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Abstract. Peroxynitric acid uptake to ice and snow has been(Kim et al., 2007). Field data further indicate a strong chemi-
proposed to be a major loss process from the atmosphereal coupling of HQNO, and NO (Davis et al., 2008; Slusher
with impacts on the atmospheric oxidation capacity. Hereet al., 2010) and formation and deposition of D, has,
we present results from a laboratory study on the interacbeen suggested to contribute to the reduction of OH aSm-
tion of peroxynitric acid with water ice at low concentra- creasing NO levels (Grannas et al., 2007).
tion. Experiments were performed in a coated wall flow tube The fate of HQNO> in the atmosphere is not well enough
at atmospheric pressure and in the environmentally relevanknown to be captured in atmospheric-chemistry models,
temperature range of 230K to 253 K. The interaction waswhich generally overestimate its gas-phase concentr@tion
found to be fully reversible and decomposition was not ob-(Slusher et al., 2002; Kim et al., 2007). Diurnal proﬂles«of
served. Analysis based on the Langmuir adsorption modeHO,NO;, observed at South Pole, could only be reproduceed
showed that the partitioning of peroxynitric acid to ice is or- when deposition to snow was postulated as sink (Slugher
ders of magnitude lower than of nitric acid and similar to et al., 2002). In the upper troposphere a M, sink is©
nitrous acid partitioning behavior. The partition coefficient also missing from the model descriptions. Currently the™b-
(Kiinc) and its temperature dependency can be describederved altitude profiles cannot be reproduced (Kim etzal.,
by 3.74x 10712 x ¢(709%'T) [cm]. Atmospheric implications  2007). The authors suggested uptake to ice particles i@cir-
are discussed and show that the uptake to cirrus clouds or tais clouds as one of several potential sink processes. ;The
snow-packs in polar areas is an important sink for peroxyni-choice to include a strong deposition of biIO, to snow-{
tric acid in the environment. packs or ice clouds is generally motivated by an earlier Eab-
oratory study that showed a significant uptake of NO, N
to ice surfaces persisting over longer times (Li et al., 193&6).
_ This result can however not be applied to atmosphere-icg in-
1 Introduction teractions at environmental conditions for two reasons. Efrst,
the HO;NO, concentration during the uptake experimeDts
The nitrogen oxide peroxynitric acid (HO2) is an at-  was up to 2x 1013 moleculescm?®. Such high levels ofJ
mospheric trace gas that interlinks both HE& OH+HQ®,)  acidic trace gases may induce formation of hydrates andg5|g—
and NG (=NO+NGQ,) chemistry. Connected with those nificantly alter the interaction of trace gases with the Jur-
trace gas families are the rate of ozones@roduction  face (Ullerstam et al., 2005; Huthwelker et al., 2006). Sgc-
and also the oxidative capacity of the atmosphere. Due tandly, Li et al. (1996) identified HN®as major nitrogen oxg
the thermal equilibrium of HENO with HO; and NG ide contamination in the gas-phase with levels of up t08 %
(Gierczak et al., 2005), HINO, makes up a significant  of HO,NO,, which corresponds to concentrations of upto
fraction of the total nitrogen oxide budget mainly in the 2x 102molecules cm?. In literally aIIofthewexperlmentéj
colder parts of the environment. For example, field mea-j et al. (1996) probed the interaction of HRO, with nitric 3

surements have shown gas phase concentrations of up #id hydrates and not with water ice, which is not stabl& at
3x 10'%molecules cm? in Antarctica (Slusher et al., 2002, such high HN@ levels (Thibert and Domis, 1998).

2010) and 6< 10° molecules cm? in the upper troposphere
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a commercial HO, analyzer. In the following the experi-

mental set-up is briefly described. Details on the synthesis
of HO2NO, and on the procedure to study the trace gas-ice
interaction are given in the “Results and discussion” section.

|f| mass flow controler %4 3 port valve @ pump

2.1 Synthesis of HQNO>

The synthesis has been described previously (Bartels-Rausch
et al., 2011). First N@is quantitatively synthesized in a re-
actor of 21 (RV 1, Fig. 1) by mixing a flow of 83 mI mirt

NO in N, with a flow of 700 mImirr® N and with a small
flow of 6mImin~! Oz in synthetic air. @ is produced by
irradiating dry synthetic air with 172 nm light (PhotRct 1,
Fig. 1). The flow containing N®is then further diluted with
700 mImirr! humidified N», mixed with 20 mImim? CO

in N2, and irradiated in the photolysis reactor (PhotRct 2,
Fig. 1). Irradiation of a N@/H>0/CO/Q/N, mixture at
172 nm yields HGNO; (Bartels-Rausch et al., 2011), see
Sect. 3 for details. About half of the experiments were done
at a lower CO flow of 2.5mImin’. The residence time in
the photolysis reactor was 270 ms. Relative humidity in the
photolysis reactor was set to 10 %.
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2.2 Purification of by-products

After the synthesis the gas flow was cleaned from by-
products using a Ti(lV) oxysulfate denuder and a cooling trap
at 243K (see Sect. 3). The Ti(IV) oxysulfate denuder was
prepared by wetting a 49 cm long sandblasted quartz glass
tube with a inner diameter of 0.7 cm with a 5% solution of
Ti(IV) oxysulfate in 30 % HSO, (Fluka 89532) and drying

: ) - . the solution in a flow of M until a very concentrated and
Fig. 1. Experimental setup consisting of a gas-phase synthesis, iaq . . . .

