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Abstract. A compact and simple instrument for the sensi- NO, affects the oxidation capacity of the atmosphere through
tive detection of NQ in the atmosphere has been developed.its direct participation in the formation of{and nitrous acid
NO, is sampled in a stripping coil by a selective chemi- (HONO), which through their photolysis are major sources
cal reaction, converted into a highly absorbing dye, whichof the OH radical, the detergent of the atmosphere. In ad-
is detected by long path absorption in a liquid core waveg-dition, by its reaction with the OH radical, NQalso limits
uide. Several interferences were quantified in the laboratoryadical concentrations in the polluted atmospherep N@h-
which so far can all be neglected. The significant interfer-tributes to acid precipitation and formation of other atmo-
ences against HONO ands@vere suppressed by using an spheric oxidants such as the nitrate radical,sNOrutzen,
upstream HONO/@scrubber. The instrument has a detec- 1979; Finlayson-Pitts and Pitts, 2000; Seinfeld and Pandis,
tion limit of 2 pptv, an accuracy of 10% and a precision of 2006). The range of N®concentrations varies from few
0.5% for 3 min time resolution. Thus, the new NMOOPAP pptv in remote areas to more than 100 ppbv in polluted re-
technique is more sensitive than known commerciapN® gions (Finlayson-Pitts and Pitts, 2000).

struments. The new analyzer is much simpler to apply than NO, is also of importance due to its health impacts on
other highly sensitive and selective N@ethods, e.g. LIF  both, short term and long-term exposures of the population,
or REMPI methods. The new instrument allows an absolutehowever, it is difficult to separate its health effect from other
calibration that can be easily performed with liquid nitrite pollutants such as particulate matter (Samoli et al., 2006;
standards, which is a significant advantage compared wittDelfino et al., 2008; Mol et al., 2008). In addition, all these
other NGQ measurement techniques for which pN€alibra-  health studies may be affected by the non-selective detec-
tion gas mixtures are typically necessary. The new instrution of NO, for the techniques applied (Spicer et al., 2001;
ment has been validated against the chemiluminescence tecBrunekreef, 2001; Van Strien et al., 2004; Jarvis et al., 2005).
nigue during an urban field campaign and against the FTIR During the last two decades, the European Union (EU)
technique in a smog chamber under complex photosmog corset different legislative frameworks in order to assess and
ditions. The data sets exhibit high correlation and excellentmanage air quality and to control the pollutants released
agreement. in vehicle exhaust, e.g. EU Directives 96/62/EC, 98/69/EC,
99/96/EC and 99/30/EC (First Daughter Directive). Euro-
pean NQ emissions linked to road transport have strongly
decreased during the last 20 yr. However, unexpectedly, NO
is not showing the same tendency, either;Né&vels are con-
Nitrogen oxides (NQ=NO + NO,) are important trace stant or even show a small increase (EEA, 2007; Ve_stren_g
species that are emitted into the atmosphere from both, natift @l 2009). Thus, for European urban network stations it
ral and anthropogenic sources, the latter being dominated byill be difficult in the near future to meet the annual mean

road transport (Vestreng et al., 2009 and references thereinimit value for NO; of 40 ug nt (Carslaw et al., 2007). The
reasons for this N@behaviour can be explained in terms

of secondary formation in the atmosphere and by increas-
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technologies, which oxidize a portion of NO to M@ order  drocarbons have been reported (Kurtenbach et al., 2001; Kl-
to promote the oxidation of soot collected on the particle fil- effmann et al., 2001; Bejan et al., 2006; Villena et al., 2011).
ter (Grice et al., 2009). Due to this increase of primary,NO In addition, photolytic converter instruments exhibit non lin-
emissions many studies have been focused on its impact oear response for high NGand Q3 levels caused by the reac-
air quality in the urban environment (Carslaw and Beeverstion NO with Oz in the converter. Finally, all NO/@©chemi-
2004, 20054, b; Carslaw, 2005; AQEG, 2007; Carslaw et al.Juminescence instruments show a negatiy®©thterference
2007; Carslaw and Carslaw, 2007; Jenkin et al., 2008; Al-by quenching of the excited Nfluring the NO detection.
varez et al., 2008; Keuken et al., 2009). Caused by the non-selective detection of Ni@ most
Due to its importance in atmospheric chemistry and aircommercial instruments, the development of a simple instru-
quality, many direct or indirect techniques have been develment for reliable NQ@ measurements is of high importance.
oped for measuring N&in the laboratory and/or in the field. Accordingly, in the present study a new BQOPAP instru-
Spectroscopic methods such as Differential Optical Absorp-ment (Long Path Absorption Photometer), which is based on
tion Spectroscopy (DOAS) (Platt et al., 1979; Edner et al.,the Saltzman reaction (Saltzman, 1954) is described. The in-
1993; Thornton et al., 2003), Laser Induced Fluorescencestrument is designed to be easy to use, sensitive and compact
(LIF) (Thornton et al., 2000; Matsumoto et al., 2001, 2006; for continuously measuring NQunder all experimental con-
Dari-Salisburgo et al., 2009; Fuchs et al., 2010), Cavity Ringditions both, in the atmosphere but also in laboratory and in
Down Spectroscopy (CRDS) (Mazurenka et al., 2003; Har-smog chamber experiments.
grove et al., 2006; Osthoff et al., 2006; Fuchs et al., 2009,
2010), Incoherent Broad Band Cavity Enhanced Absorption ) ]
Spectroscopy (IBBCEAS) (Gherman et al., 2008; Wu et al.,2 Experimental section
2009; Fuchs et al., 2010), Cavity Attenuated Phase shifLI_

