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13N / Short-lived nuclides / PET / Nitrogen oxides / Aerosol / involving all molecules covering the surface of aerosol par-
Atmospheric chemistry ticles of Q1 um in diameter typically present in 1*nof air,
about 10° Moles are processed. This means that only the
most sensitive analytical techniques can be used in experi-
Summary. Current techniques aiming to study heteroge- ments performed at atmospheric concentrations of the trace
neous atmospheric chemistry under realistic conditions argyas involved. In many cases, reactions are affected by phys-
often subject to restrictions caused by the low amount ofica| or chemical interactions of other species not directly in-
processed ‘material, the complex composition of gas and,q|yeq in the reaction itself. For instance, water adsorbed on
condensed phases and interference issues. The use of tQSHd particles or partially dissolving highly soluble species

short-lived tracef*N enables laboratory experiments pertain- ithi ticl be a k tin th
ing to the atmospheric chemistry of nitrogen oxides to peOn OF Within particies may be a key component In the reac-

performed at extremely low concentrations, ambient humidityfiVity of aerosol constituents with trace gases [3]. However,
and pressurej_-3N was produced througF-‘PO(p’ a)13N reac- many of the very sensitive and h|gh|y SpeCIfIC analyt|ca|
tion in a gas target in continuous mode, and transported a#ools interfere with the presence of water either due its high
13NO in a carrier gas to the chemistry laboratory throughvapour pressure with respect to vacuum systems or due to its
a 70m long capillary. Several gas-phase and surface chenstrong absorption in the infrared imposing problems when
ical routines allowed converting®NO into other forms of |R spectroscopy methods are used.

oxidized nitrogen. Chemical separation and detection was \whijle many experimental techniques have been de-

?ﬁ:icegggng]sm&ggeﬁﬂzrgrfa&yhiscﬁeggigi t%?]sacl)lrypgcl)lgvcggcgggzrgrpeIOped and continue to be further improved in view of the
ing gas-phase species fr,om their particulate counterparts. igrany problems, as shortly addressed above [2], it turns out

a first application, the reversible adsorption of Nah a solid ﬂﬂ'at thg use O,f short-lived radloag:tlve isotopes may be an
NaCl surface was investigated, from which an adsorption€xceptionally ideal tool for studying heterogeneous reac-
enthalpy of 28 kJmol was derived. As an example of a reac- tions in the laboratory [4]. Especially those radionuclides,
tion with aerosol particles in gas suspension, the reaction ofvhich decay by emission gf-rays, are ideal for studying
13N-labelled HNQ with sea-salt particles was studied using the exchange of molecules with surfaces in complex envi-
an aerosol flow reactor. ronments. Among these, positron emitters have been widely
used to trace labelled molecules in space and time, such
as in positron emission tomography (PE®€)., in medi-
cal applications. To our knowledge, only very few studies
have used short-lived radioactive tracers for gas-solid or gas-
Whereas atmospheric chemistry had been mainly dealingquid interactions. As an example, the spatial distribution
with gas-phase processes over the past 50 years, it has bef intermediates and products during catalytic conversions
come clear over the past ten years, that the major remainingas been obtained using the positron emitting nucliti@s
gaps of knowledge lie in heterogeneous chemistry in ordet*0 and to some exterfN [5]. The advantage of using
to adequately describe the cycling of the most importantshort-lived nuclides is the very high activity to concentra-
trace constituents, the global and local ozone budget angion ratio so that reactions or adsorption may be studied
the aerosol cloud climate interactions [1]. Our knowledgeat arbitrarily low concentrations, provided that the tracer is
on heterogeneous chemistry, which in this context addressesailable in at least almost carrier free form. These features
all interactions between the gas-phase and condensed phasgow experimentse.g. with aerosol particles in air suspen-
such as solid and liquid aerosols, clouds and ground sursion at humidity comparable to the real atmosphere. The
faces, is still insufficient [2]. Because of the complexity of disadvantage is that chemical information about reactant and
the systems involved, adequate results of laboratory experiproducts must be obtained by radiochemical separations and
ments are only obtained if the experimental conditions carhas to be checked by conventional methods.
be compared to the real world. If we think of a reaction  The use of*N in tracer studies is not so widespread as is
the case fot!'C. Parkst al. [6] suggested to use the reaction