I . . ighly viscous solution was obtained. The cooling trap con-
purification step, the adsorption experiments (CWFT), and the de- . . . . .
tection step. sisted of a 46 cm long, jacketed glass tube with an inner di-

ameter of 2.4 cm, which was filled with 10 ml quartz spheres
to enhance surface area.

uonosla(

Adsorption Experiments

The main aim of this study was thus to investigate the up-

take of HQNO:, to ice at a low concentration of HBO» 2.3 Coated wall flow tbe

and its by-products, where ice films are stable. A new clean]:Or the uptake experiments, a gas flow of typically

ing procedure that removes by-products of the;NOz syn- 5o it containing HQN(SZ was pumped from the

thesis is presented. Further, the uptake obNO3 to ice is main gas flow and passed via an ice coated flow tube

compgred Wit.h. that of ot_hgr trace gases and discussed bas?eWFT); see Sect. 3 for details on the procedure. Reynolds

on their solubility and acidity. numbers with an average value of 112 indicate a laminar flow
regime in the CWFT. To ensure water vapor equilibrium of
the gas and the ice phase, the relative humidity in the gas flow

2 Methods was set to match the vapor pressure of the ice in the CWFT.
This was done by adding 1500 ml mih N that had passed

Figure 1 shows the setup of the experiments. FirseMQ, 3 hymidifier. The concentration of HSIO, in the CWFT
was synthesized in the gas phase. Then, the gas flow CORgas kept constant for all experiments.

taining HONO, was purified from by-products. Finally,

the interaction of HQNO; with a water-ice film was studied 2.4 Preparation of the ice surface

in a coated wall flow tube (CWFT) at atmospheric pressure

coupled to a chemical ionization mass spectrometer (CIMS)A quartz tube was etched on the inside with a 5% solution
HO,NO; and its by-products were quantified with a com- of hydrofluoric acid (HF) in water, and then rinsed with ul-
mercial NG, analyzer, a commercial HONO analyzer, and tra pure water (MilliQ, 0.05uS, pH: 7.3) until the pH was
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neutral. The pH was determined with a pH electrode opti-HO2NO,. To derive HONO levels from then/z 66 trace,
mized for and calibrated with solutions of low ionic strength HO,NO, was thermally decomposed to establish the relative
(Orion 3 Star, Thermo). The quartz tube was then held verti-contribution of HONO and HENO, to them/z66 trace.

cally for exactly 60 s to let excess water flow out. An ice film

was frozen at 258 K by rotating the quartz tube in a snuggly-2.7 Quantification

fitting cooling jacket. This procedure results in smooth ice

films so that its surface area can be calculated based on itfhe CIMS trace of HGNO,, H,O, and HNG was cali-
geometry (Abbatt, 2003; Huthwelker et al., 2006). The totalbrated to continuously monitor their concentrations during
surface of the ice film was 110 @nThe ice had a thickness each CWFT experiment. The concentration of the other
of 10 um=4=2.7 um as determined by weighing. The cooling species was determined in the gas flow after the synthesis
jacket was tempered with a circulating ethanol bath. Temperand after the purification step, mainly to describe the perfor-
atures were measured with a Pt100 thermo-element directlynance of both steps.

inside the CWFT at experimental conditions. The tempera- In detail, the HONO concentration was quantified with a
ture gradient along the length of the flow tube was very small.commercial HONO analyzer (LOPAP, QUMA (Heland et al.,
At 253 K the entrance of the CWFT was about 0.03 K warmer2001; Kleffmann et al., 2002)). TheJ&®, concentration was
than temperatures at its end, and at 230 K the difference wameasured with a commerciabB, analyzer (AeroLaser AL
about 0.2 K. At any position temperatures were very stable;1002). NO, NG, HNOs, and HQNO, were quantified by a

the standard deviation at 230 K wa$.05 K. commercial NQ analyzer (Monitor Labs 9841 A). This in-
strument measures NO directly by chemiluminescence. In
2.5 Detection after contact with the ice a second channel the total nitrogen oxide (N©@oncentra-

tion is determined after conversion of those species to NO in

The evolution of HQNO; in the gas-phase after con- g puilt-in molybdenum converter. To differentiate between
tact with the ice was monitored using the CIMS (Guim- the individual NG species, chemical traps were used (Am-
baud et al., 2003). The sample gas flow of aroundmann, 2001). A trap of N&COs coated on firebricks was
560 mImirr! was mixed with 5mimin® 1% Sk (Messer,  used to scavenge all acidic nitrogen oxides (HONO, HNO
UHP) in Ar (Messer, 99.999%) and 1200mimih N2 and HQNO,) and thus to differentiate between those and the
(CarbaGas, 99.999%). gHons were produced by pass- remaining NO and N@in the gas phase. Similarly, a NaCl
ing the Sk in N5 through a?1%Po-ionizer (NRD, p-2031). trap was used to differentiate between HiN&hd the other
HO2NO, was detected with the ND(HF) cluster aim/z98 NOy species. It consisted of a sandblasted quartz tube with
(Slusher et al., 2001). With this setup detection lim- a length of 49 cm and an inner diameter of 0.8 cm, that was
its (3x standard deviation of the background signal) for wetted inside with a slurry of NaCl in 1/1 water/methanol
HO,NO; of 2.3x 10® molecules cm? in the chemical ion-  and dried in a stream of N(Ammann, 2001). To quantify
ization chamber were reached. This corresponds to a conHO,NO,, HO,NO, was decomposed to NOThe NaCO3
centration of 5. 10'°moleculescm?® in the CWFT, i.e.  trap was then used to either scavenge HONO, HN@d
before dilution and pressure drop. HO2NO> or only HONO and HNQ (Bartels-Rausch et al.,

