processes

in heterogeneous processes (adapted from Kolb et al., 1995; Molina et al., 1996;
Finlayson-Pitts and Pitts, 2000).

The mass accommodation, a, defines the probability at which molecules cross the interface, in

one direction, from the gas to the condensed phase and is defined as (Fogg, 2003):

_ number of gas molecules absorbed by the condensed phase

Eq. 5 .
(Ea-2) number of gas molecule collisions with condensed surface

o can vary between 0 and 1 (Kolb et al., 1995; Fogg, 2003). In contrast, the measured uptake

coefficient combines all limiting steps shown in Fig. 7 and is defined as:

number of reactive collisions
(Eq 6) ymeas = f

, (Kolb et al., 1995).
number of gas molecule collisions
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24 Aim of the Study

Caused by the non-selective detection of NO, in most commercial instruments, the
development of a simple instrument for reliable NO, measurements is of high importance.
Accordingly, in the present study a new NO,-LOPAP instrument (Long Path Absorption
Photometer), which is based on the Griess-Saltzman reaction (Saltzman, 1954) is described.
The instrument is designed to be easy to use, sensitive and compact for continuously
measuring of NO, under all experimental conditions both, in the atmosphere but also in
laboratory and in smog chamber studies.

For the development of the instrument the uptake of NO, by the Saltzman reaction should be
optimized by varying different system parameters and based on the studied dependencies the
multiphase system should be described. In addition, the homogeneous liquid phase reaction of
NO, with NEDA used in the Saltzman reagent should be determined for the first time. The
instrument should be validated both in the atmosphere and in a smog chamber under complex
conditions, for which also problems of commercial chemiluminescence should be investigated
and described in detail.

After optimizing and validating the instrument, NO, should be measured in different
environments, i.e. in the urban atmosphere and in a smog chamber, to investigate different
atmospheric relevant topics related to NO, by an instrument, which is free of interferences.
The study of direct NO; vehicle emissions and its impact on the EU NO, limit values and
NO; formation during the photolysis of nitroaromatic species were chosen as examples to

demonstrate the applicability of the new instrument.
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3 Experimental Section

3.1 The NO,-LOPAP Instrument

The NO,-LOPAP prototype instrument consists of two separate units. (1) The external
sampling unit, which is directly situated at the sampling site (i.e. in the atmosphere) and thus
avoiding the use of any sampling lines. (2) The detection unit (19’ instrument) where the
azodye, which is formed in the sampling unit, is detected using long path absorption. The
system is furthermore designed as a two-channel system for correction of possible

interferences (Fig. 8).
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Fig. 8: Schematic setup of the NO,-LOPAP instrument.
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3.1.1  Sampling Unit

In the external sampling unit three stripping coils are used in series. In the first coil
(“HONO/Os-scrubber”: 24 turns; 35 mm average turn diameter; 1.6 mm inner tube diameter),
interfering HONO and Oj; are removed from the air stream without significant uptake of NO,.
This separation from NO, is made with a stripping solution that contains 10 g/l
sulphanilamide, 0.6 g/l potassium indigo-trisulphonate in 158 g/I acetic acid, in which HONO
and ozone are quantitatively removed. Ozone efficiently reacts with Indigo (Bader and
Hoigné, 1981):

o HN  SOs HN - SOs
-0;8 +0;
wo OO, e T
SO;- (SO3-)
0

NH O

while HONO is transformed into a diazonium salt:

(R 27) HONO + H' —-— NO" + H,0

R 28 NH,-SO NH, + NO© —> NH,-SO, N," + H,0.
29U, 2 2

Besides HONO and Os;, 4 % of the NO; is also collected in this scrubber solution, which is
corrected in the data evaluation. Through this HONO/Os-scrubber the known HONO (Milani
and Dasgupta, 2001) and ozone interferences (Adema, 1979) by the Griess-Saltzman reaction
are suppressed.

NO; and other potential interferences are collected in the second stripping-coil (Channel 1),
while potential interferences are measured in the third coil (Channel 2). Both coils have
similar dimension than the HONO/Os-scrubber. The gas phase is sucked with a membrane
pump through the stripping-coils, a security flask with electrical control, a Teflon membrane
filter and a mass flow controller. The gas flow through the stripping-coils is 0.5 /min. As
sampling solution a modified Griess-Saltzman reagent (N-(1-naphthyl)ethylenediamine
dihydrochloride (NEDA) 1 g/l, sulphanilamide 7 g/1, 84 g/l acetic acid, 3 g/l NH; 25 %, pH =
3) is used. By the reaction of NO, with the sampling solution an intensive coloured azodye is
formed (Saltzman, 1954), the mechanism of which is not completely understood. It was

postulated that NO; first reacts with water (Saltzman, 1954):

(R29)  2NO,+H,0 — HONO + HNOj; (or NO5).
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The formed HONO further reacts according to reactions (R 27) and (R 28) forming the

diazonium salt, which reacts with NEDA forming an intensively coloured azodye:

N,
O NH,"CT NHz-SOZO—N=N O NH, CI
(R 30) + /. > \
NH;CI NH; CI

Based on reaction (R 29) a maximum dye yield of 50 % is expected, which is however
observed only for very high concentrations of NO; in the higher ppmv-range; whereas at
atmospheric concentrations yields near 100 % have been measured (Huygens and Lanting,
1975). The yield of the overall reaction (amount of dye / NO; absorbed) is expressed in the
literature as so-called “Saltzman factor” (Huygens and Lanting, 1975). The high Saltzman
factor and the observed dependency of the sampling efficiency on the NEDA concentration
and the pH (see sections 4.1.1.1 and 4.1.1.2) shows that at low NO, concentrations reaction
(R 29) is of minor importance. Instead, it is proposed here that NO, oxidizes partly

deprotonated NEDA leading to quantitative formation of HONO:
(R31) NO; + NEDA —_— HONO + products.

Analogue redox reactions in the liquid phase are also known for other organic compounds,
such as phenols and alkenes (Alfassi et al., 1986; Pryor and Lightsey, 1981). Instead of
reaction (R 31), Saltzman originally postulated a reaction of NO, with sulphanilamide
(Saltzman, 1954). However this can be ruled out based on the results obtained with the
HONO-LOPAP instrument (Heland et al., 2001; Kleffmann et al., 2002). With this instrument
no significant reaction between the sampling solution containing 10 g/l sulphanilamide and
NO; could be observed.

The thermostated stripping coils (15 °C), which are connected to the detection unit through an
isolated reagent line are located in the external sampling unit directly at the sampling site.
Thus, line effects, for example heterogeneous reactions of NO, or the gas phase reaction

between NO and O3, can be neglected.

3.1.2  Detection Unit (19”’ Instrument)

After the transfer of the sampling reagent from the external sampling unit to the instrument,
the sampling solution is mixed with 1 N HCI (ratio 1:1) in order to convert all HONO,
originating from reaction (R 31), into NO, reaction (R 27). Furthermore, the addition of HCI,
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increases the refraction index of the solution and in consequence increases the light intensity
in the absorption tubes. Finally, NEDA precipitates slowly with time on the surface of the
absorption tubes, which leads to a reduction of the measured light intensity. This is also
reduced by the addition of HCL.

A downstream reaction volume (1.6/0.8 o0.d./i.d. mm Teflon tube) with residence time >1 min
guarantees a quantitative formation of the dye. Before entering the detection unit, potential air
bubbles are separated from the sampling solution (“debubbler 2”, see Fig. 8), since bubbles
would deteriorate the stability of the light signal. The detection unit is basically composed of
a special flexible Teflon tube (DuPont, Teflon AF 2400; 0.6 mm i.D.; 0.8 mm o.d.; variable
length, here: 1.4 m and 2.4 m used). Visible light (LUXEON, warm white LED, Typ: LXHL-
MWGC) is focused into the tubing via fibre optics. With the refractive index of the tubing
material being lower (nar2400: ~1.29) than that of the solution of the dye, the light - depending
on the angle of incidence - undergoes multiple total reflection on the inner walls of the tubing
and stays inside the liquid for absorption (Yao et al., 1998). The intensity of the diodes can be
regulated without change of the spectral distribution (pulsed power supply unit: QUMA
Elektronik & Analytik GmbH). On the opposite end of this so-called liquid core waveguide,
LCW, the light is collected again by a glass fibre and detected with a two channel grating
mini-spectrometer using a diode array detector (Ocean Optics, SD 2000). The absorption
spectra of both channels averaged over a variable time interval are stored on a mini computer
for later analysis. In addition, the absorption of the azodye can be continuously monitored for
variable absorption wavelengths (see section 3.1.3).

A two channel system is used for the quantification of possible interferences. With this
arrangement, two stripping coils are connected in series (see Fig. 8). In Channel 1, NO; is
almost quantitatively taken up (97 % sampling efficiency) as well as potentially interfering
compounds, whereas in Channel 2 - under the assumption of a low uptake of the interferences
- only the interferences are collected. NO, concentrations can be calculated from the

difference between both channels considering the sampling efficiency of NO, in Channel 1.

3.1.3 Data Evaluation

To be independent from intensity fluctuations, which are caused by e.g. temperature changes
and/or bubbles of air entering the tubing, no so-called background (Ip) spectra without

absorption of the dye are used for data evaluation. Instead, the logarithm of the ratio of two
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intensities taken at different wavelengths in the same measured spectrum is a more stable and
robust measure of the azodye concentration. These two intensities are taken (a) at the
absorption maximum near 544 nm or a neighbouring wavelength, /s, and (b) at a wavelength
where no azodye absorption occurs, 1. €.g. at A.r of 650 nm. Knowing that L. is directly
proportional to the background intensity I at the absorption wavelength, A, the logarithm of

(Zr¢f/1p) becomes a linear measure of the concentration ¢ according to Lambert-Beers law:

(Eq. 7) ABS =1log Ly =k, xIxc+log Ly :
[abs A IO

Where / denotes the absorption path length and £; is the absorption coefficient of the azodye,
which is ca. 5 x 10* I mol™ cm™ at 544 nm (Grasshoff et al., 1983). The intercept of equation
(Eq. 7) depends mainly on the chosen absorption and reference wavelengths and may show
variations, which are due to different purities of the reagents. Accordingly, zero air
measurements have to be performed regularly during the operation of the instrument and a
calibration of the two channels with a liquid nitrite standard is mandatory when the reagents

have been renewed.

3.2 Other Instruments
3.2.1 FTIR-Spectrometer Nicolet Nexus

The FTIR used for the photosmog experiments (see section 4.5.2), is a Nicolet Nexus that is
equipped with a liquid nitrogen cooled (77 K) mercury-cadmium-tellerium (MCT) detector.
The instrument is coupled to the photoreactor via a mirror system using KBr windows located
in one of the end flages. A white-type mirror system, with a base path length of (5.91 + 0.01)
m, mounted inside the reactor, is used for multiple-reflection of the infrared beam within the
reactor volume before it reaches the detector. The total optical path length of the system is

(487 = 1) m, which is reached through 82 traverses of the beam (Bejan, 2006a).

3.2.2 10/ White Type Multiple Reflection Cell

During the experiments in section 5.2, the concentrations of 2-nitro-toluene were determined
with a FTIR spectrometer Nicolet Nexus (see above) which was coupled to a 10 / White type
multiple reflection cell operated at a total optical path length of 32.8 m. The optical cell was
connected to the exit of the photoreactor (see Fig. 9). IR spectra were recorded at a spectral

resolution of 1 cm™ using the FTIR mentioned before.
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Fig. 9 Experimental set up of the flow tube experiments with 2-Nitro-Toluene (see

section 5.2).

3.2.3 ECO-Physics CLD 770 Al ppt/PLC 760

The NOy instrument “CLD 770 Al ppt“ distributed by ECO Physics GmbH (hereafter: £CO),
detects NO by means of the chemiluminescence technique (see (R 21) - (R 23), section
2.2.2.2). For measurement of NO the sample gas is drawn directly into the Os reaction
chamber, whereas for the measurement of NOy the sample gas is routed first to a photolytic
converter (PLC 760) operated with a Xenon lamp (300 W, 320-420 nm) for selective NO,
conversion by reaction (R 25) and is then drawn into the Os reaction chamber. The NO and
NOy measurements are made sequentially. For the shortest full measurement cycle time of
30 s, the ECO has a DL for NO; of ~0.1 ppbv.