* E-mail: markus.ammann@psi.ch %0(p, )N in a high pressure oxygen target to produce
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3N-labelled atmospheric nitrogen species. Sagael. [7]
investigated the excitation function of this reaction in more
detail. Routine production dfN has been implemented in
many PET facilities. Beam line

During the past ten years, a facility for the on-line pro-
duction of “N labelled oxidised nitrogen compounds has 1 pA protons ) 160(p,0) 3N
been implemented at Paul Scherrer Institute [8]. Oxidised
nitrogen compounds and their surface chemical reactions
have been of interest in atmospheric chemistry and environ-
mental technology**N (T,,, = 10 min) has been produced v
via the reaction'®O(p, «)*N in a gas-target irradiated by p=2.5atm
11 MeV protons and continuously delivered to the labora-
tory in the form of'*NO. To (_jate,l?’N-IabeIIe_d NQ, HN.Oz, Molybdenum
HNO;, have been synthesised and applied in various ex-
periments pertaining to surface catalysis [8, 9], aerosol sci-
ence [10], plant physiology [11], and heterogeneous atmo-
spheric chemistry [4, 12, 13].

The applications pertaining to atmospheric chemistry re-
quire a continuous and stable source'®fl. Due to the Transport capillary
short lifetime of N, most experiments have been per-
formed on-line which also means that all labelled species
must have been produced from the primary specid0,
in continuously working procedures. In the following, an X

Target {y He / O, supply

converter

improved target and flow-system setup f8NO produc-

tion is described which resulted from the applications men-
tioned above. Some attention will be given to the synthesis
and radiochemical separation of nitrogen oxide molecules
of practical interest. A newly developed system to separate
and detect gas- phase as well as particulate labelled nitrogen
oxide species is described. In a second part, the application Chemistry laboratory

of these techniques will be described in two selected experi-F_ 1 The™N production and del . sted of the target
ments of atmospheric interest. ig.1. The production and delivery system consisted of the target,

the molybdenum converter, the transport capillary, and the distribution
valves in the laboratory. The pressure was kept constant by a pres-
sure regulator mounted at the H®& supply. The drawing of the target

. also shows the collimator between the gas-target and the beam-line to
2. Experimental facilitate beam adjustment.

Fig. 1 gives an overview of the overall flow scheme used.

BN (Ty, = 10min) was producedvia the reaction

80O(p, )N in a gas-target by irradiatinfjO with 11 MeV  verted to*NO over molybdenum at 50@C. A quartz tube
protons. At this energy, the cross-section of this reaction(0.8 cm i.d.) was filled with 5 g of small chips of @2 cm

is 55mb [7]. The target itself consisted of a quartz cylin- thick Mo foil and placed into a tube furnace. The gas tar-
der (36 cm inner diameter) in an aluminium housing, which get was connected to the tube furnace by 5 m.afotn i.d.
could be attached to the low-energy beamline of the Philipgoolyethylene tubing. This conversion of prima#) species
Cyclotron at Paul Scherrer Institute. The entrance and exito *NO was key to achieving high overafN yields in the
windows consisted of aluminium @ cm thickness). Be- laboratory. The same tube was used to transport the result-
hind the exit windows, a graphite block was used as beaning gas-mixture to the 80 m distant laboratory (Fig. 1). The
stop. The housing was isolated to allow control of the beantransport capillary and the target were additionally contained
intensity on the target. The target was kept at a pressuri a larger tube and a glove box, respectively, which was
of 2.5bar and continuously flushed with 10 to 20% O kept at a pressure slightly below ambient and flushed by Ar
(99.9995%) in He (99999%) as carrier gas with a total (99.998%) to minimise diffusion of impurities through the
flow rate of 5cnis™ STP. The proton energy of the beam polyethylene tube walls into the gas going to and coming
was adjusted to 18 MeV, with typically 1pA intensity.  from the target.