Spectroscopy (CAPS) (Kebabian et al., 2005, 2008), Tunabl . . o .
. . 1) The external sampling unit which is directly situated at
Diode Laser Absorption Spectroscopy (TDLAS) (Gregory et?h()e sampling site (i.e.pin ?he atmosphere) andzhus avoiding

al., 1990; Li et al., 2004; Herndon et al., 2004), and Reso—the use of any sampling lines. (2) The detection unit (9

nance Enhanced MultiPhoton lonization (REMPI) (Garnica S ) .

etal., 2000; McKeachie et al., 2001) have been used for NO STUMent) where the azodye, which is formed in the sampling

detection, with some of them reaching very low detectionsumt’ Is detected using long path absorption. The system is
' furthermore designed as a two-channel system for correction

limits (e.g. REMPI, LIF). f possible interferences (Fig. 1)
Simpler chemiluminescence techniques are typically used' P 9- .

for measuring NG. One of these is the luminol-
chemiluminescence method (Wendel et al., 1983), which em-"

ploys the reaction between N@nd an alkaline solution of | the external sampling unit three glass stripping coils are
luminol resulting in light emission. This technique is di- ysed in series. In the first coil (‘HONO#Sscrubber”: 24
rect, but it is non-specific for NPbecause ozone and per- tyms; 35 mm average turn diameter; 1.6 mm inner tube di-
oxyacylnitrates (PANs) are also det.ecteld (Fehsenfeld et alameter) interfering HONO and {Oare removed from the
;990). The most widely used chemllumlnescence techniqueyr stream, without significant uptake of MO This sep-

is based on the gas phase reaction between NO gfiar®@-  aration from NQ is made with a stripping solution that
ing an electronically excited molecule of §Qhat emits  contains 10 gt! sulphanilamide, 0.6 gt potassium indigo-
light, which is proportional to the NO concentration. To de- trisulphonate in 158 gi* acetic acid, in which HONO and

tectalso NQ, either heated (300-33C) molybdenum (Mo)  ozone are quantitatively removed. Ozone efficiently reacts
surfaces (Fontjin et al., 1970; Ridley and Howlett, 1974) or yjith Indigo (Bader and Hoiga, 1981):
photolytic NG, converters (Kley and McFarland, 1980) are

applied. The reduction of Nto NO by heated Mo con- o Hy  $Os o YO
verters followed by ozone reaction is the reference method — 2. o{jﬁ ,
recommended by the US EPA (Demerjian, 2000) and by the SOy d (50) 1)

European legislation (European Standard, EN 14211, 2005), e

but is affected by significant interferences against other rewhile HONO is transformed into a diazonium salt:

active nitrogen species (NO like NoOs, HONO, HNG;, N N

PAN, etc., which are also reduced to NO (Winer et al., 1974;HONO-+H = NO™ +H20 @)
Dunlea et al., 2007). The conversion of l@to NO by

photolytic converters, for which either Xenon lamps or UV N“E'SOE_Q_N“Z FNOT——> N“Z'SOZ_Q_W TR0 (3)
emitting diodes (“blue light converters”) are used, are much

more selective, although positive interferences by photolysiBesides HONO and € 4% of the NQ is also collected

of HONO for the Xenon lamp converter instruments (Rohrerin this scrubber solution, which is corrected in the data
et al., 2005) and negative interferences in the presence of hyevaluation. Through this HONO#3scrubber the known

he NO-LOPAP instrument consists of two separate units.

Sampling unit
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Fig. 1. Schematic setup of the NGLOPAP instrument.

HONO (Milani and Dasgupta, 2001) and ozone interfer- 2 NO,+H>O —>  HONO+HNO3 (or NO3). (4)

ences (Adema, 1979) by the Griess-Saltzman reaction are
suppressed. The formed HONO further reacts according to reactions (2)

NO; and other potential interferences are collected in the@d (3) forming the diazonium salt, which reacts with NEDA

second stripping-coil (Channel 1), while potential interfer- orming an intensively coloured azodye:

ences are measured in the third coil (Channel 2). Both .
coils have similar dimension than the HONQ/6crubber. . V“HU *,N“Z'S"Z@N”N\”Z_C\‘ B
The gas phase is sucked with a membrane pump throughl, O wa O wa (®)

the stripping-coils, a security flask with electrical control,

a Teflon membrane filter and a mass flow controller. TheBased on reaction (4) a maximum dye yield of 50 % is ex-
gas flow through the stripping-coils is 0.5Imth As sam-  pected, which is however observed only for very high con-
pling solution a modified Griess-Saltzman Reagent (N-(1-centrations of N@ in the higher ppmv-range; whereas at at-
naphtyl)ethylenediamine dihydrochloride (NEDA) 174 mospheric concentrations yields near 100 % have been mea-
sulphanilamide 7 gi', 84gl?! acetic acid, 3gt? NHs  sured (Huygens and Lanting, 1975). The yield of the over-
25 %, pH=3) is used. By the reaction of N@ith the sam-  all reaction (amount of dye/Nfoabsorbed) is expressed in
pling solution an intensive coloured azodye is formed (Saltz-the literature as so-called “Saltzman factor” (Huygens and
man, 1954), the mechanism of which is not completely un-Lanting, 1975). The high Saltzman factor and the observed
derstood. It was postulated that W@rst reacts with water dependency of the sampling efficiency on the NEDA concen-
(Saltzman, 1954): tration and the pH (see Sects. 3.1.2 and 3.1.3) shows that at
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low NO» concentrations reaction (4) is of minor importance. Optics, SD 2000). The absorption spectra of both channels
Instead, it is proposed here that lOxidizes partly depro- averaged over a variable time interval are stored on a mini
tonated NEDA leading to quantitative formation of HONO: computer for later analysis. In addition, the absorption of the
azodye can be continuously monitored for variable absorp-
tion wavelengths (see Sect. 2.3).