3.24  Ansyco AC31M with “Blue-Light” and Mo Converter

The Ansyco AC31M (hereafter: Ansyco blue light) is a combined NO/NOy instrument, which
has two channels, i.e. two parallel reaction chambers, one for NO and one for NOy
measurements, where the sample gas is mixed with O; (internally generated) to produce
chemiluminescence. The only difference between Ansyco blue light and the standard model

Ansyco AC31M is the converter; the molybdenum converter was replaced by a home made
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“blue light converter”. In this converter NO, is photolysed by reaction (R 25) using 6 UV
LEDs at 395 + 10 nm with a converter efficiency of 52 %. The instrument has a higher time
response of 10 s compared to the ECO instrument, but is much less sensitive with a DL for
NO; of only 1-2 ppbv. In the case of Ansyco with Mo converter, a DL of 0.6 ppbv was

determined during the campaign.

3.25 LMA3D

In the Unisearch LMA3D instrument (hereafter: Luminol) the sample air is sucked by a pump
across a wick that is continuously flushed with a specially formulated luminol (5-amino-2,3-
dihydro-1,4-phthalazinedione) solution. When NO, encounters the wick, the oxidation of
luminol by NO, in the presence of O, produces chemiluminescence in the region of 425 nm.
A photo-multiplier tube (PMT) measures the light produced and converts it into an electrical
signal, which is almost linearly correlated with the NO, concentration. The instrument shows

a high time response of a few seconds and is very sensitive with a DL of 0.2 ppbv.

3.2.6 Ansyco O3 41M

The measurement principle of Ansyco O3 41M is based on the absorption of the ozone
molecule (O3) in the UV range. The UV spectrum of the O3 molecule has its maximum at 254
nm, wavelength that is generated in the instrument with low pressure mercury (Hg) lamp,
which has a strong emission line at 253.7 nm that also coincides with the maximum spectral
sensitivity of the detector, a vacuum UV cesium-tellurid (Cs-Te) diode. An ozone-free air
flow is created by an ozone-specific scrubber in order to obtain a reference air, which is
compared with the ambient air. The concentration of O3 is determined by the straightforward
Lambert-Beer absorption equation, which depends on the well known absorption cross section

of the molecule of Os.

3.2.7 HONO-LOPAP

The HONO-LOPAP instrument (QUMA Elektronik & Analytik) is a very sensitive technique
for the detection of HONO and is described in detail elsewhere (Kleffmann et al., 2002).
HONO determination is based in the same principle used for NO; detection developed in this
Thesis. Briefly, HONO is sampled in a stripping coil by a fast chemical reaction and
converted into an azodye, which is photometrically detected by long path absorption. The
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instrument can reach a detection limit of 0.2 pptv for a response time of 7 min (Kleffmann et
al., 2008).

33 1080 / Quartz-Glass Photoreactor

The smog chamber experiments described in section 4.5.2 were carried out in a quartz glass
reactor. In Fig. 10 a scheme of the photoreactor used is shown. The reactor consists of two
quartz tubes with an inner diameter of 47 cm and a wall thickness of 5 mm. Silicone rubber
rings are used for all the glass connections as well as for metal-metal connections. The tubes
are joined together by an enamelled flange ring and the ends are capped with two enamelled
aluminium flanges. The reactor has a total length of 6.2 m (see Fig. 10). Around the chamber
there are two different types of lamps installed (32 each) in order to ensure uniform intensity
distribution within the chamber. For the range 320-480 nm are used fluorescent lamps (Philips
TLO05-40W, VIS lamps) with a maximum intensity at 360 nm. For the UV range, low-pressure
mercury lamps (Philips TUV-40W) are used, which have an emission maximum at 254 nm
(see Barnes et al., 1994; Bejan, 2006a).

Fig. 10:  Schematic diagram of the 1080 1 quartz glass photoreactor with FTIR facility.
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The reactor can be evacuated by a turbo molecular pump (Leybold-Heraeus PT 450 C) backed
by a Leybold D65B double stage rotary vacuum pump reaching an end vacuum of 10™ mbar.
Around the reactor there are aluminium sheets that protect the reactor and at the same time
they act as reflectors. Between the lamps and the quartz reactor a ventilation duct is located
where the air can be recycled as a heat carrier. By hot and cold air generators installed in the
air duct, the reactor can be thermostated among 283-313 K with a precision of + 1 K. The
capacity of the cold air generator is regulated in order to allow the increase of the temperature
inside the reactor only by 1°C during the course of one experiment with full intensity of the
lamps (Spittler, 2001). The temperature is monitored by three PT-100 sensors, which are
located in both extremes of the reactor and in the middle. For homogeneous mixing, the
reactor contains three fans. Different types of inlets are mounted on the end and middle
flanges for the introduction of chemicals and gases. Optionally, the inlets can be heated to
facilitate the addition of solid compounds into the chamber (Bejan, 2006a). In the present
experiments, the NOy monitors were connected to a sampling port at the middle flange of the

reactor.

34 Atmospheric Field Sites
3.4.1 Intercomparison Campaign (BUW)

An intercomparison campaign was carried out during the period March 10-13, 2007 at the
balcony of the 5™ level of the main campus of the University of Wuppertal. The instrument
chosen for intercomparison was ECO-Physics model AL 770 ppt / PLC 760. Both
instruments, LOPAP and ECO-Physics were taking air from the balcony through a 2 meters
PFA Teflon sampling line (4 mm i.d.) which was attached to a particle filter at the beginning
of it.

3.4.2 NOz-Emission Campaign (B7, Loher Kreuz)

The site of the intercomparison was the Friedrich-Engels-Allee, Wuppertal in a monitoring
station in the middle of two lanes of a busy street, one of them in direction west-east and the
other in the opposite way (see Fig. 11).

The sample gas was taken at a height of about 3.5 m above the container through a central
sampling line, which is made of an approximately 5 cm diameter glass tube to which the

different instrument were connected by 4 mm i.d. PFA Teflon sampling lines. The calibration
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of the instruments was performed using diluted mixtures from commercial calibration gas
mixtures of 10.7 ppmv £+ 2% NO in N, and 7.85 + 0.5 ppmv NO; in synthetic air (SA). These
bottles were diluted with synthetic air using mass flow meters and needle valves for the

nitrogen oxides and flow controllers for the synthetic air.

Fig. 11:  Different views of the monitoring station at the Friedrich-Engels-Allee in

Wuppertal.
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4 Results and Discussion

4.1 Instrument Parameters Optimization
4.1.1 Sampling Reagents

Originally, bubblers are used for the detection of NO, with the Griess-Saltzman reagent, which
however can not be used for continuous detection of NO,. Instead a stripping coil is used in the
present instrument, for which, however, the gas-liquid contact time is much shorter. Thus, to
obtain a high sampling efficiency of NO, and a high Saltzman factor, a modified sampling
reagent has to be used. In the present study, the sampling efficiency is defined as the proportion
of NO; incorporated in the second stripping coil (Channel 1) with respect to the total quantity of
NO; entering the coil. The Saltzman factor is calculated based on the proportion of the generated
amount of dye with respect to the quantity of NO, absorbed. A high sampling efficiency is
required for a correction of possible interferences using the two channel system. A low Saltzman
factor causes a production of NO as a co-product that should be avoided for a possible future
extension of the instrument for NO detection. Thus, both factors need to be as high as possible.
For the optimization of the instrument several dependencies of the sampling reagent were

investigated.

4.1.1.1 Variation of the pH

The pH of the sampling solution leads to a strong variation of the sampling efficiency as well as
of the Saltzman factor (see Fig. 12). The sampling efficiency increases up to pH = 3, gets
constant up to pH = 7 and reaches 100 % at higher pH. This can be explained by the reaction of
NO, with NEDA (R 31) for which the deprotonated form of NEDA reacts faster than the
protonated form. This effect was also observed in the reaction of NO, with phenols in the liquid
phase (Ammann et al., 2005), for which the phenolate anion reacts much faster at high pH,
compared to the phenol form at lower pH. Thus, the two steps in the sampling efficiency can be
explained by the neutralization of the two -NH; groups of NEDA. The Saltzman factor
increases strongly up to pH = 4, however starts to decline at higher pH. Based on the pH
dependency, a pH of 3 - 4 is recommended, for which both the sampling efficiency and the
Saltzman factor are high. Higher pH leads to a higher sampling efficiency but to a lower
Saltzman factor. In addition, stronger interferences against PANs are expected with increasing

pH (Frenzel et al., 2000) and therefore should be avoided.
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Fig. 12:  Variation of the sampling efficiency and the Saltzman factor with the pH. Griess-
Saltzman reagent: 1 g/l NEDA, 5 g/l sulphanilamide, 7.2 g/l HCI was used here
instead of acetic acid, pH adjusted by the addition of NHs. Air flow = 1000 ml/min,
liquid flow = 0.27 ml/min.

4.1.1.2 Variation of the NEDA Concentration

Increasing NEDA concentration leads to a strong increase of the sampling efficiency, reaching
100 % for high NEDA concentrations (Fig. 13). From the strong NEDA dependence, it is
proposed that NO, is directly reacting with NEDA, reaction (R 31), whereas the reactions with
water (R 29) and sulphanilamide can be neglected. However, at the same time, a decrease of the
Saltzman factor is observed. Parallel measurements with a NO chemiluminescence instrument
demonstrated an undesirable formation of NO as a co-product. Caused by the NEDA and pH
dependencies observed for the Saltzman factor, it is proposed that NO* formed by reactions (R

31) and (R 27) can also react with NEDA to generate nitrogen monoxide (NO):
(R 32) NO" + NEDA — NO + products.

Based on the undesirable NO formation and the possible future extension of the instrument for

NO detection, the NEDA concentration should not be too high and is limited here to <1 g/I.
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Fig. 13:  Variation of the sampling efficiency and the Saltzman factor with the NEDA
concentration. Griess-Saltzman reagent: 7 g/l sulphanilamide, 84 g/l acetic acid,

pH=3, adjusted with NHj3. Air flow = 650 ml/min, liquid flow = 0.35 ml/min.

4.1.1.3 Variation of the Sulphanilamide Concentration

Whereas the concentration of sulphanilamide has almost no effect on the sampling efficiency of
NO., an increasing Saltzman factor is observed for increasing sulphanilamide concentration (Fig.
14). This behaviour can be explained by a NEDA limited uptake of NO, by reaction (R 31), and
a sulphanilamide limited further conversion of HONO into the diazonium salt via reactions (R
27) and (R 28). It is proposed that the relative high pH used leads to slow kinetics of reactions (R
27) and (R 28) and thus, the low Saltzman factor can be explained by the secondary reaction (R
32). With increasing sulphanilamide concentration, the rate of reaction (R 28) increases and
parallel reaction (R 32) becomes of minor importance. Caused by the maximum solubility of
sulphanilamide in water, only concentrations up to 7.5 g/l were studied here. However, the
solubility can be increased by the addition of higher concentrations of acetic acid. In the present
study 7 g/l sulphanilamide in 84 g/I acetic acid is finally used.

The optimized composition of the Griess-Saltzman solution is summarized in Tab. 2.
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Fig. 14:  Variation of the sampling efficiency and the Saltzman factor with the sulphanilamide
concentration. Griess-Saltzman Reagent: 1.6 g/l NEDA, pH = 3, adjusted with NHs.
Air flow = 1000 ml/min, liquid flow = 0.2 ml/min.

Tab. 2: Optimized composition of the Griess-Saltzman reagent (pH = 3).