Xvalves pump

Experiment

p=latm

Considering the energy loss in the Al window abMeV In the laboratory, the gas mixture coming from the target
and in the target gas of @6 MeV/cm, the proton energy in  area containing®NO was passing a Nal detector on which
the middle of the gas target was expected to hé MeV. the amount of*N-labelled molecules passing by per second

It was expected and confirmed in preliminary experi- was determined on-line during the experiments. A 45cm
ments that under the influence of radiation chemistry in thdong 04 cm i.d. polyethylene tube was coiled around the
gas target®*N rapidly forms highly oxidized and reactive cylindrical Nal detector head.¥cm in diameter. The effi-
forms of nitrogen oxides. Because these were presumablgiency of this configuration was calibrated prior to the ex-
affected by wall losses and not favourable for long-distanceperiments by filling the tube with a known amount *8F

transport through gas-capillaries, they were chemically conin agueous solution and measuring the resulting counting
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rate at 511 keV on the detector. BoftiN and *®F decay justable between-20 and-+30°C to obtain a lower range
through positron emission leading to 511 keV annihilation of humidity. The resulting gas flow then passed through
y-radiation. After thig®*N flow monitor, the gas was fed into a 0.8 cm i.d. quartz tube irradiated with 172 nm UV light. At
up to three experiments by means of three calibrated madhis wavelength, photolysis of the;8/0,/N, mixture leads
flow controllers (Fig. 1). A fourth mass flow controller was to OH and HQ radicals as well as 9the concentration of
used to maintain the constant overall mass flow rate througleach of which depends on humidity, €ontent and light in-
the target and gas capillary. This allowed simultaneously optensity [16]. Photolysis of N@is not important compared to
erating three independent on-line experiments each with athe rate of reaction with OH under the conditions adopted
adjustable fraction of the amount 8NO available. here. This configuration resulted in an about 70 to 90% con-
BNO was oxidized ta*NO, by reacting it with Q in version of NQ to HNO, which was controlled in all experi-
a small flow reactor. Typically .8 cn?s™* of the target gas ments by switching the UV lamp on and off, and observing
was diluted with synthetic air or No 8.3 cn¥s™. In most  both NQ, and HNQ. The conversion efficiency depended
experiments carrieNO (the presence of the stable isotope mainly on the light intensity, and less on the humidity, be-
15N is not mentioned any further throughout the paper) wascause the reaction of NQvith OH was presumably limited
added from a certified cylinder containing 1 ppm NO in N by the short lifetime of OH in the small flow tube.
using a calibrated mass flow controller to give total NO con-  Chemical information on the labelled molecules was ob-
centrations of 0.1 to 100 ppbv (1o 102 cm3). A small  tained from sequential separations over specifically coated
flow of synthetic air was passed through a quartz tube irrasurfaces. The traps exposing these surfaces were designed
diated by a Xe excimer lamp delivering UV light at 172 nm, as cylindrical or parallel plate denuders that additionally al-
which results in the formation of OThe two gas flows were lowed separating gas phase from particulate species [17]. In
mixed in the flow reactor of 1000 chvolume. By varying a denuder, the gas passes with a laminar flow profile and
the light intensity, the @concentration could be adjusted to molecules capable of being taken up on the coated wall are
the concentration of NO, so that ng @as left after com- absorbed on the wall controlled by lateral diffusion [18].
plete oxidation of NO to N@in the flow reactor. The second On the other hand, due to their much lower diffusion coef-
method to produc&N-labelled NQ was based on the oxi- ficients, particles penetrate the denuders with close to 100%