The CIMS was further used to ensure the stability of the2011). The heating unit used to decompose;NO, was a
ice film in all experiments. We observed that the; F,0) 2m long PFA tube (1.D.: 4 mm) heated up to 373K with a
cluster atm/z of 164 responds strongly and reproducibly to residence time of 730 ms.
changes in relative humidity between 0.2% and 10%. This We found that the presence of CO interfered with the NO
cluster was continuously monitored to confirm the equilib- measurements. Detection of WO after passage through the
rium of the water vapour in the gas with the ice and stablemolybdenum converter — was not affected by CO.
humidity in the gas flow, whether or not it passed the ice in
the CWFT. 2.8 Flow system

2.6 Detection of by-products before the CWFT Gases originate from certified gas bottles of (Carbagas,
99.999 %), 20% @ (Carbagas, 99.995 %) in N(Carba-
In a typical experiment the concentration of by-products andgas, 99.999 %), 10 ppm NO (Messer, 99.8 %) in(Nlesser,
the performance of the two traps was monitored using the99.999 %) and 10 % CO (Messer, 99.997 %) in (Mlesser,
CIMS. Several clusters, which have been described earlie99.9999%). Gas flows were controlled with calibrated
have been used in this work: NO(HF) from HNG; at  mass flow controllers (Brooks 5850) or gas flow regulators
m/z82 (Huey, 2007), NQ (HF) from HONO and H@GNO; (Voegtlin red-y) with better than 1% accuracy. The flow
at m/z66 (Longfellow et al., 1998; Slusher et al., 2001), through the CWFT was given by the size of the sampling
NO, from NO, at m/z46 (Huey, 2007) and S, from orifice situated between the CWFT and the CIMS at low
H>0, atm/z140 (Bartels-Rausch et al., 2011). The fragmentpressure. The volumetric gas flows were measured once a
with m/z 66 originates not only from HONO but also from day with a gas flow calibrator (M-5 mini-Buck Calibrator,
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40 280 260 270 280 2% The main problem associated with both, gas-phase and aque-
Time (min) ous phase, synthesis routes is the presence of by-products.
HONO and HNQ can be formed by the reaction of NO or

Fig. 2. Time traces of HGNO> (blue solid line, left axis) and the NO, with OH (Reactions R5 and R6)
by-products NQ (black dotted line, left axis), HONO (green dash '

dotted line, left axis), HN@ (red dashed line, left axis), andhB» NO,+OH— HNO3 (R5)
(turquoise solid line, right axis). Times at which traps were active
are indicated by horizontal bars: Red: B0, trap (heating sys- NO+ OH — HONO (R6)

tem), green: Ti(IV) denuder, blue: cooling trap. Concentrations are
given without the dilution in front of the CWFT. The data were ob-
tained at initial concentrations of8x 1012 molecules crii3 NO,,

5.4 x 10 molecules cri3 Oy, 1.6 x 108 moleculescm?® CO,

and 236 x 1018 molecules cri3 water vapor.

In the absence of CO, Reaction (R5) has been used previ-
ously as a gas-phase source of HN@ith yields of up to
70% (Vlasenko et al., 2009). NO was not fed into the pho-
tolysis reactor. It may presumably form during the photolysis
by the reaction of N@with H or with O radicals.
A.P. Buck Inc.) with 0.5% accuracy. All flows in this work  In this photolytic HQNO, synthesis the levels of by-
refer to standard pressure and temperatur@l@x 10° Pa  products are generally rather low. H¥@nd HONO lev-
and 273.15K). The entire flow system consisted of perfluo-els of 1x 10** molecules cm? were determined for an initial
roalkoxy (PFA) tubing. NO, concentration of 3t x 102 molecules cm? in the pho-
tolysis chamber (Fig. 2, 295-330 min). This is lower than
observed in our previous study (Bartels-Rausch et al., 2011).
3 Results and discussion The reason for this might be a more selective and direct de-
tection mode of HN@ and HONO. In the previous study
both species were only indirectly determined. The low levels
of by-products are supported by a comparison of the rate con-
stants showing that OH is scavenged by CO much faster than
; . . its reaction with either NO or N® The ratios of rate con-
HCIO, in 30% H,0,, which is then delivered to a gas-flow " ¢ Roactions (R5)/(R3) and Reactions (R6)/(R3) are

by bubbling carrier gas through the solution (Kenley et al., : .
0.06 and 0.03, respectively (Atkinson et al., 2004) and the
1981; Appelman and Gosztola, 1995). One advantage of thPCO concentration eiceeds{h(ose of NO andzl‘tb@thre)ze or-

gas-phase synthesis used here is that it can continuously P'%%rs of maanitude
vide HONO> levels over long time periods, as needed for g ;

: . Due to the interference in the chemiluminescence detec-
our experiments. Also, the handling of concentrated, explo-tion we cannot quantify NO once CO is added to the gas
sive HO» solutions is omitted. Niki et al. (1977) synthe- ' q 9

sized HGNO, in the gas-phase by photolysis of HCI and flow and we can also not differentiate between NO angNO

. Another major by-product is $0, (Reaction R7) for
subsequent reaction of the produced H@th NOp. Here, | Lo oo of up to 6 103 molecules cm® have been de-
we used a different approach where®is photolyzed to termined in the photolysis reactor
yield HO; in order to eliminate potential interference of HCI '
and CIONO during the adsorption experiments. We haveyo, + HO, — H,0, 40, (R7)
shown previously that HINO, yields of up to 30 % can be
achieved with this synthesis route by adding CO to the pho3.2  Purification of the synthesis from by-products
tolysis gas mixture (Bartels-Rausch et al., 2011). The pres-
ence of CO reduces OH and increasespHReactions R3  For this study, the HeNO, synthesis was significantly im-
and R4) (Aschmutat et al., 2001). HRNO; is then formed proved by adding a Ti(IV) denuder to remove® dur-
by the same reaction as in the atmosphere (Niki et al., 1977)ing all experiments. Figure 2 shows the performance of the