Analogue redox reactions in the liquid phase are also known A tWo channel system is used for the quantification of
for other organic compounds, such as phenols and aIkene%o,Ss'ble mterferencgs. W!th this arrangement, two stripping
(Alfassi etal., 1986; Pryor and Lightsey, 1981). Instead of re-C0IlS are connected in series (see Fig. 1). In Channel 3, NO
action (6), Saltzman originally postulated a reaction ob,NO S @lmost quantitatively taken up as well as potentially in-
with sulphanilamide (Saltzman, 1954). However this cant€fering compounds, whereas in Channel 2 — under the as-

be ruled out based on the resuits obtained with the HONOSUMPption of alow uptake of the interferences —only the inter-
LOPAP instrument (Heland et al., 2001; Kleffmann et al. ferences are collected. N@oncentrations can be calculated

2002). With this instrument no significant reaction betweenfrom the difference between both channels considering the
the sampling solution containing 10gfsulphanilamide and ~ S@mpling efficiency of N@in Channel 1.
NO, could be observed.

The thermostated stripping coils (16), which are con-

nected to the detection unit through an isolated reagent Iinel_o be independent from intensity fluctuations, which are

are located in the external sampling unit directly at the sam- i
: . . caused by e.g. temperature changes and/or bubbles of air en-
pling site. Thus, line effects, for example heterogeneous re-

actions of NQ or the gas phase reaction between NO andterlng the tu.bmg, no so-called backgrourig)(spectra V\.”th'
out absorption of the dye are used for data evaluation. In-
Og, can be neglected.

stead, the logarithm of the ratio of two intensities taken at
different wavelengths in the same measured spectrum is a
more stable and robust measure of the azodye concentration.

After the transfer of the sampling reagent from the exter-These two intensities are taken (a) at the absorption maxi-
nal sampling unit to the instrument, the sampling solution ismum near 544 nm or a neighbouring wavelengts and
mixed with 1 N HCI (ratio 1:1) in order to convert all HONO, (b) at a wavelength where no azodye absorption ocas,
originating from reaction (6), into N©, reaction (2). Fur-  €.g. athret Of 650 nm. Knowing thater is directly propor-
thermore, the addition of HCI, increases the refraction in-tional to the background intensify at the absorption wave-
dex of the solution and in consequence increases the lighength, Aaps the logarithm of (ref/lab9 becomes a linear
intensity in the absorption tubes. Finally, NEDA precipi- measure of the concentratioraccording to Lambert-Beers
tates slowly with time on the surface of the absorption tubes)aw:
which leads to a reduction of the measured light intensity.
This is also reduced by the addition of HCI. A" =log(lret/ Tabg) = k3. x I x c +10g(Iret/ Io)- @)

A downstream reaction volume with residence time Where I denotes the absorption path length akg

le min tgug rarltr]ees;jatqutgntltatl\(te for:na?'oln O.f tEebC:))lle- Be'is the absorption coefficient of the azodye, which is
ore entering the detection unit, potential air bubbles ar€., 5. 1| mol-1cm? at 544 nm (Grasshoff et al., 1983).

separated from the sampling solution (“debubbler 27, Seerpe intercept of Eq. (7) depends mainly on the chosen ab-

ch'g' l.l)r,]tsw.]ce lbubk_)rlﬁs \(/jvotuldt_deten(_)tra_te tt)he_ Stﬁlb'"ty of sorption and reference wavelengths and may show variations,
c Idg f signal. | f e'bl e'l?cfllontul::“ g Pasl[ca}rﬂl Corzizwhich are due to different purities of the reagents. Accord-
posed of a special flexible Teflon tube (DuPont, Teflon ingly, zero air measurements have to be performed regularly

2400; 0.6 mm i.D.; 0.8 mm o.d.; variable length, here: 1.4m _ ~: . . . ;

! o . ’ P during the operation of the instrument and a calibration of
and 2.4m used). V|s_|ble light (I‘.UXEON’ warm yvh|_te LED, " he two channels with a liquid nitrite standard is mandatory
Typ: LXHL-MWGC) is focused into the tubing via fibre op- when the reagents have been renewed

tics. 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 Results and discussion

multiple total reflection on the inner walls of the tubing and

stays inside the liquid for absorption (Yao et al., 1998). The3 1 |nstrument parameters optimization

intensity of the diodes can be regulated without change of

the spectral distribution (pulsed power supply unit: QUMA 3.1.1 Sampling reagents

Elektronik & Analytik GmbH). On the opposite end of this

so-called liquid core waveguide, LCW, the light is collected Originally, bubblers are used for the detection of N@ith
again by a glass fibre and detected with a two channel gratthe Griess-Saltzman reagent, which however can not be used
ing mini-spectrometer using a diode array detector (Ocearfor continuous detection of Nf Instead a stripping coil is

NO,+NEDA —  HONO-+ products (6)

2.3 Data evaluation

2.2 Detection unit (19 instrument)

Atmos. Meas. Tech., 4, 1663676 2011 www.atmos-meas-tech.net/4/1663/2011/
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Fig. 2. Variation of the sampling efficiency and the Saltzman fac- Fig. 3. Variation of the sampling efficiency and the Saltzman fac-

tor with pH. Griess- Saltzman reagent: T¢INEDA, 591~ sul- o with the NEDA concentration. Griess-Saltzman reagent-7g|
phanilamide, 7.2 g1* HCl was used here instead of acetic acid, pH sulphanilamide, 84 g1t acetic acid, pH=3, adjusted with NH

adjusted by the addition of N Air flow = 1000 ml mir2, liquid Air flow = 650 mImin~1, liquid flow = 0.35 mI mir 2.
flow=0.27 mimirr L.