dation of NO over solid Cre{14]. In this case, the target gas efficiency with small losses being mainly caused by im-
was diluted as before and then humidified by passing the gagaction in the turbulent entrance zone. The denuder coat-
flow through a vertically mounted®cm i.d. porous Teflon ings were partially adopted from analogous solutions for
tube partially immersed in water. By varying the water level, the separation and analysis of nitrous gases in the environ-
the resulting humidity measured by a capacitance humidityment [19—21]. For HN@ the denuder walls were first wet-
sensor could be adjusted to between 30 and 70% relativeed with a saturated solution of NaCl in methanol and then
humidity at ambient temperature. The Gr&irface was pre- dried in N.. For HONO, the denuder walls were first wet-
pared by immersing firebrick granulesA@m in diameter ted with a 14% solution of NaCO; in 50% methangiwater
into a 17% aqueous CgGolution and drying at 108 in and subsequently dried in,NPrior to use, this denuder was
air. Before use, the granules were exposed to ambient air faronditioned by exposing it to 100 ppb N@n air at 30%
24 hours for conditioning. The humidified gas flow passedrelative humidity for about 1 hour. It could then be used dur-
over the CrQ on firebrick support in a small glass cylin- ing several days. For NQthe coating solution consisted of
der resulting in complete conversion of NO to NQf the 1% NDA, 1% KOH and 10% water in methanol solution,
experiment require®NO, in dry air, the first method was again dried in N. For NO, a saturated aqueous solution of
used, whereas in most other experiments, the second meth@b(NOs), was applied on the denuder surface, which was
was used. then first dried in air at 70and afterwards baked in,@or
HNO, was produced by reaction of N@ith n-(1-naph- 1 minute at 700C. At NO concentrations in the ppb range,
tyl)diethylenediamine-dihydrochloride (NDA). This com- this denuder quantitatively absorbs NO for about 8 hours. To
pound forms part of the Saltzman method to determine theegenerate the surface, the denuder was heated €380
NO, concentration in a gas by scrubbing it into an acidic 1 hour to desorb the trapped N€pecies. If the denuders de-
solution and photometrical detection of the resulting ni- scribed above were used in this sequence, the assignment of
trite [15]. A glass fiber filter was impregnated with 00  molecules absorbed in each denuder is specif¢,HNG;,
of a solution of 1% NDA and 10% water in methanol and HONO, NQ,, and NO, respectively. Particulat®N species,
dried in N,.. Passing®N labelled NQ in air at 30% relative  if applicable, were measured by mounting a glass fiber filter
humidity over this impregnated filter resulted in nearly com- at the end of the denuder line.
plete conversion of NOto HNG, during a reasonable time In conjunction with a reproducible and efficient detec-
period; however, the filters had to be frequently exchangedion of 13N labelled molecules trapped in the denuders or the
for longer experiments. filter, several geometric configurations had been evaluated.
HNO; was produced through reaction of N@ith OH Previous experiments had used cylindrical glass denuders
radicals. NQ in dry N, (containing about 1% ©Ofrom O, coiled around cylindrical Nal detector heads as described
production for NO to N@ oxidation) was humidified to be- in [12, 13]. The disadvantage of this system with one detec-
tween 5 and 25% relative humidity by passing the gas flowtor for each denuder was that the detection efficiency had
through a 2.cm long .8 cm i.d. porous Teflon tube com- to be determined for each individual denuder with an inher-
pletely immersed in water contained in a small glass conent error resulting in a not very high mass balance quality
tainer. In contrast to the humidifier mentioned above, thiswhen in an experiment one species was converted to another.