3.1 Synthesis of HONO,

Conventionally HQNO; is synthesized in the aqueous phase
by reaction of NQBF4 in 90% HO, or of NaNG and

Atmos. Chem. Phys., 12, 1833845 2012 www.atmos-chem-phys.net/12/1833/2012/
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two purification steps for a typical experimental run: Con-
centrations of the trace gases with time are given when the
gas flow passed both the Ti(IV) denuder and the cooling
trap (235-265 min), only the Ti(IV) denuder (265-295 min),
and neither of the two (295-330 min). We found that the
Ti(IV) denuder alone removes 96 % of the®b (Fig. 2,
265-295 min and 295-330 min). Ti(lV) oxysulphate forms
[Ti(O2)(OH)agl ™ complexes with HO,. This has previously
been used as an analytical method (Possanzini et al., 1988).
Also HONO was reduced by 94 %, and 55 % of the M@,

is trapped by the denuder, which lowers the overall yield
of the synthesis route substantially. N@nd HNG; are in-
creased by 15 % and 240 % when the Ti(IV) denuder is used.
This indicates that these species were produced by redox pro-

Normalized intensity
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cesses in the T|(|V) denuder System_ The Subsequent'y |nF|g 3. Breakthrough curves of three CWFT adsorption experiments

stalled cooling trap reduces the Hy@oncentration by 86 %
and the HO, concentration by 63 % of their respective con-
centration after the Ti(IV) denuder (Fig. 2, 235-265 min).
The remaining HN@ was 8% of the H@NO, concentra-
tion, which is comparable to or lower than that reported for

at 236 K (blue triangles), 240K (green squares), and 250K (red di-
amonds). The gas flow is led over the CWFT at time=0s. The
variation in intensity at 250 Kz(=400-1000 s) is due to instrument
fluctuations.

the two synthesis routes in the agqueous phase (Knight et al3.3  Adsorption experiments
2002; Jimenez et al., 2004). Knight et al. (2002) measured a

HNO3 concentration of around 10 % of the HR®O- in his
sample at 273 K. Jimenez et al. (2004) measured a £INO
concentration of around 50 % of the HRO, concentration
behind a cold trap at 252 K. Considering®p, Knight et

al. (2002) measured#®, concentrations of around 50 % and
Jimenez et al. (2004) of about 10 % of the $\D, concen-

Figure 3 shows typical evolutions of the HRO, concen-
tration with time at different temperatures as measured at
the end of the CWFT. Such measurements are referred to as
breakthrough curves. At time=0s the K00, in the gas

flow was passed over the ice film, and its intensity drops to
the background level. Then, within 200 s at our experimental

tration, both of which are substantially lower than achievedconditions, the gas-phase concentration obNO» starts to

here, even with the very efficient Ti(IV) denuder. In our
experiments the 0, concentration was similar to that of
HO,>NO:s.

In summary, after dilution the typical experiment re-
sulted in a concentration of HMNO, in the CWFT of
9.7 x 10*°moleculescm?® at a CO concentration of.8 x
106 molecules cm?®. At these conditions, the NGconcen-
tration was 4x 10 molecules cm?, the HONO concentra-
tion was 1x 10° molecules cm3, the HNQ; concentration
was 9x 10° molecules cm?® and the HO, concentration was
1 x 10" molecules cm?® in the CWFT.

The concentration of HENO,, H,O, and HNGQ was
monitored during each individual CWFT experiment. For

recover. The onset of the recovery shows a temperature de-
pendence with a longer lag-time at lower temperatures. The
time needed to reach full recovery depends strongly on tem-
perature as expected for an adsorption process. Full recovery
means that the HENO, traces recover to the average level
when the CWFT was bypassed as determined before each
single run, i.e. in the interval of 0 te 50 s.

The first result from this study is that HRO, gas-phase
concentration recovered to its initial level in all experiments.
Incomplete recovery would suggest (i) chemical decompo-
sition, (ii) slow, continuous uptake, or (iii) irreversible ad-
sorption of HGNO,. (i) Decomposition of HGNO, has
been observed in water at moderate and acidic pH (Kenley et

about half of the experiments the CO concentration was low-al., 1981; Lammel et al., 1990; Regimbal and Mozurkewich,

ered to 04 x 1018 molecules cm? that — in qualitative agree-
ment with our previous study — resulted in lower pD;
yields, lower B0, yields and higher HN@yields. The con-
centration of HQNO, was found to be very reproducible
with 1.2 x 1011+ 2.2 x 1019 molecules cm? in the CWFT at
a CO concentration of.f x 108 molecules cm?® and with
8.2 x 1010+ 1.7 x 10'°moleculescm? at a CO concentra-
tion of 0.4 x 10® molecules cm3. H,O, concentration was
1.3x 10" +8.4 x 10° molecules cm? at high CO and % x
1019+2.2 x 1019 molecules cm?® at low CO. HNG concen-
tration was 2 10° + 1.4 x 10° molecules cm? at high CO
and 78 x 10° + 3.5 x 10° molecules cm? at low CO.

www.atmos-chem-phys.net/12/1833/2012/

1997). HNQG, NO,, HONO, and HO, have been identified

as products. Li et al. (1996) detected HhNEmissions from

ice exposed to HeNO, and attributed those to impurities in
the HONO> source, and thus also concluded that N,
does not decompose on the ice surface. In our experimen-
tal setup, we would not expect to observe HNénissions
from the ice, because of its strong tendency to stick to the ice
surface. The CIMS traces of NGat m/z46 and of HONO

at m/z66 showed no increase when HI0D, was exposed

to the ice surface, which further underlines our conclusion.
(i) HO2NO; clearly does not show a long-term uptake as
the HOGNO, signal recovered completely within less than