) ) ) sampling efficiency and the Saltzman factor are high. Higher
used in the present instrument, for which, however, the 98SpH |eads to a higher sampling efficiency but to a lower Saltz-

liquid contact time is much shorter. Thus, to obtain a high 4 factor. In addition, stronger interferences against PANs

sampling efficiency of N@ and a high Saltzman factor, & 4re expected with increasing pH (Frenzel et al., 2000) and

modified samplmg rqugnt hgs to .be used. In the p.resertherefore should be avoided.

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 NCentering this coil. ~ Variation of the NEDA concentration

The Saltzman factor is calculated based on the proportion

of the generated amount of dye in channel 1 with respect tdgncreasing NEDA concentration leads to a strong increase

the quantity of NQ@ absorbed in this channel. A high sam- of the sampling efficiency, reaching 100 % for high NEDA

pling efficiency is required for a correction of possible in- concentrations (Fig. 3).

terferences using the two channel system. A low Saltzman From the strong NEDA dependence, it is proposed that

factor causes a production of NO as a co-product that shoul®NO2 is directly reacting with NEDA, reaction (6), whereas

be avoided for a possible future extension of the instrumenthe reactions with water (4) and sulphanilamide can be ne-

for NO detection. Thus, both factors need to be as high aglected. However, at the same time, a decrease of the Saltz-

possible. For the optimization of the instrument several de-man factor is observed. Parallel measurements with a NO

pendencies of the Samp"ng reagent were investigated_ 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 pro-

Variation of the pH posed that NO formed by reactions (6) and (2) can also

) _ ~ react with NEDA to generate NO:
The pH of the sampling solution leads to a strong variation

of the sampling efficiency as well as of the Saltzman factorNO™+NEDA ~ —  NO-products (8)

(see Fig. 2). Based on the undesirable NO formation and the possible fu-

The sampling efficiency increases up to pH =3, gets cony,re extension of the instrument for NO detection, the NEDA

stant up to pH=7 and reaches 100 % at higher pH. This caR,ncentration should not be too high and is limited here to
be explained by the reaction of NGQwith NEDA (6) for <1gll.

which the deprotonated form of NEDA reacts faster than the™
protonated form. This effect was also observed in the reac-

tion of NO, with phenols in the liquid phase (Ammann et al., Variation of the sulphanilamide concentration

2005). Thus, the two steps in the sampling efficiency can be

explained by the neutralization of the tchHg groups of ~ Whereas the concentration of sulphanilamide has almost no
NEDA. The Saltzman factor increases strongly up to pH =€ffect onthe sampling efficiency of NOan increasing Saltz-

4, however starts to decline at higher pH. Based on the pHnan factor is observed for increasing sulphanilamide con-
dependency, a pH of 3—4 is recommended for which both thecentration (Fig. 4).

www.atmos-meas-tech.net/4/1663/2011/ Atmos. Meas. Tech., 4, 16832011
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100 100 LOPAP instruments (Kleffmann et al., 2002, 2007). Due to
: ¢ s ¢ ; i { the slow uptake of N@only the longest coil could be used
80 T E i 80 for NO,. Furthermore, because high NEDA concentrations
T were not applied (see Sect. 3.1.3), the maximum sampling
60 60
?

efficiency obtained with the longest coil was only 95%. In
addition, caused by the low gas flow applied, high volume of
sampling reagent accumulated in the stripping coil leading to
a lower time resolution of the 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
@ Saltzman factor . e . . . .
0 , , - 0 the sampling efficiency and time resolution. This new coil
0 ) 4 p g with 24 turns, 35 mm average turn diameter and 1.6 mm in-
sulphanilamide [g/1] ner diameter, increases the sampling efficiency to 97 % and
leads to a better time resolution.
Fig. 4. Variation of the sampling efficiency and the Saltzman
factor with the sulphanilamide concentration. Griess-Saltzman
Reagent: 1.6 gﬂl NEDA, pH=3, adjusted with NhE.  Air
flow = 1000 ml mirr3, liquid flow = 0.2 mImirr L.

40 40
L]

sampling efficiency [%]
Saltzman factor [%]

20

@ sampling efficiency || 20

Variation of the sampling temperature

The temperature was varied in the range 5300nly a
Table 1. Optimized composition of the Griess-Saltzman reagentsmaII increase of the sampling efficiency and _a r_nlnor d_e'
(PH=3). crease of the Saltzman factor were observed with increasing

temperature. For practical reasons a sampling temperature of

Reagent conc. [g14] 15°C was chosen to avoid condensation of water in the gas
i line to the instrument.

N-(1-naphtyl)ethylenediamine 1

dihydrochloride (NEDA)

sulphanilamide / Variation of the liquid flow

acetic acid 84

NH3 (25 %) 3

The variation of the liquid flow has only a slight effect on

the sampling efficiency and the Saltzman factor for values

>0.1mImin L. This can be explained by a surface limited
This behaviour can be explained by a NEDA limited up- uptake of NQ by which the fast reaction (6), see Sect. 3.1.3

take of NG by reaction (6), and a sulphanilamide limited (kno,+nEpa =(3.641.6) x 10° M~ts™1) and the low solu-

further conversion of HONO into the diazonium salt via re- bility of NO» leads to a liquid diffusion limited uptake of

actions (2) and (3). It is proposed that the relative high pHNO,. In contrast, for a limitation of the Nuptake by

used leads to slow kinetics of reactions (2) and (3) and thusany slow reaction in the liquid phase the sampling efficiency

the low Saltzman factor can be explained by the secondarghould increase with increasing liquid flow. Caused by the

reaction (8). With increasing sulphanilamide concentration,missing liquid flow dependency, the time resolution and the

the rate of reaction (3) increases and parallel reaction (8) besensitivity of the instrument can be varied by the liquid flow

comes of minor importance. Caused by the maximum soluwithout influencing other parameters.