container was immersed in a thermo stated alcohol bath adFherefore, the system described in the following was de-
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Gas / aerosol in low background noise. The device was moved continuously
along these columns or denuders, and counts were integrated
and recorded with a resolution ofScm. The system was
calibrated by coating one of the denuder plates with a known
amount of a calibrated aqueoti solution, before the ex-
periments were started.

Parallel to the radiochemical separation and detection,
total nitrogen oxide concentrations were determined in all
experiments using commercial NGchemiluminescence
analysers giving NO and NCconcentrations in their stan-

T dard configuration. More details about the nitrogen oxides
A measurement are given in [13]. Ozone concentrations were

determined using a commercial ozone analyser using a UV
BGO detector absorption technique.

3. Reaultsand discussion

pInjy Suije)s ouldy |

3.1 Performance of **N production

The system as described above had been continuously de-
veloped and improved during several beam-times since
1991. Typical beam time periods lasted about 120 hours.
At the start of each beam time, the half-life of the nuclides
coincidence transported to the laboratory was determined to control the
counting system production of*3N. For this purpose, the gas flow coming
from the target was accumulated on the denuder specific

Fig. 2. In the denuder and detection system, gas-phase species are af(?-r NO for abou'{ 1hour, and decay of the aCt'V'ty_ was
sorbed on the specifically coated denuder plates by diffusion, wherea@bserved during another 2 hours. The average half-life ob-
particles penetrate with nearly 100% efficiency to the particle filter. tained was 10114 0.20 min, close to the published value

The coincident_ (_:oun_ting cqnfiguration allows quasi-online measurepf 9 97 min [22]. Several unsuccessful attempts were made
g‘rggth?g }:';elu?;]:ﬂ‘é'%gfstﬂgwr'g” on the denuder plates, or on chromatoy, accymulate activity and observe its decay over longer

' time-scales to assess any contributiori®fwith a half-life

of 110 min [22]. Although the cross section of the reaction

veloped, which allowed detection of the activity at all denud-#O(p, n)*®F is about 150 mb at 12 MeV [23], the contri-
ers with identical efficiency. This system, shown in Fig. 2, bution of this reaction to the observed activity remained
was essentially a narrow, 60 cm long flow tube with a rectandow because the fraction dfO in the irradiated @ was
gular cross section (inner dimensiong 6mx 2.6 cm). The  only 0.2%. When the molybdenum converter heating close
denuder walls consisted of 5 pairs of 12 cm long aluminiumto the target was switched off, which resulted in an effi-
plates (02 cm thick) separated by small Teflon liners on both cient absorption of all nitrogen oxides on Mo, a very small
sides. The plates were mounted into an aluminium housinggmount of activity could be trapped in the basic denuder
which included a jacket for thermostating as well as an in-for NO, absorption, with a half-life of 20 min. This ac-
let designed to allow the laminar flow profile to be rapidly tivity was attributed to'C [22], which was presumably
established. For each experiment, the denuder plates weteansported in the form of!CQO,, being able to pass the
coated according to the specific requirements. In the denudévio converter at room temperature. Under the conditions in
mode, this system was used to separate gas phase from pawur target, the contribution of the reactioli® (p, a pn)*'C
ticulate nitrogen oxide species. In the flow tube mode, thg(cross section< 1 mb at 11 MeV [23]) to the production
first plate was used as substrate for a reactive material exaf **C should be negligible. Instead, the main source of
posed to labelled N©Q and the following plates were used *'C seemed to be the reactiofN(p, a)*C (cross section
to analyse the products. In both cases, this parallel platd26 mb at 12 MeV, [24]) from Nimpurities present in the
flow tube/denuder system was mounted onto a linear mo-gas supplies. The fraction &fC in the product gas was al-
tion device on which a stepper motor was used to moveways less then.0% as determined from chemical separation
a pair of BGO-detector heads (3 cm in diameter) mountedexperiments not shown here, and also during the application
face to face with a gap of.3cm along the denuder sys- experiments, in none of the traps any significaat activity
tem. The annihilation of the positron emitted in the decay ofwas observed. Several more experiments with the Mo con-
15N leads to emission of two coincidemtrays in opposite  verter showed that the maximudNO yield was obtained at
directions. Therefore, the output of each detector operate800°C. This was an indication that the most prominent sta-
at 800V was wired to a timing filter amplifier and con- ble species formed in and after the target was a higher oxide
stant fraction discriminator, and combined to a coincidentof nitrogen than N@, because N@and HONO are already
counting unit with a logical ‘and’ unit. This allowed the reduced to NO over Mo at 33C [25]. From earlier ther-
determination of the spatial distribution BN along the de- mochromatographic studies of products from a similar target