Atmos. Chem. Phys., 12, 1838315 2012
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Table 1. Solubility, acidity (pKa), and adsorption enthalpies (DHads). The solubility is given as molecular Henry constant at Z8&K (

Species Hogg [M/atm] pPKa A Hggs[kd/mol]
min max min max
NO - - - 2174 9 226 ¢
NO, - - - -21 9 —23 «d
HONO 37 a 50 b 325 32 94 _45 T
HNO3 21x10° ¢ 26x10° 9 _—137 —44 9 _e8 S
HOLNO, 4x102 ¢ 12x10* T 58 59 ! -
HCI 1.1 9 15x103 h 7 - -
SO 1.1 i 1.4 o177 - -
H,0, 6.9x10* kK 14x10° ! 116 32 U -
HCOOH 9x10¢% ™ 13x10* " 37 51 V -
CHzCOOH 83x10? ™ 1x10* © 476 -175 W _55 V
CRCOOH 89x103 P - 0.3 - -

@ Durham et al. (1981)'EJ Becker et al. (1996)S Lelieveld and Crutzen (19915‘, Chameides (1984F Amels et al. (1996)’, Regimbal and Mozurkewich (19979, Marsh and
McElroy (1985),1 Chen et al. (1979), Liss and Slater (1974), Wilhelm et al. (1977)K Hwang and Dasgupta (1983)Hoffmann and Jacob (1984} Yaws and Yang (1992),
N Servant et al. (1991, Gaffney and Senum (1984),Bowden et al. (1996} Bartels et al. (2002), Kerbrat et al. (2010b} Thibert and Domig (1998)! this study Pouvesle
et al. (2010)Y von Hessberg et al. (2008Y, Sokolov and Abbatt (2002).

20 min at our experimental conditions. Table 1 lists the acid-ments £50 %) for the individual experiments below 240K,
ity and the molecular Henry coefficientBl{gg) for different indicating fully reversible uptake. At 244K, the number of
trace gases and shows that the observed complete recovedgsorbed molecules was lower than the number of adsorbed
of HO2NO:3 fully fits into the emerging picture where acidity molecules. This might in principle be due to altered surface
largely determines the tendency for long-term uptake. Thecharacteristics of the ice at higher temperatures. However,
observation of a strong uptake over long timescales on thirsince also results from the preceding adsorption experiment
ice films is restricted to highly acidic trace gases. Typical ex-did lie outside the confidence interval of the data set, we con-
amples are HN@ (Ullerstam et al., 2005), HCI (McNeill et  cluded that this measurement is an outlier and do not con-
al., 2007), and tri-fluoroacetic acid (EOOH) (Symington  sider it any further. The observation of reversible adsorp-
et al., 2010). Weaker acids, such as #®,, show a fast tion is in agreement with other data available for weak acids
and complete recovery. Analogous examples are formic aci@dr non-acidic species such as® (Pouvesle et al., 2010),
(von Hessberg et al., 2008; Symington et al., 2010), aceti@cetone (Winkler et al., 2002; Peybernes et al., 2004; Bartels-
acid (Picaud et al., 2005; von Hessberg et al., 2008; KerbraRausch et al., 2005), formic acid (von Hessberg et al., 2008)
et al.,, 2010a; Symington et al., 2010), HONO (Chu et al.,and acetic acid (Sokolov and Abbatt, 2002; Symington et al.,
2000), and S@ (Clegg and Abbatt, 2001). The non-acidic 2010). For the strong acids HN(UIlerstam et al., 2005)
H202 shows no long term uptake (Clegg and Abbatt, 2001;and HCI (McNeill et al., 2006) the peak area was signifi-
Pouvesle et al., 2010). For the weak acids HONO angd &0 cantly lower in the desorption experiments, showing that the
long term uptake has been observed in packed bed flow tubesdsorption was not reversible for these strong acids.
that have a much larger ice volume and surface area and are In summary, the uptake of DO to the ice surface can
thus much more sensitive to slow bulk and surface effectdbe described as reversible adsorption equilibrium at temper-
(Huthwelker et al., 2001; Kerbrat et al., 2010b). Molecular atures from 230K to 253 K.
solubility seems not to be a strong driver for long-term up-
take (Table 1). Instrumental fluctuations 6% however 3.4 Partition coefficient
give the possibility that small deviations from the complete
recovery remained undetected in our experiments. (iii) To
molecules was determined i 4 experiments at 230, 236, 2341 NuMber of adsorbed HEOz molectles fagd n equ-

) . P T = Tibrium is the primary observable of these experiments and is
and 244 K, respectively. This was done by exposing the ice todirectly derived from the breakthrough curve:
HO,NO; until the adsorption equilibrium was reached, ther- '
mally decpmposing HeNO, to NOg ar_1d HQ in the gas Nags= F(T)-IntArea: PHO;NO; - Na 1)
flow entering the CWFT, and monitoring the HRO, re- R-T
lease from the ice. The number of adsorbed and desorbeHere, F(T) is the volumetric velocity of the gas flow in
molecules was equal within the uncertainty of the measurecm®s—1 at 7' [K] — the temperature of the CWFT, litrea