Reagent conc. [g/1]
N-(1-naphtyl)ethylenediamine 1
dihydrochloride (NEDA)
sulphanilamide 7
acetic acid 84
NH; (25 %) 3

4.1.2 Improvement of the Sampling Conditions

4.1.2.1 Length of the Stripping-Coil

Stripping coils with different lengths were used (10, 20, 25 turns, 22 mm average turn diameter,
2.4 mm 1i.d.), which were similar to those used in the previous HONO- and HNOs;-LOPAP
instruments (Kleffmann et al., 2002; Kleffmann et al., 2007). Due to the slow uptake of NO;
only the longest coil could be used for NO,. Furthermore, because high NEDA concentrations
were not applied (see section 4.1.1.2), the maximum sampling efficiency obtained with the
longest coil was only 95 %. In addition, caused by the low gas flow applied, a high volume of

the sampling reagent accumulated in the stripping coil leading to a lower time resolution of the
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instrument. Thus, a new coil with smaller inner diameter, higher surface to volume (S/V) ratio
and higher gas velocity was used in order to improve the sampling efficiency and time
resolution. This new coil with 24 turns, 35 mm average turn diameter and 1.6 mm inner

diameter, increases the sampling efficiency to 97 % and leads to a better time resolution.

4.1.2.2 Variation of the Sampling Temperature

The temperature was varied in the range 5 - 20 °C. Only a small increase of the sampling
efficiency and a minor decrease of the Saltzman factor were observed with increasing
temperature (Fig. 15). For practical reasons a sampling temperature of 15 °C was chosen to avoid

condensation of water in the gas line to the instrument.
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Fig. 15:  Variation of the sampling efficiency and the Saltzman factor with the temperature of
the stripping coil. Griess-Saltzman Reagent: 1 g/l NEDA, 5 g/l Sulphanilamide, pH =
3, adjusted with NH3. Air flow = 1000 ml/min, liquid flow = 0.2 ml/min.

4.1.2.3 Variation of the Liquid Flow

The variation of the liquid flow has only a slight effect on the sampling efficiency and the
Saltzman factor for values >0.1 ml/min (see Fig. 16). This can be explained by a surface limited
uptake of NO, by which the fast reaction (R 31) (kno,nepa= (3.6 £ 1.6) x 10° M''s™) (see section
4.2.5) and the low solubility of NO; leads to a liquid diffusion limited uptake of NO,. In contrast,
for a limitation of the NO, uptake by any slow reaction in the liquid phase the sampling

efficiency should increase with increasing liquid flow. Caused by the missing liquid flow

-43 -



Results and Discussion

dependency, the time resolution and the sensitivity of the instrument can be varied by the liquid

flow without influencing other parameters.
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Fig. 16:  Variation of the sampling efficiency and the Saltzman factor with the liquid flow.
Griess-Saltzman Reagent: 1 g/l NEDA, 5 g/l Sulphanilamide, pH = 3, adjusted with
NHj;. Air flow = 1000 ml/min, liquid flow = 0.2 ml/min.

4.1.2.4 Variation of the Gas Flow

The gas flow variation has a strong effect on the sampling efficiency but not on the Saltzman
factor. The variation of the sampling efficiency can be well described by a first order uptake
kinetics of reaction (R 31), which is expected for a heterogeneous multiphase reaction, which is
limited by the low solubility and the liquid phase diffusion of NO, (see section 4.2). In contrast,
the Saltzman factor is only affected by the slower consecutive chemistry in the liquid phase,
which is depending only on the composition of the sampling solution, but not on the gas/liquid
contact time (see Fig. 17).

Based on all the observations described up to now, a surface limited NO, uptake is proposed,
which is improved by increasing the S/V ratio of the stripping coil and increasing the gas/liquid
contact time. Thus, a maximum gas flow of only 0.5 1/min is recommended for the used stripping

coils (see Tab. 3).
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Fig. 17:  Variation of the sampling efficiency and the Saltzman factor with the air flow.

Griess-Saltzman Reagent: 1.6 g/l NEDA, 5 g/l Sulphanilamide, pH = 3, adjusted with
NHs, liquid flow = 0.2 ml/min.

4.1.3 Instrument Parameters

The detection limit, the response time, i.e. the time the instrument needs to rise from 10 % to
90 % of the full signal and the measurement range of the LOPAP instrument are strongly
dependent on several factors such as (a) the sample gas flow rate, (b) the liquid flow rate, and (c)
the length of the absorption tubes.

The theoretical sensitivity of the instrument will increase linearly with the gas flow rate and/or
the absorption lengths as well as by decreasing the liquid flow rate. In practice, these parameters
are limited, e.g. by a decreasing NO, sampling efficiency with increasing gas flow rate, so that
up to now the air flow is limited to 0.5 /min. Light intensity as well as time resolution decrease,
when the absorption path length is increased, so that a maximum length of 6 m can be used
(Kleffmann and Wiesen, 2008). However so far, only optical path lengths of 1.4 and 2.4 m have
been applied in the present study. The sensitivity can be increased by decreasing the liquid flow,
however, the time resolution of the instrument is then reduced. For the applied liquid flows of
the sampling reagent (0.2 - 0.4 ml/min) and the length of the absorption tubes (1.4 - 2.4 m) the
time resolution is in the range 3 - 6 min. With an optical path length of 2.4 m and a liquid flow of

0.4 ml/min a time resolution of ~3 min and a detection limit of ~2 pptv is obtained (see Fig. 18
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and Fig. 19). The detection limit is defined in the present study as two times the value of the
standard deviation of the zero-air signal.

Since the lower limit of the measurement range is set by appropriate values of the above
mentioned parameters, the upper limit of the measurement range can also be shifted during the
data evaluation by shifting the absorption wavelength (Aus) during the evaluation of the stored
spectra. While highest sensitivity is obtained at the maximum absorption (Aus = ~540 nm), the
measurement range is expanded by more than one order of magnitude by shifting the absorption
wavelength into the wings of the absorption band (e.g. Aws = 600 nm). Thus, with an absorption
length of 1.4 m, NO; concentrations up to 300 ppbv can be measured.

The precision of the instrument is defined in this study as the minimum detectable change of a
measured signal and amounts to approximately +0.5 % of the measured values and the value the
detection limit (Fig. 18). The accuracy is obtained from the sum of all relative errors of ~10 %
and the value the detection limit. The instrument parameters of the NO,-LOPAP are summarized
in Tab. 3.

Tab. 3: Summary of the optimum parameters of the NO,-LOPAP instrument.

air flow 0.5 1 min™
liquid flow (stripping solution) 0.2 - 0.4 ml min™
absorption path length 1.4/2.4 m (0.1 - 6 m possible)
range of Aabs 550 - 610 nm
sampling efficiency 97 %
Saltzman factor 95%
measurement range 0.002 - 300 ppbv
time resolution (10-90 %) =~ 3 -6 min
precision +(0.5 % + DL)
accuracy +(10 % + DL)
detection limit (DL) 2 pptv (3 min time resolution)

With the HONO-LOPAP instrument recently an optical length of 6 m was applied and thus a
detection limit of only 0.2 pptv was reached for HONO (Kleffmann and Wiesen, 2008). Since
the gas flow used for the NO, instrument is ca. a factor of three smaller than that used for the
HONO instrument, a minimum NO, detection limit <I pptv can be expected in the future for a

time resolution of 8 min.
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Fig. 18:  Time resolution (3 min) and precision (2o, 0.5 %) of the NO,-LOPAP instrument
using recommended sampling solution (see Tab. 1) and instrument parameters (see

Tab. 2, liquid flow = 0.35 ml/min).
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Fig. 19:  Determination of the detection limit (DL) using the zero air method. A detection
limit, which is defined as twice the standard deviation of the zero air signal, of 2 pptv

was determined in the present study.
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4.2 Kinetic Study of the Heterogeneous Reaction

In the present study the multiphase reaction between NO, and NEDA was used to quantify the
gas phase concentrations of NO,. To better optimize the instrument performance, it is important
to fully understand the uptake mechanism and the kinetics of the gas and liquid phase processes
involved. Thus, a) the rate limiting steps for the uptake of NO, were studied and b) the rate
coefficient for the reaction NOyq) + NEDAq) was quantified.

Under the condition of pseudo-first order, i. e. when the concentration of NEDA 4 is more than
one order of magnitude higher than that of NOyq), the change of the NEDA concentration is

negligible in comparison to NO,, and can be assumed as constant. NO; reacts with NEDA as:
(R 33) NO, + NEDA —* products .

For this second order reaction the following rate equation can be established:

(Eq.8) - % = k"'x[NO, | x [NEDA].

Since /[NEDA] >> [NO,]/, a pseudo first order rate constant can be defined:
(Eq.9)  k'=k"x[NEDA].

Inclusion into the rate equation (Eq. 8) and integration leads to the following concentration-time

equation:

lNOZ(t) J

(Eq. 10) In =—k'xt.
2(ty)

By plotting the natural logarithm of the NO, concentration versus the contact time between
liquid and gas phase, the pseudo-first order rate constant can be obtained from the slope. The
contact time is calculated using the known volume of the stripping coil and the gas flow.

The reactive uptake coefficient (yno,) is the probability of the permanent uptake of NO, that hits
a liquid surface and is defined as the ratio of the number of reactive collisions to the number of
gas kinetic collisions. It is proportional to the pseudo first order rate constant, k’, as well as to the

surface to volume ratio (S/V) of the stripping coil (Eq. 11):

number of reactive collisions  4xk’

3

Eq. 11 = =
Ea- 1 7, number of gas kinetic collisions 7% N
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where ¥ is the mean thermal molecular velocity (for NO, = 364 m s™ at 288 K). If the pseudo
first order rate constant of the reaction and the surface to volume ratio are known, yno, can be
calculated.

The heterogeneous uptake of a gas molecule into the liquid phase can be limited by several
consecutive and parallel processes such as gas phase diffusion, mass accommodation (a), high
solubility and slow chemical reaction, or low solubility and fast chemical reaction in the liquid
phase (see section 2.3). In the following, the different potentially rate limiting steps are discussed

in relation to the multiphase reaction of NO; studied.

4.2.1 Gas Phase Diffusion and Accommodation Limitations

In a consecutive process, like the one investigated here for the uptake of NO, on a liquid surface,
the slowest step limits the overall loss of NO, from the gas phase. It can be demonstrated that
both, gas phase diffusion and mass accommodation of NO, with the NEDA solution used here
are so fast that they can not act as rate limiting steps. Calculations based on the Conney-Kim-
Davis approach explained in Murphy and Fahey (1987) demonstrates that for uptake coefficient
smaller than 10 the gas phase diffusion can not be a limiting step in the stripping coils used,
even for the laminar flow conditions assumed. Since the uptake coefficients were typically ca.
107, and since turbulent flow condition prevails in a stripping coil, gas phase diffusion limitation
can be excluded here.
Mass accommodation (), (Eq. 5), is typically also no rate limiting step in the heterogeneous
uptake of gases on liquid surfaces. Typical values of a vary between 10~ and 1 and are normally
much higher than the uptake coefficients for the overall processes (Kolb et al., 1995).
Accordingly, in equation (Eq. 4):
(Eq.4) L=i+l+;,

Yoes Yo & Yot Vi)
the terms for gas phase diffusion and mass accommodation are omitted and only the terms for

the solubility of NO; in the liquid phase and for the reaction of NO, with NEDA remain:

1
=——— or

(Eq. 12) ~
7/ ;/sol + 7rxn

(Eq 13) 7: 7/501 + J/rxn = ‘7

4xHxRxTxJ5X[ 1 +JE}

TXt

Two limiting cases are possible, which are explained below.
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4.2.2  High Solubility and Slow Chemical Reaction

For a slow chemical reaction in the condensed phase at hypothetically high solubility of NO,, it
is expected, that the liquid phase is homogeneously saturated with NO, according to Henry’s law
(see Fig. 20). In this case, a linear dependency of yno, against the NEDA concentration would be
expected due to the homogeneous distribution of NO; in the liquid phase. In addition, the uptake
coefficient (yno,) would quadratically increase with the thickness of the liquid layer in the
stripping coil. At a higher liquid flow, i.e. greater thickness of the liquid layer, the uptake
coefficient (yno,) would increases, because more dissolved NO; could reacts with an increasing

amount of NEDA.