nuder system or thermochromatography columns with veryand without a Mo converter in line [9] it was concluded that
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HNO; might be the dominant species, and the experimentso oxidised nitrogen compounds. For the applications in at-
by Parks using a high purity high pressuredas target also mospheric chemistry, where low N@oncentrations were
indicated the presence of HNQt is likely that OH, O and  required, the system was operated as described in the ex-
HO, radicals and @were formed in the target gas under pro- perimental partj.e. 20% G in He, giving higher*N /%N
ton irradiation. These radicals might then combine with NO,ratios.
NO, or other unstable intermediate species to forfiND;. The performance of th&N production facility was re-
Based on the cross section of th®(p, «)*N reaction  markably constant and reproducible with respect to transport
of 55 mb [7] at 11 MeV, a production rate ob&510"stis  vyield, carrier NO content and stability over several beam-
expected at LA proton current. From the activity meas- times. This was a prerequisite for a successful development
urements with the calibrated target gas monitor in the lab-of the experimental approaches detailed below.
oratory at the end of the transport capillary’*al flux of
typically 10 s™* was derived, corresponding to an activity
of about 2x 10° Bgcnr®. It usually increased slightly dur- 3.2 Applications
ing the first 12 hoy_rs and r_emalned constant at this Ieveg.zl1 Reversible adsorption of NO, on NaCl
afterwards. The initial slow increase was ascribed to a pas-
sivation of the surfaces to whichNO; is exposed in and  In the atmosphere, NaCl is the main constituent of sea salt
behind the target. The production rate depended linearly omerosol generatedia sea spray on the oceans and rep-
the oxygen content in the target gas and on the beam curesenting a very important aerosol material of the tropo-
rent. The estimated overall transport yield of about 20%sphere. Heterogeneous processes involving nitrogen oxides
seemed reasonable when considering the 5 m long polyethyare slowly depleting chloride in the sea salt aerosol by form-
lene tubing between the gas target and the Mo converter anidg nitrates on the aerosol and HCI in the gas-phase. Several
the fact that HN@ exhibits significant retention along most studies have also addressed the reaction of With sea
surfaces [26]. This transport yield was remarkably constansalt and NaCl alonee(g., [3]). In the example shown here,
over many beam times. As the presencé!af was an in- the interaction of*NO, with NaCl was investigated using
dication of**N, impurity in the irradiated gas mixture, it is thermo chromatography, a technique described in more de-
also not surprising thatN oxide species were formed inthis tail by Eichler et al. [27], in which the surface material
system providing a source of carrier NO (after reduction inof interest configured as stationary phase of a chromatog-
the Mo converter). The concentrations of NO in the targetraphy column is exposed to a temperature gradient, while
gas measured by the chemiluminescence detector reachedctarrier gas is continuously passing the column. For this ex-
about 30 ppbv, which was lower than the levels observed byeriment (shown in Fig. 4), a smooth and transparent NaCl
Parks. However, in that study, the proton beam intensitiedilm was prepared by wetting a 4 mm i.d. quartz tube with
were higher (1QA), and the N impurity levels might have  molten NaCl at 800C and subsequent cooling at a slow
been different. The amount of carrier NO was also reprorate. *NO, in air as carrier gas was fed to this NaCl col-
ducible and did not significantly depend on the individual umn in the temperature gradient (300K to 80K) during
gas cylinders used to supply He and ®owever, whereas 30 min. The column was then removed from the apparatus,
the production rate increased with the oxygen content, thémmersed in liquid nitrogen, before the activity distribution
amount of carrier NO decreased (Fig. 3). The reason for thislong the column was measured. The symmetric peak shown
is not clear: if the main source of,Nn the system was not in Fig. 4 confirmed that reversible adsorption was the main
an impurity associated with the,@upply, it seems that oxy- process governing migration 6iNO, along the NaCl sur-
gen was quenching in some way the radical reactions leadinface. For this particular experiment, an adsorption enthalpy