bility of sulphanilamide in water, only concentrations up to

7.5g1 were studied here. However, the solubility can be

increased by the addition of higher concentrations of acetiovariation of the gas flow

acid. In the present study 7ol sulfanilamide in 84 gt!

acetic acid is finally used. The gas flow variation has a strong effect on the Sampling ef-
The optimized composition of the Griess-Saltzman solu-ficiency but not on the Saltzman factor. The variation of the
tion is summarized in Table 1. sampling efficiency can be well described by a first order up-
take kinetics of reaction (6), which is expected for a heteroge-
3.1.2 Improvement of the sampling conditions neous multiphase reaction, which is limited by the low solu-
bility and the liquid phase diffusion of NfJsee Sect. 3.1.6).
Length of the stripping-coll In contrast, the Saltzman factor is only affected by the slower

consecutive chemistry in the liquid phase, which is depen-
Stripping coils with different lengths were used (10, 20, 25 dent only on the composition of the sampling solution, but
turns, 22 mm average turn diameter, 2.4 mm i.d.), which werenot on the gas/liquid contact time. Based on all the obser-
similar to those used in the previous HONO- and HNO vations described up to now, a surface limited Naptake

Atmos. Meas. Tech., 4, 1663676 2011 www.atmos-meas-tech.net/4/1663/2011/
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Table 2. Summary of the parameters of the NOQOPAP 6.E-05
instrument. SE05 YN02 = (2.6% 0.04)x10”™ x [NEDA]"? + (6.8 3.4)x10”
P R’ =0.9984
parameters: < /
£ 4.E-05
air flow 0.5Imin1 2 /
liquid flow (stripping solution)  0.2—0.4 ml mint g 3.E-05
absorption path length 1.4/2.4 m (0.1-6 m possible) z /
range ofigps 550-610 nm £ 2.E-05
sampling efficiency 97 % = }}/Q/
Saltzman factor 95% 1.E-05
measurement range 0.002-300 ppbv ii/i/
time resolution (10-90 %) ~ 3—6 min 0.E+00
precision +(0.5%+DL) 0 0.05 0.1 0.15 0.2
accuracy +(10% +DL) [NEDA]"? (mol I'")'?
detection limit (DL) 2 pptv (3 min time resolution)

Fig. 5. NO, uptake coefficients as a function of [NEDK? at
288K. Griess-Saltzman Reagent: 7°¢ Isulphanilamide, 84 git
. . . . . . . . _ . . . _ . _1
is proposed, which is improved by increasing the S/V ra-acetic acid, pH =3, adjusted with N Alr flow =650 mi min™=,
tio of the stripping coil and increasing the gas/liquid contact 'auid flow=0.35mImir~=.

time. Thus, a maximum gas flow of only 0.5 | mihis rec-

ommended for the used stripping coils (see Table 2).
PPINg ( ) From the slope of the plot shown in Fig. 5 a rate coeffi-

3.1.3 Determination of the liquid phase rate coefficient ~ Ci€Ntkno,¢NEDA =(3.6::1.6) x 1°M~*s™* has been de-

of NO2(q) + NEDA g termined using Eq. (9).

A similar value ofkno,+NEDA Was also determined using

In order to calculate the second order rate coefficient of thenigher concentrations of sulphanilamide (10 §land acetic
liquid-phase reaction between N@nd NEDA, reactive up- acid (158 gt1). Accordingly, it is proposed that the reaction
take coefficients)fyo,) of NO, were determined for the ap- only depends on the NEDA concentration.
plied stripping coil. The reactive uptake coefficient is the From the intercept of the linear regression in Fig. 5
probability of the permanent uptake of a molecule that hitsa NO, uptake coefficient )vo,) on the used acetic
the liquid surface and can be limited by several processescid/sulphanilamide solution of57 10~ has been derived,
such as gas phase diffusion, mass accommodatiprslu-  which is slightly higher than the value 610~ reported for
bility, liquid diffusion and reaction in the liquid phase. Gas the uptake of N@ on pure water by Ammann et al. (2005).
phase diffusion limitation will be of minor importance for
the observed uptake coefficients even for laminar flow (Mur-3.1.4  Instrument parameters
phy and Fahey, 1987) and can be further neglected caused by
the turbulent flow conditions in a stripping coil. The inde- The detection limit, the response time, i.e. the time the in-
pendence ofno, on the liquid flow (see above), the linear strument needs to rise from 10 % to 90 % of the full signal
dependence ofno, With the square root of the NEDA con- and the measurement range of the LOPAP instrument are
centration (see Fig. 5) and the known low solubility of NO strongly dependent on several factors such as (a) the sam-
in water shows that the uptake is limited by diffusion in the ple gas flow rate, (b) the liquid flow rate, and (c) the length
liquid phase. Similar to the study of Ammann et al. (2005) of the absorption tubes.