A gas phase liquid phase
wa
Cgas phase
O('\l
&
C liquid phase /
NO, /
NEDA+ NO,

location X

Fig. 20:  Schematic illustration of a heterogeneous system, in which the solubility of NO; is
high and the reaction of NO, with NEDA in the liquid phase proceeds slowly. The
NO; is homogeneously distributed in the condensed phase due to slow consumption

reaction (adapted from Peters, 2011).

4.2.3  Low solubility and Fast Chemical Reaction

For a fast chemical reaction of NO, in the liquid phase, a concentration gradient of NO; is
originated due to the diffusion limitation in the liquid phase (see Fig. 21). Thus, not all the
NEDA molecules are available for the reaction with dissolved NO,. The penetration depth or
reacto diffusive length, i.e. the distance from the surface, at which the liquid concentration has
decreased to 1/e of its Henry’s law equilibrium value, decrease with increasing concentration of

the reactant NEDA (see Fig. 21).
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Fig. 21:  Schematic illustration of a fast reaction in the liquid phase at low solubility of NO,.
The concentration gradient of dissolved NO, in the liquid phase depends on the
concentration of NEDA (adapted from Peters, 2011)

For this limiting case the uptake coefficient (yno,) is a non-linear function of the NEDA
concentration in the liquid phase. Caused by the liquid phase diffusion limitation of the uptake
and the square root dependence of the average diffusion length with the diffusion time (Einstein-

Smoluchowski law) yno, is linearly correlated to the square root of the NEDA concentration:

4x HXRXT X .|D
(Eq. 14)  y= - “ w Jk"<[NEDA].
14

From the slope of such a plot the second order rate coefficient of the reaction between NO, and
NEDA can be calculated if the diffusion constant and solubility of NO; in the liquid phase are

known.

4.2.4 Measurement of the Dependencies

For the determination of the pseudo-first rate constant k" as well as the uptake coefficients,

different dependencies were investigated.

4.2.4.1 Air Flow Dependency

When plotting the natural logarithm [NO»y)/[NO:a)] against the reaction time ¢ according to
(Eq. 10), the pseudo-first order rate coefficient, k', is obtained from the negative slope of the
linear regression. For higher air flows, i.e. small contact time up to ~0.5 s, the expected linear
dependency is observed (see Fig. 22). Thus, a pseudo first order kinetics can be assumed and

uptake coefficients of NO; on the studied liquid surfaces were calculated from k" according to
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(Eq. 11). However, when the air flow decreases, deviation from linearity is evident. This is due
to the idealization of the surface to volume ratio, S/V, which was assumed to be independent on
the gas flow rate. However, with the change of the gas flow also the surface of the liquid phase is
changed. At higher gas flows, the liquid surface is mainly flat, but with smaller flows, ripples are
formed on the surface increasing the total surface of the liquid phase. These ripples are caused by
the turbulences in the stripping coil and lead to an estimated uncertainty of the surface area of +
50 %. Therefore, at low gas flows the assumption of a constant surface is no longer possible,

resulting in the deviation from linearity in Fig. 22.

=
=)
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£
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——
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reaction time [s]

Fig. 22:  Natural logarithm of the ratio of [NOy)]/[NO»«0)] against the reaction time, which
was varied by the gas flow rate through the stripping coil.

4.2.4.2 Liquid Flow Rate Dependency

In Fig. 23 the correlation of yno,, calculated from k" at high gas flow rates (see above), with the
liquid flow is shown. Only a small increase of the uptake is observed with increasing liquid flow.
In section 4.2, the possible limiting steps of the heterogeneous reactions were discussed. Here a
slow reaction and high solubility of NO; (see section 4.2.2) should yield a quadratic increase
with increasing liquid flow, whereas for a fast reaction and low solubility (see section 4.2.3) the
uptake should be independent on the liquid flow. However, neither case 4.2.2 nor case 4.2.3 is
observed for all the range of liquid flows investigated. Only for high liquid flow rates almost no
dependence of yno, is observed. Thus, case 4.2.3 is assumed here. The slightly curved plot in Fig.

23 is again explained by the variation of the real surface area of the liquid with the liquid flow
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rate. Whereas a constant geometric surface of the stripping coil is assumed in the calculations, an
increasing surface area with increasing liquid flow is more reasonable, caused by increasing
amplitude of the ripples formed in the stripping coil at high liquid flow rate. Thus, the effective
available surface will increase together with the calculated uptake coefficient of NO,. The
systematic error arises from the determination of the surface area and is estimated to £50%. This
high error in the surface area is limiting the overall error of the calculated uptake coefficients. A
further evidence for case 4.2.3 is the known low solubility of NO, in water (Kz = (1.6 £ 0.2) x
10? M atm™ at 288 K, Squadrito and Postlethwait, 2009).
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Fig. 23:  Variation of NO, uptake coefficient with the liquid flow rate.

4.2.4.3 NEDA Concentration Dependency

Fig. 24 shows a plot of uptake coefficient yyo, against the concentration of NEDA. The observed
non-linear relationship can be explained in terms of the limiting cases discussed in section 4.2.
Here a slow reaction and high solubility of NO, (see section 4.2.2) should yield a linear
correlation between the uptake coefficient and the NEDA concentration, whereas in the case of a
fast reaction and low solubility (see section 4.2.3) a linear correlation with the square root of the
NEDA concentration is expected. From Fig. 25 the latter can be confirmed, which is in excellent
agreement with the conclusion from the last section. From the intercept of the linear regression
in Fig. 25 a NO, uptake coefficient (yno,) on the used acetic acid/sulphanilamide solution of 7 x

107 has been derived, which is higher than the value of ~10” reported for the uptake of NO, on
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pure water by Ammann et al. (2005). The discrepancy can be explained by a very slow reaction

of NO, with either sulphanilamide or with acetic acid.
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Fig. 24:  NO, uptake coefficients as a function of [NEDA] at 288 K. Griess-Saltzman
Reagent: 7 g/l sulphanilamide, 84 g/l acetic acid, pH = 3, adjusted with NHs. Air

flow = 650 ml/min, liquid flow rate = 0.35 ml/min.
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Fig. 25:  NO; uptake coefficients as a function of /NEDA] 12 at 288 K (same data as in Fig. 24

is shown).
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4.2.5 Rate Coefficient of NO, + NEDA

The independence of yno, on the liquid flow (see Fig. 23), the linear dependence of yyo, with the
square root of the NEDA concentration (see Fig. 25) and the known low solubility of NO; in
water demonstrates that the uptake is limited by liquid phase diffusion for this fast reaction.
Similar to the study of Ammann et al. (2005) the second order rate constant kyo,+nep4 can be
calculated from the slope of a plot of yno, against /NEDA] 12 according to equation (Eq. 15):

(Eq.15) 7 —mXW/[ﬁNEDA—4XKH(N02)XRXTX\/DN02XWX\/INED/”
) NO, — = — ’

12

2
(Eq. 16) k"= mxy x L
4x K XRXT D

H(NO,) NO,

in which Kgo,) is the NO, Henry’s law constant (1.6 x 10° M atm™ at 288 K, calculated using
the expression from Squadrito and Postlethwait, 2009), v is the mean thermal molecular
velocity (364 m s™' at 288 K), R is the gas constant (8.314 J mol” K™), T the temperature and
Dno, is the aqueous phase diffusion coefficient (1.1 x 10° cm?® s at 288 K, Cheung et al., 2000,
Komiyama and Inoue, 1980). From the slope of the plot shown in Fig. 25 a rate coefficient
kno,+NEDA = (3.6 £ 1.6) x 10° M s has been determined for the first time using equation (Eq.
16) for the recommended Gries-Saltzman solution (7g/1 sulphanilamide and 84 g/l acetic acid). A
similar value of kno,~Nepa Was also determined using higher concentrations of sulphanilamide
(10 g/1) and acetic acid (158 g/l1). Accordingly, it is proposed that the reaction mainly depends on
the NEDA concentration.

In summary, based on the results of the kinetic study a limitation of gas phase diffusion and mass
accommodation of NO; can be ruled out. The reaction between NO, and NEDA is fast, although
the rates of the NO, reaction are relatively low caused by the low solubility of NO, in water.
Thus, although the reaction is very fast, a high surface to volume ratio and a low gas flow
rate/high reaction time is necessary to obtain quantitative uptake of NO; in the stripping coil of
the NO, LOPAP instrument. The uptake of NO, is limited by the diffusion of NO; in the liquid
phase and the reaction with NEDA occurs only in a very thin layer at the surface of the liquid
phase. The thickness of the layer, for which NO, decrease to 1/e of its Henry’s law surface

concentration, i.e. the reacto diffusive length, can be calculated using the following equation

Dl
(Eq.17) L= =%

where Dyq s the diffusion coefficient of NO, in water (see above) and k is the pseudo first order

rate constant of the reaction between NO, and NEDA. A value of 18 um is calculated for the
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recommended Griess-Saltzman solution, which is lower than the thickness of the liquid layer in
the stripping coil (56 pm), further supporting the conclusion of a fast diffusion limited surface
reaction. Based on these results, is concluded that the uptake is independent of the liquid flow,
which can be changed in order to adjust the time response and the sensitivity of the instrument,

without significantly changing other parameters, like for example the sampling efficiency.

4.3 Calibration

The LOPAP instrument shows a linear response with the NO, concentration for the entire
measuring range (Fig. 26). Also for the calibration by liquid nitrite standards diluted in the
Griess-Saltzman sampling solution a good linearity was obtained up to nitrite concentrations of
0.1 mg/l (Fig. 27). For higher nitrite concentrations non-linearity of the calibration was observed

caused by losses, probably through the secondary reaction (R 32).

2
1.8 absorbance = 1.11x10"°x [NO:] pptv
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Fig.26:  NO; concentration dependency of the LOPAP signal using the recommended
sampling solution (see Tab. 2) and instrument parameters (see Tab. 3, liquid flow =
0.35 ml/min).
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Fig. 27:  Calibration by liquid nitrite standards. Griess-Saltzman Reagent: 1 g/l NEDA, 5 g/l
sulphanilamide, 84 g/l acetic acid, pH = 3, adjusted with NH;. Air flow = 650

ml/min, liquid flow = 0.45 ml/min.

Caused by the linear response, the NO, instrument can be calibrated simply by a two point
calibration (zero air + calibration) with commercial available nitrite standards (accuracy +1 %)
and by determination of the flow rates of the gas phase and of the stripping solution. This is a
significant simplification in comparison with other NO, instruments, which usually are
calibrated using NO; calibration gas mixtures. These mixtures are known to have a low long-
term stability. In addition, significant deviations from the concentrations specified by
manufacturer are often observed. Alternatively, more stable NO calibration gas mixtures and
ozone titration is used for commercial NO; instruments, for which, however, an additional

titration unit and an additional NO instrument are necessary.

4.4 Interferences

The present instrument is designed as a two channel instrument. In Channel 1, NO, and
interferences are sampled, while in Channel 2 ideally only the interferences are measured under
the assumption of a complete uptake of NO, in channel 1 and a small uptake of the interferences.
The interferences are specified as the interference signal measured as NO, divided by the mixing

ratio of the interfering compound in % (= 100 x signal NO, pptv/compound pptv). The
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interferences are listed in Tab. 4, either as interference in Channel 1 as defined above, or as “real
interference” after subtraction of Channel 2 from Channel 1. All values given in this section
correspond to a gas flow rate of 0.5 /min, a liquid flow rate of 0.4 ml/min and a temperature of
15 °C. It is important to note that in reality Channel 1 measures the sum of only 97 % of the NO,
plus potential interferences, while in Channel 2, 3 % of the NO, plus interferences are
determined. Assuming a small uptake of interfering compounds, their concentrations are almost
constant in both coils, thus, the difference between the two channels corrected for the sampling
efficiency of NO, and the loss in the HONO/Os scrubber gives a measure of the true NO;

concentration.