350
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. Fig.4. In this thermochromatography experiment, a quartz column
Fraction of O3 [%] coated with NaCl was exposed to a flow containtfigO, in a tem-
Fig. 3. The ®N activity transported to the laboratory (circles, left) and perature gradient (solid line, right axis), with the gas flowing from the
the carrier NO concentration (diamonds, right) is plotted against thewarm to the cold end. After the experiment, the activity distribution
fraction of Q in the carrier gas passing the target atAl 11 MeV was measured (bars, left axis). A molecular sieve trap at the end of the
protons. coating was used to trap &fN species not retained in the column.
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of 28 kJ mof™ was derived based on an evaluation procedure 240 |
as described in detail by Eichler al. [27]. The experiment 220 |
also allowed estimating an upper limit to the reaction proba- 200
bility, y, of NO, with NaCl, which is defined as the fraction 180

of total gas kinetic collisions of NOwith the surface that . 160
result in irreversible loss on the surface. This would lead tog 1‘2‘8 ]

a homogeneous distribution of activity along the NaCl sur-5 | |
face. From the small amount of activity (not visible in Fig. 4) 30 |
accumulated between the entrance of the NaCl column and 60
before the peak assigned to reversible adsorpjtonas es- 40 1
timated to be about & 10°® in the temperature range from 20 | ASUV.Off . o S
200 to 300 K. This is the collision-based probability that 0 ‘ ‘ ‘ ‘ ‘ ‘

a surface nitrate is formed from NOThis is a very slow 0 10 20 30 40 50 60
process and is not very effective in converting NaCl into
I\.IaNos' HOV\.Iever-, in the at.m.OSphere’ on real s_ea-salt par'Fig. 5. During the HNQ-aerosol experiments, the denuder system was
ticles and with higher humidity and other constituents, thecontinuously scanned to derive the amountdf associated with each
reactivity may significantly increase [3]. Nevertheless, thespecies absorbed on the plates as indicated on the upper horizontal
experiment shown provides a very powerful means of ad-axis. The lower curve shows the distribution for N&lone, the mid-
dressing reversible and irreversible processes at the sanﬁ_‘ﬁ curve after the UV lamp had been switched on to convet Kt

. . . . o 0;, and the upper curve after the aerosol had been switched on.
time. The method is also directly applicable to a realistic sea

salt surface prepared from ocean water, or any other surface

of atmospheric interestg., ice [28]. of activity on the coating specific for HNOand a de-
crease where NOwas absorbed before (middle curve in
Fig. 5). The width of the HN@ activity peak was consis-
tent with removal of HNQ from the gas-phase controlled
by diffusion: for the present geometry and volumetric gas
The most important process removing nitrogen oxides fronflow rates, more than 95% of the HN@olecules should

the atmosphere is the oxidation of N@y OH radicals and have reached the wall within a length of 3cm along the
subsequent scavenging and deposition of HKN@aerosol denuder plates, assuming that every molecule hitting the
particles, rain and snow. Thereby, the uptake of HNM@  wall was taken up [17]. This diffusion controlled trans-
aerosol particles is a key process [29], and the kinetics haport to the denuder plates also defines the characteris-
not been well established for atmospheric aerosol particledic time of exposure of HNglg) to the particles after

In addition, in contrast to the reaction of NQhe reaction the end of the flow reactor of around 30 ms, which was
of HNO; with sea-salt is indeed very effective in converting added to the interaction time given by the geometry of the
sea-salt chloride into nitrate. flow reactor.

For the experiment presented here, a small flow reactor Another 30 min later, the aerosol was switched on. The
consisting of a B cm i.d. Teflon tube was attached in front activity at the position of the particle filter increased (upper
of the denuder and detection system (Fig. 2). At the entranceurve in Fig. 5) whereas the activity associated with gas-
of this tube, a flow containing sea salt aerosol particles waphase HNQ@ decreased. The changes in both signals are the
mixed with the flow containing®N labelled HNQ. The  signatures of the reaction proceeding in the flow reactor.
aerosol was generated from nebulising a synthetic aqueous For an experiment as shown, the integrals of the peaks for
sea salt solution in air. Aerosol conditioning and characteri-each species,, were calculated for each scanperformed
sation are described in detail in [13]. The particle size distri-every 3 min. From the difference of two consecutive activ-
bution was lognormal with a maximum at about 150 nm. Theity measurements, and { — 1), the saturating activity4;,
particle generation could be switched on and off, withoutwhich is equal to the total amount tN-labelled molecules
affecting the flow rates. The length of the flow reactor deter-being absorbed at its specific denuder plate per unit time,
mined the interaction time between Hi&nd the aerosol of was calculated for each species using
typically between @ s and 2 s. e