the second order rate const#Rb,+Nepa can be calculated The theoretical sensitivity of the instrument will increase
from the slope of a plot ofno, against [NEDA}/2 accord-  linearly with the gas flow rate and/or the absorption lengths
ing to Eq. (9): as well as by decreasing the liquid flow rate. In practice,

these parameters are limited, e.g. by a decreasing S4o-
pling efficiency with increasing gas flow rate, so that up to
now the air flow is limited to 0.5Imint. Light intensity as

in which Hyo, is the NQ Henry's law constant well as time resolution decrease when the absorption path
(1.6x 102Matm™1 at 288K, calculated using the expres- length is increased, so that a maximum length of 6 m can be
sion from Squadrito and Postlethwait, 200@), is the mean  used (Kleffmann and Wiesen, 2008). However so far, only
thermal molecular velocity (364 nT$ at 288 K),R isthe gas  optical path lengths of 1.4 and 2.4m have been applied in
constant (8.314 JMLK—1), T the temperature anbno, is the present study. The sensitivity can be increased by de-
the aqueous phase diffusion coefficient (£.10"°cm?s™!  creasing the liquid flow, however, the time resolution of the
at 288K, Cheung et al., 2000; Komiyama and Inoue, 1980).instrument is then reduced. For the applied liquid flows of

4x HNO2 X RxT x \/kNOZJrNEDA x [NEDA] x DNO2
YNO, = o . (9
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Fig. 6. Time resolution (3min) and precision 42 0.5%) of . . .
the NO,-LOPAP instrument using recommended sampling solu- .F'g' 7. NO concentration dependency of the LOPAP signal us-

tion (see Table 1) and instrument parameters (see Table 2, quuié]ng recommended Samp"'?g _solutlorl (see Ta‘i'e 1) and instrument
flow=0.35ml min—l). parameters (see Table 2, liquid flow =0.35 ml m]n)n

the sampling reagent (0.2—0.4 mim#) and the length of 3-2 Calibration

the absorption tubes (1.4—2.4 m) the time resolution is in thel_he LOPAP instrument shows a linear response with the

range 3-6min. With an optical path length of 2.4m and aNO concentration for the entire measuring range (Fig. 7)
liquid fl f0.4mlmint ati lution of~3 mi 2 .
lquid flow of 0.4 mimin" & time resolution of-3min and Also for the calibration by liquid nitrite standards diluted

a detection limit of~2 pptv is obtained. The detection limit . the Gri Salt i \uti q i i
is defined in the present study as two times the value of thd" € Lriess-sallzman sampling solution a good iinearity

standard deviation of the zero-air signal. was obtained up to nitrite concentrations of 0.1 my IFor

Since the lower limit of the measurement range is set byhigher nitrite concentrations non-linearity of the calibration
appropriate values of the above mentioned parameters, th r?ja?bfee;é?gnc?sgsed by losses, probably through the sec-
upper limit of the measurement range can also be shifted y ! :

during the data evaluation by shifting the absorption Wave-b Cal:%edt bg the Illnebar retsponsg, tthelgll:@st.trument can +
length @ap9 during the evaluation of the stored spectra. e calibrated simply by a two point calibration (zero air

While highest sensitivity is obtained at the maximum ab- calibration) with commercial available nitrite standards (ac-
SOIPHion f.ans=~540nm), the measurement range is ex- curacy£1 %) and by determination of the flow rates of the
ans— ’ o . . . .
panded by more than one order of magnitude by shiﬁinggas phase and of the stripping solution. A new callbra_tlon_
the absorption wavelength into the wings of the absorptionIS only necessary when new reagents are prepare.d,.whlch IS
band (e.gians=600nm). Thus, with an absorption length ca. every 3weeks for the used 101 containers. This is a sig-

of 1.4m, NG concentrations up to 300 ppbv can be mea_nificant simplification in comparison with other N@nstru-
sured. The precision of the instrument is defined in thisments’ which usually are calibrated using Ncalibration

study as the minimum detectable change of a measured sig?—as mixtures. These mixtures are known to have a low long-

nal and amounts to approximately 0.5 % of the measured valterm stability. In addition, significant deviations from the

ues (Fig. 6). The accuracy is obtained from the sum of all re|-concentrations specified by manufacturer are often observed.

ative errors 0f~10 % and the value the detection limit. The Alternatively, more stable NO calibration gas mixtures and

instrument parameters of the NMQOPAP are summarized 0zone titration is used f.o.r comrnerqal I*j@l;truments, for

in Table 2. which, however, an additional titration unit is necessary.
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, |, s section the interferences are specified as the inter-

2008). Since the gas flow used for the NDstrument is ¢, ance signal measured as N@ivided by the mixing ra-
ca. a factor of three smaller than that used for the HONOyiy ot the interfering compound in % (= 100signal NG

instrument, a minimum N@detection limit<1 pptv can be
expected in the future for a time resolution of 8 min.

3.3 Interferences

pptv/compound pptv). The interferences are listed in Ta-
ble 3, 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
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gas flow rate of 0.5 I min, a liquid flow rate of 0.4 mI min? 1

and a temperature of E&. It is important to note that Chan- | interference Chl

nel 1 measures the sum of 97 % of the Nflus potential 038 & interference Chl-Ch2 ||
interferences, while in Channel 2 3% of the p@lus inter- q

ferences are determined. Assuming a small uptake of inter-=

fering compounds, their concentrations are almost constants 0.6

in both coils, thus, the difference between the two channels
corrected for the sampling efficiency of N@nd the loss in
the HONO/Q scrubber gives a measure of the trueN©OnN-
centration.

Os-interfere
(=]
~

0.2

3.3.1 HONO interference ] &

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Indigo [g/1]

A well known interference for the Griess-Saltzman method
is ambient HONO (Milani and Dasgupta, 2001), which is
also formed during N@detection as an intermediate in the Fig. 8. Os interference as a function of Indigo concentration
Griess-Saltzman solution, reaction (6). Therefore an up—([g']:' 2 403 b) 9
stream stripping coil (“HONO/@Scrubber”) is placed in the 3 PpEv).
NO; instrument, which is operated with a solution of sul-
phanilamide in acetic acid (sulphanilamide 104 !potas-

sium indigo-trisulphonate 0.6 gt, acetic acid 158 git).