4.4.1 HONO Interference

A well known interference for the Griess-Saltzman method is ambient HONO (Milani and
Dasgupta, 2001), which is also formed during NO, detection as an intermediate in the Griess-
Saltzman solution, reaction (R 31). Therefore an upstream stripping coil (“HONO/O; Scrubber”)
is placed in the NO, instrument, which is operated with a solution of sulphanilamide in acetic
acid (sulphanilamide 10 g/l, potassium indigo-trisulphonate 0.6 g/l, acetic acid 158 g/l), see
reactions (R 27) and (R 28). Acidic sulphanilamide solutions were already used as efficient
HONO sampling solution (sampling efficiency >99 %) in the HONO-LOPAP instrument
(Heland et al., 2001; Kleffmann et al., 2002; Kleffmann et al., 2006). The HONO interference
was tested with a pure HONO source, which is explained in detail elsewhere (Kleffmann et al.,
2004). Briefly, a nitrite solution (0.1 mg/l) is mixed with diluted sulphuric acid (H,SO4: 0.02 N)
in a stripping coil which is operated under synthetic air (see Fig. 28). At low HONO
concentrations, impurities by NOy were found to be <1%.

With the use of the upstream “HONO/O3 Scrubber”, a minimum interference of 0.092 + 0.090 %
could be observed in Channel 1, which is in good agreement with the high sampling efficiency of
HONO obtained for similar experimental conditions for the HONO-LOPAP instrument
(sampling efficiency: 99.8 %). On the other hand, no interference could be observed in Channel
2, which can be explained by the high sampling efficiency of HONO in Channel 1 of the NO,
instrument. The remaining real HONO interference of ca. 0.1 % represents even an upper limit,
since the HONO source still could generate traces of NO,. In addition, even if true, the HONO
interference can be completely neglected for typical HONO/NO; ratios of <10 % in the

atmosphere.
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Fig. 28:  Scheme of the set up of the pure HONO source used for the HONO interference

tests.

4.4.2 Ozone Interference

The ozone interference was tested with pure ozone mixtures, which were generated by the
irradiation of pure O, with an Hg lamp (Pen-ray) and dilution with synthetic air. Without the
HONOY/Os; scrubber, a relatively large ozone interference (ca. 1 %) could be observed in Channel
1 (see Fig. 29 and Fig. 31), which is explained by the oxidation of NEDA leading to a change in
the absorption spectra of the Griess-Saltzman solution. In Channel 2 there is no signal due to
complete uptake of ozone in Channel 1, so that the ozone interference could not be corrected by
the two channel system. Initially, the value of 1 % seemed to be small; however, measurements
in remote regions, in which the ozone concentration can be up to three orders of magnitude
higher than those of NO,, would be strongly affected by this ozone interference. Therefore, it
was necessary to efficiently remove ozone through the addition of a suitable reagent to the
HONO/Os3 scrubber solution.

Based on the iodometric method used for O; detection (Johnson et al., 2002), first tests have
been done with the addition of potassium iodide (KI) to the HONO/Oj3 scrubber solution. Even
though there was a decrease of the O3 interference with increasing KI concentration (see Fig.
29), this method was not successful, since iodine (I;) formed in the reaction of KI with Os, partly
degassed from the HONO/Os scrubber leading to additional light absorption and interference in
Channel 1 of the instrument. In addition, the uptake of NO; in the HONO/Os3 scrubber increased
with increasing KI concentration leading to smaller sensitivity of the NO,-LOPAP (see Fig. 30).

Heterogeneous uptake of NO, has already been observed with halide ions in other studies
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(Yabushita et al., 2009). Caused by these I, interferences and the significant loss of NO, in the

scrubber solution, the use of KI as O3 scrubber reagent is not recommended.
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Fig. 29:  Os; interference as a function of KI concentration ([O3] = 180 ppbv, liquid flow = 0.4

ml/min).
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Fig. 30:  Loss of NO;, in the HONO/Oj; scrubber as a function of [KI] ([Os] = 180 ppbv, liquid

flow = 0.4 ml/min).
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Alternatively, an Indigo solution has been used for quantitative detection of Oz in aqueous
solutions (Bader and Hoigné, 1981). Therefore, potassium Indigo-trisulphonate was chosen as
scrubber solution and the ozone interference was tested as function of the Indigo concentration.
A strong decrease of the Os interference with increasing Indigo concentration is observed (Fig.
31). With an Indigo concentration of 0.6 g/l an ozone interference of only 0.006 % was observed.
This interference is so low that even in clean air regions with very large O3/NO; ratios only small
corrections are necessary. Similar to HONO, the ozone uptake in the HONO/O; scrubber is
independent of the liquid flow, so that for the routine operation of the NO, instrument only small
liquid flow rates (0.05 ml/min) of the scrubber solution are necessary.

As HONO/Os scrubber solution finally a mixture of sulphanilamide (10 g/I) and Indigo
trisulphonate (0.6 g/1) in acetic acid (158 g/l) was selected. With this scrubber solution an uptake

of NO; of only 4 % was determined, which is corrected during the data evaluation.
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Fig. 31:  Os interference as a function of Indigo concentration (O3] = 240 ppbv).

Beside HONO and O3, further interferences were tested in the laboratory in a 1080 I photoreactor

and are listed in Tab. 4. All interferences tested can be neglected under atmospheric conditions.

4.4.3 Glyoxal, Toluene, a-Pinene and n-Butane in the Presence of NOy

During the smog chamber experiment (see section 4.5.2) the interferences against glyoxal (1.1
ppmv), toluene (0.64 ppmv), n-butane (0.56 ppmv) and a-pinene (0.43 ppmv) in the presence of

NOx (500 ppbv) were investigated. No interferences could be observed against hydrocarbon
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under any conditions. The upper limits of the interferences of the LOPAP instrument are

summarized in Tab. 4.

4.44 Hydrogen Peroxide (H,0;) and Propene (NOy + H,0,) Interferences

The interference of H,O, (19.3 ppmv) was also measured in the 1080 I photoreactor in a similar
experiment than the one shown in section 4.5.2. Propene (2.78 ppmv) was injected when H,O;
and NO (340 ppbv) were already present under dark conditions. While no interference against
propene could be observed, H,O, showed a very small interference of (0.0044 £ 0.0002) %,

which can be however neglected under atmospheric conditions (see Tab. 4).

4.4.5 Peroxyacetyl Nitrate (PAN) Interference

The PAN interference was also tested in the 1080 1 photoreactor, in which PAN was generated
using an illuminated mixture of hydrogen peroxide (H»O,), nitric oxide (NO), and propene in
synthetic air. Caused by the low precision of the FTIR in this complex reaction mixture, only an
upper limit the PAN interference of <0.5 % could be determined (see Tab. 4), i.e. the true PAN
interference may be much lower. Even assuming a PAN interference of 0.5 % and a very high
PAN/NQO; ratios of up to 10, sometimes observed in the upper troposphere (Zhang et al., 2008),
the correction of the NO, signal of the LOPAP instrument would be <5 %, which is still in
between specified uncertainty (10 %) of the LOPAP instrument. For the future, the PAN

interference should be more exactly quantified using a pure PAN source.

4.4.6  2-Nitro-toluene and 3-Methyl-2-Nitrophenol

Gas phase mixtures containing pure 2-nitrotoluene and 3-methyl-2-nitrophenol were generated
by flushing 2.5 1/min synthetic air regulated by a flow controller, over liquid or solid samples,
which were immersed in a temperature regulated water bath. Interferences against these

nitroaromatic species were found to be non significant (see Tab. 4).

4.4.77 Summary of the Interference Results

After the elimination of the known, significant HONO and Os interferences by the use of the
upstream “HONO/Os-Scrubber”, all tested interferences were found to be of minor importance
under atmospheric conditions. In addition, even for those small interferences, which could be

quantified (see Tab. 4), no signals were observed in the interference Channel 2 of the instrument.
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Tab. 4: Summary of the interferences tested for the NO,-LOPAP instrument.

component interference Chl [%] | real interference Chl1-Ch 2 [%]
ozone 0.0057+(0.0005) 0.0058+(0.0007)
H>0, 0.0044 + 0.0002 0.0040 £ 0.0002
HONO 0.092 +0.090 0.088 +0.081
PAN <0.48 <0.48
3-methyl-2-nitrophenol <0.0006 <0.0006
2-nitrotoluene <0.00001 <0.00001
glyoxal (+NOy) <0.11 <0.11
toluene (+NO,) <0.04 <0.04
a-pinene (+NOy) <0.06 <0.06
n-butane (+NO,) <0.04 <0.04
propene (+NO+H,0,) <0.01 <0.01
Complex photosmog mixture deviation <4 ppbv deviation <4 ppbv
(irradiation of NO, glyoxal,
n-butane, o-pinene, toluene), (DL of the FTIR) (DL of the FTIR)
NO; max. = 135 ppbv

Thus, the “real interference” was always of the same magnitude compared to the interference
observed in Channel 1. This shows that Channel 2 is not necessary, at least for those
interferences investigated. This conclusion is confirmed also by the measurements under even
more complex conditions in the urban atmosphere and in photosmog experiments in the 1080 1
photoreactor (see section 5). In these experiments, the signal in Channel 2 was always on
average similar to the expected loss of NO; in Channel 1, caused by the sampling efficiency of
still <100 %. Accordingly, also in the real atmosphere and in smog chamber experiments
Channel 2 is not necessary and the instrument could be further simplified in the future, which is
in contradiction to the HONO-LOPAP instrument, for which interferences in Channel 2 were
found to be significant (e.g. Kleffmann and Wiesen, 2008). Reasons for the missing interferences
may be:

a) other interferences are also removed in the “HONO/Os scrubber”,
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b) the Griess-Saltzman reaction is not sensitive to other trace species, for example PAN,
which would interfere only under alkaline sampling conditions (Frenzel et al., 2000),
which do not prevail in the LOPAP instrument,

c¢) all known reactions of NO; with other interfering trace species, like e.g. SO,, activated
aromatic species, alkenes, etc. are also only fast under alkaline conditions. In addition,
these reactions lead to the formation of nitrite/ HONO, which is also generated by the

Griess-Saltzman reaction, see reaction (R 31) and thus will not interfere.

4.5 Validation of the New Instrument
4.5.1 Intercomparison in the Atmosphere

During the period March 10-13, 2007 an intercomparison campaign of the new NO,-LOPAP
instrument was carried out with a commercial chemiluminescence instrument (ECO-Physics: AL
770 ppt / PLC 760) at the University of Wuppertal. The commercial instrument was equipped
with a photolytic converter for the selective detection of NO,. For small to medium pollutant
concentrations, good agreement with the DOAS technique was observed for this
chemiluminescence instrument (Kurtenbach et al., 2001) and thus, high accuracy of this
instrument is assumed for the experimental conditions applied. Only for very high pollutant
concentrations, as they occur in traffic tunnels, at kerbside stations or in laboratory and smog
chamber studies, this instrument exhibits negative interferences, which are caused by
photochemical reactions in the photolytic converter (Kurtenbach et al., 2001; Kleffmann et al.,
2001; Bejan et al., 2006b; Villena et al., 2012). However, for the relatively low pollutant
concentrations occurring during the intercomparison campaign these interferences were
neglected. The sampling site was on the balcony of the 5th floor of the main campus of the
University of Wuppertal.

During all the period of the intercomparison, very good agreement was observed between both
instruments in terms of absolute concentrations (see Fig. 32, Fig. 33 and Fig. 34) and temporal
variation of the concentration (Fig. 33). Only for very fast variations of the NO, concentration,
deviations were observed due to the smaller time resolution of the LOPAP instrument (e.g. Fig.
33, ca. 10:00 and ca. 12:15). It is well-known that due to the temporally shifted measurements of
NO and NOy with the one channel ECO Physics instrument, short term variations of pollutants
often lead to unrealistic strong concentration peaks for this instrument. From a correlation plot of
the 5 min averaged data a mean deviation between both instruments of only 2 % has been
determined (Fig. 34), which is clearly within the errors of both methods. In conclusion, the

LOPAP instrument could be successfully validated in the atmosphere under moderately polluted
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conditions with the help of a commercial chemiluminescence instrument with photolytic
converter.

The LOPAP instrument was used as a two channel system for the correction of unknown
interferences during the intercomparison campaign. However, during the whole campaign, only a
small signal in the interference channel (Channel 2) was observed, which corresponded exactly
to the loss of NO; from Channel 1 caused by the sampling efficiency of the instrument. During
this campaign the instrument had a sampling efficiency of (95 £ 1) % (old stripping coil) and an
average value of the ratio Channel 2/Channel 1 of (4.7 £ 1.2) % was determined (see Fig. 35).