3.4.1 Surface coverage
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is the integrated area of the curve in gyo2no02 IS the Temperature (K)

partial pressure of HENO, [MPa], N, is the Avogadro PRS0 25 200 26 202 28
constant [moleculesmot], R is the universal gas con- — .
stant [Jmot1K—1]. The surface concentration of adsorbed 10 1
HO,NO2 molecules at our experimental conditions ranged T

from 6.1758 x 10 molecules cm? at 253K to 7.7758 x 8 g

102 molecules cm? HONO, at 230K. All uncertainties %
are given as 95 % confidence interval. Surface coverage is ag ¥
most a few percent of a monolayer, as estimated with a max-
imal monolayer capacity of 8 10 molecules cm? found
for HONO and HNQ (Crowley et al., 2010). Adsorption at
such a low surface coverage is most likely in the linear ad-
sorption regime of the Langmuir adsorption isotherm. ) ) ) ) )
To compare the adsorption behavior among different trace 4o 4 o Ak 43 4-4X -
gases we express the adsorption equilibrium in terms of the

partition coefficientKiinc (cm), which is defined as ratio rig. 4. Natural logarithm ofk| jnc versus the inverse temperature
of the concentration of adsorbed molecules to the gas-phasgr HO,NO; (blue diamonds). When several data points were avail-
concentration at equilibrium and which describes the initial able mean values are plotted with an uncertainty of two times the

linear part of an adsorption isotherm as defined by the Langstandard deviation. The blue, dotted lines give the 95 % confidence
muir model. At equilibrium the surface concentration of ad- bounds for the linear fit (blue solid line). The thick blue dots give

sorbates is related to the gas-phase concentration as: the maximum error with included competitive adsorption. The blue
crosses indicate desorption experiments. The data are compared
”%ds to the IUPAC recommendation (Crowley et al., 2010) for HONO
Kiinc = Tigas ’ (2) (green, dashed line with triangles) and Hj@ed, dash-dotted
v line with squares). The dotted lines show the error for HONO and

where ngas is the number of molecules in the gas phaseHNOs according to the IUPAC recommendation.
[molecules],nags is the number of molecules adsorbed on
the ice [molecules]V the volume of the flow tube [cfh
and A the geometric surface area of the ice film fgniThe
Langmuir model has proven to describe the partitioning of a . X .
numgber of atmospherFi)c trace gases well, incFI)uding HM%D H.ON.O’ and NQ was investigated in a flow tUb.e pa}cked
low coverage (Ullerstam et al., 2005), HONO (Kerbrat et al.,WIth ice along which temperature decreased with distance

2010b) and VOCs (Sokolov and Abbatt, 2002) and has aIséBa_rtEIS'RQUSCh etal, 2011). Those experlments showed
been adopted by IUPAC (Crowley et al., 2010). an increasing preference for the ice phase in the sequence

Figure 4 shows the natural logarithm @&f inc, plotted N(chz E.H?Nlo zlgg)éNoﬁ < HbNO3' :jtltsh atls:)l w&ﬂagreebmentt
versus the inverse temperature in the temperature range ! h Ite al. ( i ) \24%2 ?srve ma 22%3 Ke;ort s4a
230K to 253 K.K1inc at 230K is 94.435cm and decreases igher temperatures ( ) than K90, ( ) in tem-

erature programmed desorption experiments.
to 5.7739 cm at 253 K. The logarithmic data follow a linear P prog P P

trend, clearly showing that reversible partitioning describes3 4.2 Influence of solubility on the adsorption process
the interaction of HENO, with the ice surface very well.

The linear fit of InKinc) vs. LIT" allows to describe the tem- This relative order ofKj,c apparently scales with the ef-
perature dependency & inc as 374x 1012 x (7098 T):  fective solubility of the individual species in water (Table 1
the uncertainty of the exponent #8661 K. Such a nega- and Fig. 5). Figure 5 shows the results of a multiple linear
tive Arrhenius type temperature dependency is in agreementegression between the partitioning to ice, the acidity con-
with other trace gases that physically adsorb on ice (Huth-stant, and the molecular Henry constant for,SBCOOH,
welker et al., 2006). Figure 4 also shows théti,c of CH3COOH, CECOOH, HONO, HN@, HO,NO», HCI and
HO2NO;, is nearly three orders of magnitude lower than theH,O,. The correlation is rather good when considering
Kiinc of HNO3 and lies in the same range as tkiginc of the large errors that might be associated with the three in-
HONO over the temperature range investigated. This meanput parameters. Especially, the reported value&lgfs for
that at equilibrium H@NO, adsorbs less to ice than HNO HO>NO, might be overestimated as HRO, easily decom-
and about as much as HONO. Thejnc values for HNQ poses in water, which makes reliable measuremerti-gf

and HONO were taken from the recent IUPAC compilation difficult.

(Crowley et al., 2010) and are based on the following work: The good correlation illustrates the importance of both the
Abbatt (1997), Chu et al. (2000), Cox et al. (2005), Hynes etacidity and the solubility on the partitioning to ice. Appar-
al. (2002), Kerbrat et al. (2010b), and Ullerstam et al. (2005).ently similar molecular properties determine the tendency for