Acidic sulphanilamide solutions were already used as effi-

cient HONO sampling solution in the HONO-LOPAP instru- HONO/GQ; scrubber solution were not successful, singe |

. o 0 L
ment (sampling efficiency 99 %) (Heland et_ al,, 2001; K| was formed in the reaction with4Dwhich partly degassed
effmann et al., 2002, 2006). The HONO interference was . - .
. L . . -from the HONO/Q scrubber leading to additional light ab-
tested with a pure HONO source, which is described in detalil . . : :
L . sorption and interference in Channel 1 of the instrument.

elsewhere (Kleffmann et al., 2004). A minimum interference

of 0.0924-0.090 % could be observed in Channel 1, which i Aléertnat!vely,fln¢go solution hla? beenBuzed fordq:a’ntlta-
is in good agreement with results from the HONO-LOPAP ive detection of @in aqueous solutions (Bader and Haign

instrument. On the other hand, no interference could be ob-1981)' Therefore, potassium Indigo-trisulphonate was cho-

served in Channel 2, which can be explained by the high samS€" &S scrubber solution and the ozone interference was

pling efficiency of HONO in Channel 1 of the NOnstru- tested as funct|_on of the Indlgo goncent_ranon. _A strong de-
ment. The remaining real HONO interference of ca. 0.1 0pCrease of the @interference with increasing Indigo concen-

represents even an upper limit, since the HONO source stilfrfagog |ifbserved (F.'%' ?)‘ With afm Ir|1d|g(())ocgr;/centrat|%n
could generate traces of NOIn addition, even if true, the or9.6gt ~ an ozone Interierence ot only U. o was ob-

HONO interference can be completely neglected for typicalsgrved' .;Lh's mtlerfereglsNe(l)s soflow th?t ever:lm clea? are-
HONO/NG, ratios of <10 % in the atmosphere. gions with very largé 2 ralios only smalfl corrections
are necessary. Similar to HONO, the ozone uptake in the

) HONO/Qs scrubber is independent of the liquid flow, so that

3.3.2  Ozone interference for the routine operation of the NGnstrument only small
liquid flow rates (0.05 ml min') of the scrubber solution are

The ozone interference was tested with pure ozone mixturesyecessary. As HONOAscrubber solution a mixture of sul-
which were generated by the irradiation of purgW@ith an  phanilamide (10g1') and Indigo trisulphonate (0.6g%)
Hg lamp (Pen-ray) and dilution with synthetic air. Without in acetic acid (158 gi!) was selected. However, with this
the HONO/Q scrubber, a relatively large ozone interference scrubber solution N@uptake of 4 % was determined, which
(ca. 1%) could be observed in Channel 1 (see Fig. 8), whichheeds to be corrected during the data evaluation.
can be explained by the oxidation of NEDA and the change in
the absorption of the Griess-Saltzman solution. In Channel 23.3.3 Peroxyacetyl nitrate (PAN) interference
there is no signal due to complete uptake of ozone in Channel
1, so that the ozone interference could not be corrected by th&he PAN interference was investigated in a 1080| smog
two channel system. Initially, the value of 1% seemed to bechamber and in which PAN was generated using an illu-
small; however, measurements in remote regions, in whichminated mixture of hydrogen peroxide {6), nitric oxide
the ozone concentration can be up to three orders of magnidNO), and propene in synthetic air. Caused by the low preci-
tude higher than those of NOwould be strongly affected sion of the FTIR reference instrument for this complex reac-
by this ozone interference. Therefore, it was necessary tdion mixture, only an upper limit of the PAN interference of

efficiently remove ozone through the addition of a suitable
reagent to the HONO/gscrubber solution.
First tests with addition of potassium iodide (KI) to the
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Table 3. Summary of the interferences tested for the NAPAP instrument.

component interference Chl real interference
[%0] Ch1-Ch 2 [%]

ozone 0.005% (0.0005) 0.0058&: (0.0007)

H>0o 0.0044+ 0.0002 0.0046- 0.0002

HONO 0.092+ 0.090 0.088:0.081

PAN <0.48 <048

3-methyl-2-nitrophenol < 0.0006 < 0.0006

2-nitrotoluene < 0.00001 < 0.00001

glyoxal (+NQ) <0.11 <0.11

toluene (+NQ) <0.04 <0.04

a-pinene (+NQ) <0.06 <0.06

n-butane (+NQ) <0.04 <0.04

propene (+NQ+H»0») <0.01 <0.01

Complex photosmog mixture (irradiation of deviation<4 ppbv  deviation<4 ppbv
NOy, glyoxal, n-butaneg-pinene, toluene), (DL of the FTIR) (DL of the FTIR)
NO, max. =135 ppbv

<0.5% could be determined (see Table 3), i.e. the true PAN 25000 ‘
interference may be much lower. —ECO
Beside HONO, @, and PAN further interferences were 20000 — LOPAP
tested in the laboratory in a 10801 smog chamber and are
listed in Table 3. All interferences tested can be neglectedg_ 15000 |
under atmospheric conditions. =
<)
3.4 Validation of the new instrument # 10000 f
3.4.1 Intercomparison in the atmosphere 5000 |
During the period 10-13 March 2007 an intercomparison 0
campaign of the new NSLOPAP instrument was car- 1000 1100 1200 1300 1400

ried out with a commercial chemiluminescence instrument time [hh:mm|

(ECO-Physics: AL 770 ppt/PLC 760) at the University of

Wuppertal. The commercial instrument was equipped withrig. 9. Selected time interval of the NQconcentrations measured

a photolytic converter for the selective detection of NBor  with the NO,-LOPAP and the Eco-Physics instruments during the

small to medium pollutant concentrations good agreementmbient intercomparison campaign at the University of Wuppertal.