Thus, in between the experimental errors no interferences could be observed in the real

atmosphere.
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Fig. 32:  NO; concentrations measured with the NO,-LOPAP and the Eco-Physics instruments

during the ambient intercomparison campaign at the University of Wuppertal.
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Fig. 33:  Selected time interval of the NO, concentrations measured with the NO,-LOPAP and
the Eco-Physics instruments during the ambient air intercomparison campaign at the

University of Wuppertal.
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Fig. 34:  Correlation of all 5 min averaged NO, data of the NO,-LOPAP against the Eco-
Physics instrument. The error bars represent only the precision of the instruments. A
weighted orthogonal regression analysis was used, for which the errors of both

instruments were considered (Brauers and Finlayson-Pitts, 1997).
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Fig. 35:  Ratio Ch2/Chl during the intercomparison campaign carried out on the balcony, of

the main campus of the University of Wuppertal.

4.5.2 Intercomparison in a Complex Photosmog Experiment

To better understand the interferences of commercial chemiluminescence instruments mentioned
in section 2.2.2 and to validate the new NO,-LOPAP instrument, an intercomparison campaign
with four NO; analysers (ECO, Ansyco blue-light, Luminol, LOPAP) and the FTIR technique
was conducted under complex photo-smog conditions in the 1080 [/ photoreactor. The
spectroscopic FTIR technique was used as a reference in these measurements, since sampling
artefacts can be ruled out for this non-intrusive method. In addition, optical interferences by the
overlap of absorption bands in this extremely complex mixture were excluded, since a known
added amount of NO, at the end of such a photo-smog experiment could be quantified correctly
using the FTIR.

An example of a photo-smog experiment is shown in Fig. 36, in which a complex volatile
organic compound (VOC)/NOy mixture was irradiated with UV/VIS light. In the experiment,
NO (500 ppbv) with ~6 % impurities of NO,, glyoxal (1.1 ppmv), toluene (0.64 ppmv), n-butane
(0.56 ppmv) and a-pinene (0.43 ppmv) were introduced sequentially into a dark chamber. Before
the lamps were switched on, a second NO injection (330 ppbv) was made to compensate for the
dilution of the mixture, caused by the sample flow to the external instruments. The radical
initiated degradation of the VOCs leads to the formation of O3 and peroxy radicals (HO,, RO,),

and further reaction with NO results in increasing levels of NO; in this photo-smog mixture.
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When the reaction mixture was irradiated, the sample flow to all the external instruments was
diluted by accurately known factors of 1.2 - 3.5 for certain periods to check for the linearity of
the interferences affecting the different instruments (see grey shaded area in Fig. 36).
Theoretically, the concentrations calculated in the photoreactor should not depend on the dilution
ratio, when corrected for. In contrast to the external instruments, the FTIR measurements were
not affected by the dilution tests.

Since hundreds of products including potential interfering photo-oxidants, like PAN, are formed
during the irradiation, this complex photo-smog experiment is a good test to validate a new
instrument under conditions that are even more complex and with higher pollution levels

compared to the real atmosphere.

200
Addition of NO  Addition of NO —— LOPAP
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Fig. 36 Intercomparison of the NO,-LOPAP instrument with FTIR spectrometry during a
complex photo-smog experiment. The grey shaded area indicate the periods, when
the sample air of all the external instruments was diluted with synthetic air by factors

of between 1.2-3.5, which was considered for the concentration calculations.

In contrast to the chemiluminescence instruments (see section 4.6.1) the LOPAP instrument
showed excellent agreement with the FTIR technique (see Fig. 36) with an average deviation of
4 % (see Fig. 37). Lower concentrations were observed for the FTIR technique compared to the
LOPAP instrument only while adding glyoxal (Fig. 36). However, since glyoxal does not react
with NO; in the dark and since the LOPAP signal remained unchanged in the presence of

glyoxal, this difference can be explained by optical interferences of the FTIR instrument
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resulting from the overlap of absorption bands from glyoxal and NO,. These interferences
accounted for max. 5 ppbv, which is close to the precision of the FTIR instrument. In addition,
the optical interference decreased with time because of the continuous dilution of the reaction

mixture and thus, did not influence the accuracy of the FTIR during the photo-smog phase of the

experiment.
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Fig.37:  Correlation of all LOPAP and FTIR NO, data during the complex photo-smog
experiment, shown in Fig. 3. The error bars only represent the precision of both

instruments.

In addition to the general good agreement with the FTIR technique, no changes of the corrected
measurement signal of the LOPAP instrument occurred during the dilution tests. Accordingly, a
significant interference can be excluded for the LOPAP instrument even for this very complex
reaction mixture. This is supported by the fact that an average value of the ratio
Channel 2 / Channel 1 of (9 + 1.4) % was determined (see Fig. 38), which corresponds to the
loss of NO; in Channel 1 considering that during the experiment the sampling efficiency of the
stripping coil was (91 = 1) % due to it was used an air flow of 700 ml/min. Thus, since no
interferences were observed in Channel 2 of the instrument neither during the smog-chamber
experiments (see Fig. 38), nor in the atmosphere (see section 4.5.1), an even simpler one-channel

set-up could be used in the future.

- 69 -



Results and Discussion

Based on the results of the intercomparison exercises presented above, the new LOPAP is not
only suitable for atmospheric applications but also for complex smog-chamber experiments,

where commercial NO; instruments have severe problems.
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Fig. 38:  Relative interferences measured in Channel 2 of the LOPAP instrument.

4.6 Uncertainties of Commercial NO, Instruments

4.6.1 Smog Chamber

Whereas excellent agreement was obtained between the NO, measurements performed with the
LOPAP and FTIR techniques, substantial deviations were observed for the other NO,
instruments used (see Fig. 39).

For the Luminol instrument lower NO, concentrations could be initially observed when adding
high NO concentrations (500 ppbv) (Fig. 39, first addition of NO). This is due to the quenching
of the chemiluminescence of the luminol by NO, which decreases the sensitivity of the
instrument (Kleffmann et al., 2004). This phenomenon was also observed for high concentrations
of nitroaromatic species in another recent study (Bejan et al., 2006b). Since the quenching
efficiency of different trace gases is not well known, the Luminol technique should not be used
for smog-chamber experiments, at least when ppmv levels of trace gases are used.

Deviations also occurred for the Luminol instrument in comparison with the FTIR during the

photo-smog period. In contrast to the Ansyco blue light and ECO instruments, the Luminol

-70 -



Results and Discussion

technique suffered from positive interferences during the course of the photo-smog experiment.
To the end of the experiment the NO, data of the Luminol instrument was more than two times
higher than the FTIR data. These interferences may be explained by photo-chemical formation of
ozone and different PAN like species (peroxyacylnitrates) (Fehsenfeld et al., 1990). Under the
very alkaline sampling conditions prevailing in the Luminol instrument, it is well known that
PAN and other peroxyacylnitrates decompose (Frenzel et al., 2000). The observed positive
interferences of the Luminol technique showed a clear non-linear behaviour, which decreased
with increasing dilution of the sample (see Fig. 39, dilution on). In contrast, for interferences,
which increase linearly with the concentration of the interfering species, the dilution tests should

not affect the calculated concentrations in the chamber.

200 addition NO addition NO —— LOPAP
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Fig. 39: Intercomparison of three commercial NO, instruments and the new NO,-LOPAP
instrument with FTIR spectrometry during a complex photo-smog experiment. The
grey shaded area indicate the periods, when the sample air of all the external
instruments was diluted with synthetic air by factors of between 1.2-3.5, which was

considered for the concentration calculations.

For both chemiluminescence instruments with photolytic converters (ECO and Ansyco blue
light) strong negative interferences were observed when adding glyoxal to the chamber. As in the
tunnel study mentioned before (see section 2.2.2.2), artificial negative concentrations were
registered for the ECO and Ansyco blue light instruments reaching -330 ppbv and -200 ppbv,
respectively (see Fig. 39). To understand these negative interferences the photo-chemistry of

glyoxal has to be considered, which produces formyl radicals (HCO) at wavelengths <420 nm:
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(R 34) (HCO), + hv —> 2 HCO,
which further react with molecular oxygen leading to the formation of HO, radicals:

(R 35) HCO + O, —> HO, + CO.
It is well known that peroxyradicals (HO,, RO,) efficiently convert NO into NO,:

(R36)  HO,(RO,) + NO — OH (RO) + NO,.

For the high glyoxal concentrations used, the NO concentration in the NOx channels of both
instruments is significantly reduced via reaction (R 36). The apparent negative concentrations
can be explained with the low NO,/NOy ratio at the beginning of the experiment and the high
loss of NO through reaction (R 36). This results in the measured NO concentration without
converter (NO channel) being higher than that with converter (NOx channel).

To confirm the explanation of the negative interferences observed in the photo-smog experiment,
the deviations of both instruments compared to the FTIR data during the dark period were
plotted against the product of [NO]x[glyoxal]. Highly linear correlations were obtained for both

chemiluminescence instruments (see Fig. 40).
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Fig. 40:  Negative interferences of the chemiluminescence instruments with photolytic

converter as a function of the product of the glyoxal and the NO concentrations.
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Since reactions (R 34) and (R 35) follow first-order and pseudo first-order kinetics, respectively,
it can be expected that the HO, concentration in the converter will scale linearly with glyoxal
concentration considering that HO, self reactions are not significant under these conditions due
to high NO levels present. In this case, the negative interference, which is explained here by NO
loss through reaction (R 36), follows second order kinetics and will be proportional to
[NO]*[HO,] and [NO]x[glyoxal], as observed. As a consequence of these non-linear negative
interferences, the NO, level given by both instruments was not observed to increase during the
second addition of NO at ~16:50 local time (LT) (see Fig. 39), in contrast to the other
instruments, for which the impurities of NO, in the NO could be correctly quantified. This is
caused by the increasing NO level leading to increasing negative interferences by reaction (R
36), which compensates the increased NO, level in the chamber.

Another interesting feature of the intercomparison was the enhancement of the negative
interferences of both chemiluminescence instruments after the addition of n-butane and a-pinene
(see Fig. 39). Both VOCs do not photolyse in the spectral range of both photolytic converters
and thus, will themselves not form the peroxyradicals necessary to convert NO by reaction (R
36). However, since OH radicals are formed from glyoxal photolysis via reactions (R 34)-(R 36),
peroxyradicals (RO;) will be formed by the OH initiated degradation of n-butane and a-pinene
(“R-H”):

(R37) R-H + OH — R + H,0,

(R38) R+ O, — > RO,.

The RO, radicals will further reduce the NO level in the photolytic converter by reaction (R 36).
Hence, photo-induced radical chemistry, well known from atmospheric chemistry textbooks,
takes place in the photolytic converters, depending on the admitted VOCs, so that NO, data
using these instruments are inaccurate for highly polluted conditions such as can prevail in street
canyons, tunnels and smog chambers. However, because of the second order reaction kinetics,
these negative interferences are not expected to be of significant importance in the less polluted
atmosphere (see for example, Fig. 5, between 0:00-4:00 LT, and Fig. 32).

During the course of the experiment a continuous reduction of the negative interferences of the
chemiluminescence instruments with photolytic converter (Ansyco blue light und ECO) was
observed. This is due to the continuous dilution of the reaction mixture, which results from the
addition of synthetic air to replenish the gas sample flow to the external instruments and the
second order reaction kinetics of the interferences (see above). The non-linear behaviour of these

interferences was also reflected by the data in instances where the reaction mixture was diluted
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for the external instruments leading to smaller interferences (see Fig. 39, Ansyco blue light and
ECO: dilution on).