This relative adsorption strength is in agreement with our
previous study, where the migration of HRO,, HNOs,
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6 D this is discussed below. NO and N@o not interact with the
ice at temperatures of our experiment (Bartels et al., 2002),
5 o, ] thus their presence does not influence the adsorption mea-
T surements of HeNO,. Dimerization of NQ to N>O4 is
47 : H/ : unlikely at these low concentrations and is thus neglected.
T P HONO does adsorb to the ice, but since its concentration
3 | e is only 1% of H@NO; its contribution can be neglected.
. : : HQo /ONg'c.cho DH. ‘ f : HNO3 and HO, are present at relatively high concentra-
> tcooH | tion and both partition to ice surfaces. We monitored their
: S : ' gas phase concentration after the CWFT with the CIMS dur-
ing each experiment. In all experiments the H\sIgnal re-
mained at background level, while the onset of the recovery
for the H,O, signal was only visible in longer experiments
o (around 45 min). This observation strongly suggests larger
05 5 1 2 3 4 5 6 partitioning of either species to ice compared to NQ;.
log(H This is consistent with the work onJ®, adsorption to ice
by Pouvesle et al. (2010). An earlier work has shown much
Fig. 5. Multiple linear regression with the input parameters acid Weaker partitioning to the ice (Clegg and Abbatt, 2001).
dissociation constant ) and molecular Henry constani$gg To estimate the impact of HNOand HO, on HO;NO»
[Matm~1]) versus thek| jnc [cm~1] on ice at 228 K. adsorption, the length on which they are present in the CWFT
was derived. For this the surface coverage (Eq. 2) was calcu-
lated with K j,c taken from Crowley et al. (2010) and Pou-
uptake into water and the adsorption on ice for these acidiges|e et al. (2010) and with the measured gas phase concen-
trace gases. This even holds for acidic organic trace gasegation. The total area, i.e. the length, in the column where
The relationship found is given in Eq. (4) and can be usedhoth species adsorb is then derived based on the total flux
to roughly estimate the partitioning of any acidic trace gas t0of molecules into the CWFT during the experiment and the
Ice. surface coverage. HN{zompletely adsorbs within less than
2 cm of the flow tube at any temperature and its influence on
I0g(KLinc) = 0.4977-log(H298) —0.1282-pKa+1.1362(3) 0 partitioning of HQNO; to the ice in equilibrium over the
whole length of the CWFT is thus neglected,®$ adsorbs
along a length of up to 30 cm with a surface coverage ranging
The slope of the linear fits to the data in the Kfc) from 5% to 10 % in the temperature range of 253 K to 238K,
versus the inverse temperature plot (Fig. 4) is steeper fofndrom109% to 18 % below 238 K. Such a high surface cov-
HO,NO, than for HNQ or HONO. This impression is con- €rage of an additional trace gas during uptake experiments
firmed by a statistical F-test, which compares the slopegnight lead to a reduction in adsorbed kD, molecules,
of the regressions in a pairwise manner based on the starfRécause both species compete for adsorption sites on the ice.
dard deviation of each. The slope and standard devi-T0 quantify the possible influence 0B, on the adsorption
ation for HNQ; and for HONO were derived from the ©f HO2NO2, we used the competitive Langmuir model as de-
IUPAC recommendation (Crowley et al., 2010). From tailedin Kerbratetal. (2010a). The model showed &ighc
the slope the standard enthalpy of adsorptiarH,) of IS reduced by 20% at 230K, by 8% at 238 K and by 5% at
—50.0+55kJx mol-! can be derived for HENO,. When 250K. This is thus a potential systematic error qf our re'sullts
comparing AHa(t)ds with literature values for other nitro- & low temperatures. However, as the deviation is well within

gen oxides as given in Table 1, one obtains the sequencg‘e experimental scatter &f jnc, we neglected the influence

NO < NO, < HONO = HNQ; < HO,NO,. The very high  Of competitive adsorption (Fig. 4).

enthalpy of adsorption for HN@reported by Thibert and All experiments were_done in th_e ice stability _regime of
Domineé (1998) of—68+ 8.9 kJmol! was not considered. e HNGs-water phase diagram (Thibert and Dogin998),

The higher enthalpy of adsorption compared to the other nj2nd the HOz-water phase diagram (Foley and Giguere,

trogen oxides indicates stronger KIO,-ice interactions. 1951). Yet, surface modification of the ice by Hjl@ould
be important along the first 2cm of the CWFT. McNeill et

al. (2006) have observed increased adsorption of acetic acid
4  Effect of by-products to ice when another strong acid, HCI, was dosed to the sur-

face at a concentration that induced surface premelting. Mc-
Despite careful purification steps, there is a possibility thatNeill et al. (2006) observed this increased adsorption at HCI
the remaining HO2, HNO3, HONO, NG, and NO can in-  concentrations near the boundary of the solid ice stability
terfere with the adsorption measurements ofoNO, and regime of the HCl-water phase diagram. For partial pressures

109(K jnc)

298)

3.5 Enthalpy of adsorption

Atmos. Chem. Phys., 12, 1833845 2012 www.atmos-chem-phys.net/12/1833/2012/



T. Ulrich et al.: The adsorption of peroxynitric acid on ice between 230 K and 253 K 1841

corresponding more to the center of the ice stability regime 1

in the phase diagram no premelting and no increased uptake o9}
of acetic acid was observed. The HilG@ncentration in this ok
study was rather in the middle of the solid ice stability regime o~ _|...
of the HNG;-water phase diagram, making it unlikely that % .
surface modifications might have occurred which enhance >
the uptake of HGNO,. In agreement, solid ice was still ob- £ °9
served at the surface in presence of nitrate at concentrationg °4f
similar to this study (Krepelova et al., 2010). g o3
The presence of by-products, esp@4, might have al- 0.2f
tered the adsorption of HDIO,. However, this effect is not 01k el
larger than the random fluctuations of our results. We thus \ L

SOO 205 210 215 220 225 230 235 240

do not correct our values for systematic error and think that Temperature (K)
the results given here are a good representation of environ-
mentally relevant conditions. Fig. 6. Fraction of adsorbed HENO, (blue line) and HNQ (red

line, triangles) to cirrus clouds at temperatures of the upper tropo-
sphere. Solid lines represent clouds with a surface area density of

5 Uncertainties 102 cm1, dashed lines represent clouds with a surface area den-
sity of 3x 10~% cm~1. Data for HNG; was taken from the IUPAC