During the experiment, the activity distribution along the A = o i )
denuder system was scanned every three minutes. Fig. 5 1-ena
shows scans recorded during a typical experiment and alsahere «;; is the activity (radioactive decays per second)
the distribution of the denuder coatings used. The experiat time t; for speciesj and At =t —t;_;. A is the de-
ments were started with the UV lamp to convert Néto cay constant of®N (A = 0.00116 s'). Fig. 6 shows the
HNO; switched off, and the activity is concentrated on the result of this data evaluation for a typical experiment, clearly
coating specific for N@ In these experiments, also somg O showing the sharp changes associated with switching on
was present leading to a more rapid deactivation of this coatthe UV light and the aerosol particles, respectively. As-
ing, so that the N@peak was relatively broad and moved suming negligible kinetic isotope effects, the activities as
slowly along the plate with time. The coating was replaceddisplayed can be converted to the total concentration of each
frequently enough to avoid any losses. speciesj.e., the concentration of labelled and non-labelled

After about 30 min, the UV lamp was switched on, con- molecules, by correcting for the volumetric gas flow rate and

verting nearly all NQ to HNG;, leading to an increase the ratio of labelled to non-labelled molecules. This ratio
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affected by the most important environmental parameters in
these systems.e., pressure, temperature, and humidity.
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Fig.6. From two consecutive measurements of the activity associate

120

each species was derived as shown in the text and plotted as a func-

tion of the time during the experiment. The figure indicates the effect 2.

of switching on the UV lamp on to convert NQopen circles, left axis)

into HNG; (open diamonds, left axis) and of switching on the aerosol 3.

to form particulate®*N species (solid squares, right axis) due to the
reaction of HNQ with the particles in the flow reactor.

was derived from the activity associated withlO, on the
denuder and the measurement of Nf@th the chemilumi-

nescence detector sampling from the gas prior to enterings.

the UV lamp and the flow reactor. In the case shown in
Fig. 6, the initial NQ concentration was.%5x 10t cm—3

(6.3 ppb), so that the ratio of labelled to non-labelled 6.

molecules was 4 x 10~7. From that, a HN@concentration

of 1.40x 10" cm=2 (5.7 ppb) was derived. The concentra- 7.

tion of particulate species derived from the reaction (pre-
sumably surface nitrate) was8®x 10 cm=3 (114 ppb),
which was about 20% of HN{Qg) admitted to the flow re- 4
actor. In this particular experiment, the aerosol surface to
volume ratio was 57 x 10~* cm? cm3, so that the amount
of products on the aerosol surface wadQlx 10 cm2,
This was clearly below a formal monolayer, so that second-
order or saturation effects did not affect the result.
Considering the effective length of the flow reactor
of 16 cm for the experiment shown, the actual aerosol-
HNOs(g) interaction time was.89 s. A mass transfer calcu-
lation as described in [30] was used to calculate the reaction
probability, y, which is the probability that a collision of

HNO;(g) results in irreversible uptake onto the particles. 11.

This calculation takes into account the size distribution of
the aerosol, gas-phase diffusion of HN@nd classical gas-
kinetic theory to calculate the collision frequency. A value
of y =0.07 was derived from several measurements like
that shown in Fig. 6. This value lies in the range to be ex-
pected from studies on bulk NaCl surfaces [31]. A more
detailed discussion of this kinetics, and the implications for
the mechanism of HNQuptake to sea-salt aerosol particles
is beyond the scope of this paper and will be discussed
elsewhere.

This experiment illustrates the capability of i tracer

technique for the investigation of gas-aerosol reactions atis,

concentrations where the amount of processed reactants

would be too small for most classical analytical tools. The 16.

kinetics of these reactions can be observed with a time reso-
lution of below 100 ms, which is sufficient for most prob-
lems of atmospheric relevance. The detection limits are not

12.

14.

and the Kommission fiir Technologie und Innovation.
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