Generally, negative interferences were larger for the ECO compared to the Ansyco blue light
instrument. This can be explained by the broader spectral range (320-420 nm) of the Xenon lamp
used in the photolytic converter of the ECO instrument compared to the blue light converter
(Amax = 395 £ 10 nm), which is optimised for the photolysis of only NO,. In addition, the
residence time in the blue-light converter is much shorter compared to the Xenon lamp
converter. Thus, in the case of the ECO instrument, more photons are absorbed by glyoxal in the
photolytic converter leading to higher radical yields. In addition, caused by the different spectral
range applied, it can be expected that in the atmosphere, photolysis of more photo-labile species
will lead to larger radical production in a photolytic converter containing a xenon lamp
compared to one using a blue light converter. Thus, if photolytic converters are used for the
chemiluminescence technique, it is recommended to use blue light converters, although these
instruments will still suffer from negative interferences for high pollution levels (see Fig. 39 and
Fig. 41).

4.6.2  Street Canyon

Based on the interferences observed in the smog chamber, a field campaign was performed to
investigate whether the negative interferences are also of importance in the real atmosphere. This
second intercomparison campaign was carried out in the period of May 7-27, 2008 at the Loher
Kreuz on Friedrich Engels Allee (B7), a main busy street in Wuppertal. The measurements took
place in the former trailer laboratory of the Landesamt fiir Natur, Umwelt und
Verbraucherschutz Nordrhein-Westfalen (hereafter LANUYV), which is now administrated by the
University of Wuppertal.

The main goal of this second intercomparison was to demonstrate that the negative interferences
observed for photolytic converters (see section 2.2.2.2 b) can also be of importance in the open
urban atmosphere. Hence two chemiluminescence instruments (ECO and Ansyco blue light)
were compared to the NO,-LOPAP in a street canyon in Wuppertal for the first two days of the
campaign when sunny conditions prevailed. In addition, this intercomparison was also aimed to
quantify typical positive interferences of the chemiluminescence instrument with molybdenum
converter (Ansyco Mo), which is routinely used at this site. The LOPAP instrument was used as
reference because of the excellent agreement with the FTIR technique under complex conditions
in a smog chamber, for which the other instruments showed strong interferences (see section
4.5.2). All instruments were calibrated by the same calibration mixtures to ensure that the

differences observed are only caused by interferences and the precision errors.
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For the early night and during the morning rush hour, higher NO, levels were observed (see Fig.
41a), for which the differences between the instruments used were largest. In contrast, during
late night-time when the NO, levels were lower, better agreement was obtained. For a more
quantitative evaluation the 30 min average data of all chemiluminescence instruments were
plotted against the corresponding LOPAP data. As expected, both instruments with photolytic
converters showed smaller NO; levels compared to the LOPAP, which was more distinct for the
ECO Physics with Xenon lamp converter (about 30 % deviation) compared to the Ansyco with
blue light converter (about 7 %, see Fig. 41 b and c). While the correlation of Ansyco to the
LOPAP was excellent (* = 0.99), a lower correlation was observed for the ECO Physics (r* =
0.86), which is caused by the one channel design of this instrument, for which fast variations of
the trace gas levels lead to artificial noise. The higher negative interferences of the ECO Physics
are explained by the broader spectral range of the Xenon lamp converter compared to the blue
light converter, for which much more photolabile species will form interfering peroxy radicals
(for details, see section 4.6.1). Thus, although the extent of the negative interferences of the
photolytic converters was much lower compared to the tunnel measurements and no negative
NO; data was obtained, the NO, concentration was still significantly underestimated in the open
atmosphere.

In contrast, for the chemiluminescence instrument with molybdenum converter (Ansyco Mo)
slightly higher concentrations compared to the LOPAP were observed. However, the small
differences of about 5 % were close to the precision errors of both instruments. Such small
differences can only be explained by the absence of significant NOy species, which is in contrast
to the results from a study in Santiago de Chile (see section 2.2.2.2a). However, since the
measurements in the street canyon were close to the main NOy emission source, it can be
expected that only emitted NOy species play an important role here. The data shown in section
2.2.2.2a was collected at an urban background site on the open campus of the University of
Santiago de Chile, for which secondary photochemical formation of NO, species is more
important, also with respect to the much higher photochemical activity in Santiago de Chile
compared to Germany.

The slightly higher NO; levels from the chemiluminescence instrument compared to the LOPAP
can be well explained by NOy emissions from vehicles, for which mainly nitrous acid (HONO) is
expected. Since the typical emission ratio of HONO is ~1 % of NOy (Kurtenbach et al., 2001),
and since the average NOy concentration was ca. two times higher than NO, during the
intercomparison, a positive interferences by HONO of only ~2 % 1is expected for the

molybdenum converter instrument.
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Fig.41:  a) NO; concentrations measured by different instruments in a street canyon; b)-d)

correlation plots of the different chemiluminescence instruments against the LOPAP
data, which was used as reference here (see text). A weighted orthogonal regression
analysis was used, for which the errors of both instruments were considered (Brauers

and Finlayson-Pitts, 1997).

The results from the street canyon show that chemiluminescence instruments with molybdenum
converters can provide even more accurate NO, data compared to instruments with photolytic
converters under certain condition, i.e. for measurements close to emission sources, e.g. in
kerbside or tunnel studies. For these conditions, instruments with photolytic converters show
much stronger, negative interferences, which were not yet considered. For example, if only two
chemiluminescence instruments with molybdenum and photolytic converter were used in the
street canyon (e.g. ECO and Ansyco Mo), the differences would have been explained by the well
known positive NOy interferences from the molybdenum converter and not by the yet unknown
but more important negative interferences of photolytic converters.

During this campaign, for all LOPAP data a small signal arose in the interference Channel 2 (see
Fig. 42). On average a small value of (3.2 + 0.6) % was calculated for the ratio Channel
1/Channel 2. This can be explained in terms of the sampling efficiency of the new stripping coil

used, which has a sampling efficiency of 97 %. Thus, the observed signal in Channel 2 is the
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NO; that is not collected in Channel 1 and hence, as was explained above for the first campaign
using the old stripping coil, there are no interferences affecting the instrument at this kerbside

monitoring station.
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Fig. 42:  Ratio Channel 2/Channel 1 during the intercomparison campaign carried out in a

busy street in Wuppertal city.

4.6.3 Concluding Remarks

In the present study, commercial NO, chemiluminescence instruments have shown strong
interferences compared to spectroscopic techniques under certain conditions. Accordingly, if
data from these instruments are used, e.g. in chemical models, model-measurement deviation
may be also caused by the uncertainties in the NO, measurement data. Therefore, critical
evaluation of the data from each type of NO; instruments for any measurement condition is
required. For example, at urban kerbside stations for which chemiluminescence instruments are
generally used, the NO; level may be strongly underestimated if instruments with photolytic
converters are used, whereas it will be overestimated for those using molybdenum converters.
Whereas the positive interferences of molybdenum converters by NO, species are a well known
problem (Dunlea et al., 2007 and references therein), the negative interferences of photolytic

converters have not yet been discussed in the literature in detail. If an intercomparison of these
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two types of instruments is carried out under heavily polluted atmospheric conditions; one might
argue that instruments with photolytic converter would provide better data than those with
molybdenum converter. However, under these conditions, the negative deviations of the
photolytic converters can be even much stronger than the positive interferences by the NOy
species for the molybdenum converters. For example, if the NOy level at a kerbside station
originates only from local direct vehicle emissions, a small NO, fraction, resulting mainly from
direct emissions of nitrous acid (HONO), is expected. Since the typical emission ratio of HONO
is ~1 % of NOy (Kurtenbach et al., 2001), only positive interferences of ~2 % are expected for
molybdenum converter instruments for a NO,/NOy ratio of 15 %. In contrast, for photolytic
converter instruments, even negative NO, concentrations can result for high pollution levels,
thus the error could be up to 100 %.

On the other hand, for urban background, rural or remote measurement stations the NOy and
PAN fractions can be significant compared to the NO; level, for which the Luminol technique
and the chemiluminescence instruments with molybdenum converters would be more affected.
Thus, the use of selective NO; instruments, like for example DOAS, LIF, cavity ring down or the

new NO,-LOPAP technique, are recommended for the detection of NO; in the atmosphere.
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5 Application of the NO,-LOPAP

5.1 Direct NO, Emissions from Mobile Vehicle Sources

During the last 20 years, NOx emissions have decreased considerably, being the road transport
sector that contributes to about 40 % to the total emissions of NOy in Europe (Vestreng et al.,
2009) and in Germany to about 60 % (Tappe et al., 2008). On the other hand, urban NO,
concentrations tend to keep unchanged or even have been observed to increase (Carslaw, 2005;
AQEG, 2007).

Nitrogen dioxide (NO;) is a harmful trace gas (see section 2.1.5) and a precursor of tropospheric
O;. For these reasons, the European union, as well as Environmental Protection Agency (EPA) in
USA, have established a legislative framework to improve the protection of the human health
and the environment against several pollutants, among them nitrogen dioxide. As already
explained in section 2.1.5, the EU countries have to meet two new air quality limits for NO,: the
one hour average concentration of 200 pg/m’ (~100 ppbv) and the annual average concentration
of 40 pg/m’ (~20 ppbv). These two new limits came into effect on January 1, 2010, however, in
many urban areas the annual air quality standard of NO; is often exceeded (Keuken et al., 2009),
which is explained by secondary chemistry of the atmosphere, but also by increasing direct NO,
emissions (see section 2.1).

As was explained in section 2.1.3, NO and NO, are formed directly by combustion processes.
Once NO is released to the atmosphere it is partly converted to NO, by O3 or peroxy radicals
(RO»):

(R 39) NO + O3 (ROy) —> NO, + 0, (RO),
and NO, further photolyses to NO:
(R40)  NO; + hv — NO + OCP).

Under the assumption that RO, photochemistry is negligible and that the background
concentration of O3 is constant (Clapp and Jenkin, 2001), then the concentration of Oy is defined

as:
(Eq 18) N02 + 03 = OX.

The different trends of NOy and NO; described above may have different reasons. It can be
explained by an increase of the direct emissions of NO, and on the other hand also by an
increase of the secondary (indirect) formation of NO; by (R 39). To determine the fraction of

primarily emitted NO,, Clapp and Jenkin (2001) proposed to plot Oy against NOy for urban
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measurement sites. The slope of the plot gives the primary emitted NO,/NOy ratio and the
intercept yields the background level of O;. The directly emitted NO, (primary) is obtained by
the product of the NO,/NOy ratio (slope) with the NOx concentration. The difference between the
measured NO; (total) and the resulting primarily emitted NO, (direct) gives the secondarily
formed NO; (indirect). For kerbside measurements of NO, NO; and O3 during the morning rush
hours, the background concentration of Oz can be assumed to be nearly constant. In addition, the
RO; chemistry in the atmosphere is negligible and the NOy variation is large at that time of the
day. Therefore, measurement data from this time interval provide the best linear Oy to NO
correlation.

To investigate this important topic for the city of Wuppertal, measurements of NO Mo converter
(Ansyco “blue light”), NO, (LOPAP) and O3 (Environnemental 41M) were carried out in a busy
street in Wuppertal during May 8-27, 2008 (see details in section 3.4.2) in order to determine the
fraction of direct and indirect traffic emissions of NO,. In Fig. 43 30 min averaged NO, NO, and
O; profiles during May 8, 2008 are depicted for the monitoring station. A typical rush hour peak
for NO and NO, is observed during the morning (5:00-8:30 hour). The decay of the O;
concentration at this time can be explained in terms of the oxidation of NO by O3 by reaction (R

39) to produce secondary NO; (indirect).
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Fig. 43:  Example of diurnal NO, NO, and O3 profiles (30 min average) at the monitoring
station at the Friedrich-Engels Allee, on May 8, 2008.

In Fig. 44 the correlation between Ox and NOy is shown for the time interval 5:00-8:30 on May
8, 2008. The linear regression yields a primary emitted NO,/NOx ratio of (0.13 £ 0.001) and a
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background Os concentration of (34 + 5) ppbv. The average NO,/NOy ratio determined for the
period May 8-17 2008 was (0.12 = 0.01), which is in good agreement with values measured at
this station during the year 2009 by Elsner (2010), but is much higher than the value of (0.04 +
0.01), which was determined by Lorzer (2002) for the year 1997 in a tunnel study (see Fig. 45).
When using the NO, data from the chemiluminescence instrument with molybdenum converter,
which is routinely operated at that station, an average NO,/NOy ratio of (0.15 + 0.02) was
determined, which is slightly higher than the value determined by the LOPAP instrument. The
difference is explained by the NOy interferences of the chemiluminescence instrument.