with the DOAS technigue was observed for this instrument

(Kurtenbach et al., 2001). Only for very high pollutant con-

centrations, as they arise in traffic tunnels, at kerbside staserved due to the smaller time resolution of the LOPAP in-

tions or in laboratory and smog chamber studies, this instrustrument (e.g. Fig. 9, ca. 10:00 and ca. 12:15 LT). Further-

ment exhibits negative interferences, which are caused bynore, it is well-known that due to the temporally shifted

photochemical reactions in the photolytic converter (Kurten-measurements of NO and NQ@vith the one channel ECO

bach et al., 2001; Kleffmann et al., 2001; Bejan et al., 2006;Physics instrument, short term variations of pollutants of-

Villena et al., 2011). However, for the relatively low pollu- ten lead to unrealistic strong concentration peaks for this

tant concentrations arising during the intercomparison caminstrument. From a correlation plot of the 5min aver-

paign these interferences were neglected. The sampling siteged data a mean deviation between both instruments of

was on the balcony of the 5th floor of a building of the Uni- only 2% has been determined (Fig. 10), which is clearly

versity of Wuppertal. within the errors of both methods. If only the N@ata
During all the period of the intercomparison, very good <6 ppbv are used for the correlation, a similar good agree-

agreement was observed between both instruments in ternfsent compared to the one shown in Fig. 10 is observed

of absolute concentrations (see Figs. 9, 10) and temporalLOPAP =0.998<x ECO +0.19 ppbv).

variation of the concentration (Fig. 9). Only for very fast  In conclusion, the LOPAP instrument could be success-

variations of the N@ concentration deviations were ob- fully validated in the atmosphere under moderately polluted
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conditions with the help of a commercial chemiluminescence
instrument with photolytic converter. However, since the 40
LOPAP instrument was yet not used under remote condi-
tions, an intercomparison at lower NMQevel in the atmo-
sphere is still an open task.

The LOPAP instrument was used as a two channel sys-
tem for the correction of unknown interferences during the
intercomparison campaign. However, during the whole cam-
paign, only a small signal in the interference channel (Chan-
nel 2) was observed, which corresponded exactly to the loss 10
of NO, from Channel 1 caused by the sampling efficiency LOPAP = 0.984 x ECO-0.42
of the instrument. During this campaign the instrument

3]
=]

N
(=]

LOPAP [ppbv]

had a sampling efficiency of 961 % (old stripping coil) 0

and an average value of the ratio Channel 2/Channel 1 of 0 10 20 30 40 50
4.7+ 1.2% was determined. Thus, in between the experi- ECO [ppbv]

mental errors no interferences could be observed in the real

atmosphere. Fig. 10. Correlation of all 5min averaged NQdata of the N@-

LOPAP against the Eco- Physics instrument. The error bars repre-
sent only the precision of the instruments. A weighted orthogonal
regression analysis was used, for which the errors of both instru-
ments were considered (Brauers and Finlayson-Pitts, 1997).

3.4.2 Intercomparison in a smog chamber

Besides the intercomparison in the atmosphere the neyy NO
LOPAP was also compared with the spectroscopic FTIR
technique under complex photosmog conditions in a 1080 Ither reduced to<1 pptv for lower time resolution. Known

smog chamber whose detailed description can be found els?ﬁterferences against<and HONO were successfully sup-
where (Barnes et al., 1994). In this experiment a mixture of 9 y sup

NO and different hydrocarbons was irradiated with UV light pressed by an additional scrubber for both gases. All other
. . . 2" interferences tested can be neglected, both, in the atmosphere
leading to a conversion of NO into Ny Oz photochemi-

: : Put also under complex conditions in a smog chamber. The
cally formed. Also in these experiments excellent agreemen ; . . ;
Instrument was validated by intercomparison with a com-

was observed between both instruments, whereas three other” "~ o . . .
L S o .~ 'mercial chemiluminescence instrument with photolytic.ANO
commercial instruments showed significant positive (luminol

X . o2 . ._converter in an urban atmosphere and with the FTIR tech-
technique) and negative (chemiluminescence technique with. . :

. . L nigue in a smog chamber. Excellent agreement was obtained
photolytic converter) interferences. The deviation between

the NG-LOPAP and the FTIR was:4 ppbv for a NQ con- under all conditions applied.

centration range 0-135 ppbv, which is within the experimen- .

tal errors of both instruments (DL of the FTIR ca. 4 ppbv). ACkn°W|edgememSThe. authors would like to th?”" the German
. L . . Environment Foundation (Deutsche Bundesstiftung Umwelt -

Details of this |ntercompar.|son will be, pre;ented else\./vhereDBU, Contract No. 24171) for financial and QUMA Elektronik

(Villena et al., 2011). Similar to the field intercomparison, g Analytik GmbH, Wuppertal, Germany, for continuous technical

the signal in Channel 2 of the instrument again exactly rep-sypport during the development of the BOOPAP instrument.

resented the loss of NOrom Channel 1 caused by the sam- |n addition, DuPont is gratefully acknowledged for the license

pling efficiency, which was 97 % in the smog chamber exper-agreement for the scientific use of the Teflon AF.

iments. If these results are also confirmed for remote mea-

surement conditions, the N@ OPAP instrument could be Edited by: F. Boersma

designed as an even simpler one channel instrument in the

future.
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