The high NO,/NOy emission ratio determined at a kerbside monitoring station supports the idea
that one reason for the stagnating NO, concentrations during the last decades is due to increasing
direct NO, emissions and is in good agreement with other reported NO,/NOy ratios around the
world (see Fig. 45) (Keuken et al., 2009; Elsner, 2010; Anttila et al., 2011; Carslaw et al., 2011a;
Villena et al., 2011).

80

O, =0.13 x NOy + 34 ppbv

70

=
=
=3
=
S

20 regional contribution to oxidant

10

0 {V | | 1 1
0 50 100 150 200 250

NOy [ppbv]

Fig. 44:  Plot of Ox (NO; + O3) against NOx (NO; + NO) during the rush hour (5:00-8:30 h)

on May 8, 2008 at the kerbside monitoring station (1 min averages).
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Fig. 45:  NO,/NOy ratio for London (Carslaw et al., 2011a), Helsinski (Anttila et al., 2011),
Rotterdam (Keuken et al., 2009) compared with the trend in Wuppertal (1997-1998:
Lorzer, 2002; 2006: Kurtenbach, 2012; 2008: this thesis; 2009: Elsner, 2010).

The increasing trend of the ratio of directly emitted NO,/NOy can be explained by the trend of
the composition of the vehicle fleet in Germany. During the last years the percentage of diesel
engines has increased. Modern diesel engines are known to emit higher fractions of NO, of up to
50 % (AQEG, 2007 and references therein). Reasons for these high emissions are at least in part
the use of oxidation catalysts, which are aimed to reduce VOC emissions, but also to increase the
fraction of NO; for regeneration of particle filters, on which the collected soot is oxidized by the
NO; formed.
Another reason for the stagnating NO, concentrations at urban kerbside stations is the secondary
formation of NO, by reaction (R 39). To study the contribution of secondary NO, formation to
the observed NO, levels in Wuppertal, the contribution of the direct NO, emissions was
calculated by multiplying the average NO,/NOy emission ratio with the measured NOy values.
The indirect NO, was obtained by subtraction of the primary NO, from the measured NO;
LOPAP values. The total, direct and indirect NO, levels obtained are plotted in Fig. 46 together
with the new EU limit value (~20 ppbv). Two important conclusions can be drawn:

a) the NO, limit value of 20 ppbv was exceeded almost all the time.

b) the indirect NO, is of much higher importance compared to the direct NO; and is already

exceeding the 20 ppbv limit most of the time.
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From Fig. 46 it is concluded that not only primary emissions of NO, should be reduced, but it is
also necessary to pay attention to the secondary formation of NO,. For this purpose also the
background O; concentrations should be controlled, which is however a global problem, that
cannot be easily solved. Thus, the only way to reach the new EU limit value for NO; is to further
strongly reduce total NOy emissions, in order to reduce secondary NO, formation through
reaction (R 39). Only when the urban NOy concentrations can be reduced close to the ozone

background levels, the 20 ppbv limit value can be reached.
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Fig. 46:  Determination of the direct, indirect and total NO, concentrations (1 min average)

during May 8-9, 2008.
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5.2 NO, Formation in the Photolysis of 2-Nitro-Toluene

In 2006, Bejan et al. observed a new source of HONO based on the photolysis of a series of
ortho-nitrophenols (2-nitrophenol, 3-methyl-2-nitrophenol, 4-methyl-2-nitrophenol and 5-
methyl-2-nitrophenol). In that study the formation of NO; and its possible participation in the
HONO formation, through its photosensitized conversion to HONO on organic surfaces (George
et al., 2005; Stemmler et al., 2006; 2007), was ruled out because NO, was not detected in the
experiments. At that time a luminol NO; instrument (Unisearch, LMA3D) was used, which
suffered from a significant reduction of its sensitivity in the presence of the ppmv levels of
nitrophenols used. Thus, during the experiments the instrument was calibrated in the presence of
the nitrophenols. However, a possible non linearity of the instrument at very low NO; levels was
not investigated, leading to a high uncertainty of the upper limit NO; yield obtained. The Eco-
Physics instrument (PLC 760) with photolytic converter could not be used during these
experiments, caused by the significant negative interferences in the photolytic converter in the
presence of the photo-labile nitrophenols, which can be explained in terms of similar reactions
than those postulated in section 4.6.

In order to test the new NO,-LOPAP under such difficult conditions, a number of experiments
was performed with 2-nitrotoluene, the photolysis of which is another potential HONO source.
The photolysis of 2 nitrotoluene (2-NT) was studied in the glass flow reactor shown in Fig. 9,
where a gas phase mixture of 2-NT was generated by flushing 2.5 1/min pure synthetic air over a
liquid sample of nitrotoluene, which was immersed in a temperature regulated water bath. The
gas containing the 2-NT was passed through the photoreactor of borosilicate glass, which has 50
mm id., 80 cm length and a surface to volume ratio (S/V) of 0.75 cm™. The photoreactor was
placed in an aluminium housing, where six UV/VIS lamps (Phillips TL/05, 20 W, 300-500 nm,
Amax= 370 nm) were installed symmetrically around the photoreactor and could be operated
individually. With all six lamps in operation a J(NO,) value of 0.016 s™' is obtained, which is ca.
two times higher compared to noontime conditions in Europe. During the experiment a HONO-
LOPAP was also used, which is explained in detail elsewhere (Heland et al., 2001; Kleffmann et
al., 2002). The concentration of 2-NT was determined using a FTIR spectrometer coupled to a
10 1 White type multiple reflection cell (see section 3.2.2 and Fig. 9).

In Fig. 47 a typical experiment is shown. Only a small blank HONO and NO, formation was
observed in the reactor when only flushed with pure synthetic air. In contrast, ppbv levels of NO;

and HONO were formed when ppmv levels of 2-NT were irradiated.
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Fig.47:  NO; formation together with HONO formation during irradiation of the empty
reactor flushed with synthetic air (blank) and during the irradiation of 2 nitrotoluene

(2-NT) in synthetic air.

A linear correlation between the photolytic formation of NO, and HONO and the 2-NT
concentration was observed (see Fig. 48), which can be explained by a gas phase photolysis of 2-
NT.

The influence of the light intensity on the NO, and HONO formation during the photolysis of 2-
NT was also studied by the variation of the number of lamps used. A linear correlation between
NO; and HONO formation and the light intensity was observed (see Fig. 49), clearly confirming
the photochemical origin of NO, and HONO. However, since higher NO, levels were observed
compared to HONO, a possible secondary HONO formation by heterogeneous photosensitized
conversion NO, (George et al., 2005; Stemmler et al., 2006; 2007) may still be possible. Further
studies using also mixtures of NO, and 2-NT are necessary to identify the HONO formation

mechanism.
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Fig. 48: NO, and HONO formation as a function of 2-nitrotoluene (2-NT) concentration

during photolysis experiments.

As the processes studied show first order kinetics, the formation of NO, and HONO can be
quantified by photolysis frequencies, which can be calculated by:

(Eq. 19) 1n([2 - NT]; /[2 - NT]O ) = _JZ—NTHNOZ(HONO) Xt,

where [2-NT]y is the initial concentration of 2-NT, and [2-NTJ; is the concentration of 2-NT at
time t. [2-NT]; is determined by the difference between initial concentration of 2-NT and the
concentration of either NO, or HONO. Ja.nt_,no0,moNo) is the photolysis frequencies of 2-NT for
either NO, or HONO formation and ¢ is the reaction time that can be determined knowing the
volume of the flow tube and the gas flow rate. From the HONO and NO, formation observed,
values of Jo.nt_No, = 2 x 107 s™'and Joxt_Hono = 5 x 10° 5™ were determined by equation (Eq.
19). This photolysis frequency of 2-NT determined in this study for HONO formation is one
order of magnitude lower compared with the photolysis frequencies determined by Bejan et al.
(2006b) for different Nirophenols (e.g. Jamane nono= 4.4 x 10° s, 3M2NP= 3-methyl-2-nitro
phenol).
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Fig.49:  NO; and HONO formation during photolysis of 2 nitro-toluene (2-NT) in the photo-

flow reactor as a function of the number of lamps.

In order to determine the average quantum yield (¢;) for the formation of NO, and HONO, i.e.
the fraction of NO, and HONO formed per photon absorbed, the upper limit photolysis
frequency of 2-NT (Jua) should be known, which is the theoretically possible maximum
photolysis frequency of 2-NT assuming a quantum yield of one. J,. can be determined by the
cross section of 2 NT (0;), the actinic flux (F,) of the lamps used and the wavelength interval 44

that depends on the resolution of the actinic flux data (see (Eq. 20)):
(Eq.20)  J,.. =Y F, X0, XX 4.

The quantum yields for the individual channels ¢ i.e. for HONO and NO, formation, are
determined by:

(Eq.21) ¢ =—2i.

Values of ¢no, = 2.2x 107 and Orono = Sx 10" were determined.
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Atmospheric implications

For an estimate of the potential homogeneous NO, and HONO formation by photolysis of ortho
substituted alkyl-nitroaromatics in the atmosphere, it was assumed that all these species show
similar HONO and NO, formation compared to 2-NT studied. In addition, a concentration of 1
ppbv has been assumed as an upper limit for urban conditions. Assuming first order kinetics and
constant nitroaromatic level ([2NT]) the rate of HONO and NO; formation in the atmosphere can

be calculated, if the photolysis frequency is known:

AlXi]

(Eq. 22) = Jonroxi X [ZNT],

where X; is either HONO or NO, Using the quantum yield determined for 2-NT and the
atmospheric actinic flux (zenith angle = 50°), production rates of 71 pptv/h of NO, and 18 pptv/h
of HONO were determined. In the case of HONO, this production is even smaller than the rate
calculated for 3-methyl-2-nitrophenol (100 pptv/h; Bejan et al., 2006b). Since typical daytime
HONO formations rates of some ppbv/h are observed for the heavily polluted atmosphere (Ren
et al., 2003; Elshorbany et al., 2009), photolysis of alkyl-substituted nitroaromatics is not
expected to be a major photolytic HONO source in the atmosphere.
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6 Conclusion

A new instrument for the sensitive measurement of NO, by wet sampling and photometric
detection has been developed and successfully tested. The instrument shows a linear response
with a measurement range from the detection limit up to 300 ppbv, which can be calibrated
absolutely by commercial nitrite standards. The instrument has a detection limit of 2 pptv for a
time resolution of 3 min, which can be further reduced to <1 pptv for lower time resolution.
Known interferences against Os; and HONO were successfully suppressed by an additional
scrubber for both gases. All other interferences tested can be neglected, both, in the atmosphere
but also under complex conditions in a smog chamber.

The instrument was validated by intercomparison with a commercial chemiluminescence
instrument with photolytic NO; converter in an urban atmosphere and with the FTIR technique
in a smog chamber. Excellent agreement was obtained under all conditions applied. In contrast,
for other commercial instruments used under complex conditions in a smog chamber and at an
urban kerbside station, significant interferences were observed, which are discussed in detail.
Two applications under complex heavily polluted conditions were studied with the new NO,-
LOPAP instrument, for which commercial instruments show strong interferences.

At an urban kerbside station a NO,/NOy ratio from direct vehicle emissions of 12 % was
determined. This value was much larger in comparison with the value of 4 % determined in
1997, which is explained by the increasing fraction of modern diesel vehicles. A high
contribution of secondary NO, formation to urban NO, levels was observed indicating that
present EU limit values for NO; can only be reached when NOy emissions are further reduced in
the future.

In addition, the photolysis of 2 nitro-toluene was studied, which is a potential photolytic HONO
source in the atmosphere. In contrast to former studies on nitrophenols, significant NO;
formation was observed besides HONO formation. The NO, formation observed may have a
significant impact on the HONO formation mechanism. Further studies also on the photolysis of

nitrophenols using the new NO,-LOPAP instrument are necessary in the future.
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