The uncertainty ofiags Klinc, the exponent of the Arrhe- recommendations (Crowley et al., 2010), the data forNO; is

nius temperature dependency, andﬁdﬂgdswas determined  from this work.

by the 95% confidence interval of the fit through 22 data

points. The reported error represents random variations be-

tween individual experiments and is expressed as 2 times thé Atmospheric implications

standard deviation in each direction. The 95% confidence

interval of the fit agreed well with the confidence interval of |ce surfaces have been proposed to represent a sink for gas
5 repeated experiments at 230 K. A rough estimation of thephase HGNO, (Slusher et al., 2002; Kim et al., 2007), and
individual contributions to the total uncertainty revealed thathe magnitude of the uptake of HRO; to ice surfaces has
fluctuations innags Which are 19% of the mean value and peen proposed to be similar to that of Hh(Slusher et al.,
instrumental fluctuations, which are 5% of the mean value,2002). In this study we show that equilibrium partitioning of
contribute strongly to the uncertainty @fgs Other random  HO,NO; to ice at low concentration is orders of magnitude
fluctuations like the temperature of the CWFT or the fluctu- jower than expected purely based on its molecular solubility.
ations of the flow through the CWFT have a lower impact on pmolecular Henry constants have been used to estimate the
the error. gas phase concentration of HIO, over ice surfaces (Abida

Co-adsorption has been discussed as a source of systemt a|., 2011). Here we discuss the equilibrium partitioning of
atic error in the determination dfiinc of HO2NOz and it HO,NO;, to ice clouds in the upper troposphere and to sur-
was found that this negligible (Sect. 4). This conclusion re-face snow-packs under environmentally relevant conditions
lies on calculations based @iax(H202), nma(HO2NO2),  once the adsorption equilibrium is reached.

the gas phase concentration 0b®, and KU”C(H?OZ)' Figure 6 shows the fraction of HDIO, adsorbed to the
Ef?Ch of the;e i'aéamgters fhas ?1“' urégertalnt):jpy |trs]elff. IThﬁ:e phase in typical cirrus clouds in the upper troposphere.
effect on Kiinc(HO2NOy) of each is discussed in the fol- Typical temperatures and surface area densities of dense cir-
lowing. An error innmax of H20z and of HQNO; was ¢ ¢0uds, 3 104 to 1075 cn? ice surface per cfof free
fZOUI‘]l-((?I)l:O ble nlegllg|b2Ie. 4'”182? |n|terv?l O’flmgx frgm gas phase, were taken from observations (Popp et al., 2004).
x molecules cm* 10 4x molecules cm*, Kiinc The temperatures for the experiments presented in this work

only change_d by 7% at 230.K' The gas_phase concentratiorl)ange from 230K to 253 K. Data is extrapolated to tempera-
of H20z, which was tested in the:50 % interval, changed o5 qown to 200K in Fig. 6 which potentially adds uncer-

Kiinc by 7% at 230 K. This is also within the experimental tainty. Taken the excellent linear fit of IK(inc) to 1/T that

oo o o~ o : tha
_scatteri ,lo\ cgange m;“”c O];dH_ZOZ \;Vgg'g} a_IJ_rhl_so f?‘) 66%  represents our data, we suggest that this extrapolation is rea-
interval, leads to a change Ky inc 0 0. This eflectwas o5 aple for a rough estimate of the partitioning of 44,

the greatest, but still inside the bounds of error of experimer_l-to ice in the upper troposphere. The fraction of the adsorbed

tal scatter. In summary the conclusion, that co-adsorption 'Shitrogen oxides was calculated as proposed by Pouvesle et
negligible, is valid even when considering the systematic un-, (2010):

certainty.
Kiinc-SAD

— _tinc > 4
* = Kinc SAD+1 “)
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1

. | | ' ' ' ' HO,NO, = i
o JHooNO, 1+SAD- KLinc,HO,NO, ©

Figure 7 showsf versus the temperature typical for snow-
covered environments for a range of surface area densities,
where the high SAD value represents fresh dentritic snow
and the low value wind packed snow. At temperatures below
240K diffusion is slowed by more than hundred times due to
the interaction with the ice surface for any given snow-pack.

In summary snow and ice particles represent a sink for
HO2NO: in the environment. The snow pack represents a
sink at any typical temperature; adsorption of HND, on
atmospheric ice particles strongly depends on the density of
the ice clouds and temperature.

10

10

f(-)

_4-

10

7 Conclusions

-5

10 The adsorption of HGNO; on ice and its temperature depen-

dence has been characterized at low surface coverage. At our
experimental conditions, uptake of HRO, to ice is fully
reversible and a slow, long-term loss to the ice was not ob-
10°° R A A A A A served. The partition constait j,c with a negative tem-

200 210 220 230 240 250 260 270 perature dependence of78 x 10712 x ¢(7098'T) (cm) was

Temperature (K) derived. Partitioning to ice of HEINO> is orders of magni-

tude smaller than values for HNQand in the same range as
values reported for HONO. Acidity and solubility of acidic
trace gases could have an important impact on the adsorption
behavior. Cirrus clouds in the upper troposphere and ice and
snow surfaces at South Pole and other very cold parts of the
wherea [-] is the adsorbed fractionk|inc [cm] the parti-  environment are a sink for gas-phase D).
tion coefficient as a function of the temperature and SAD
[cm~1] is the ice surface area per volume of gas phase (sur

ff"‘ce a.rea dens'lty)...The adsorption of 3@, to the ice par- for providing and help with the D, analyzer. We also thank
ticles is only_S|gn|f|cant at COI(Z temeerature%Z(lO K) and Yulia Sosedova for help with the HONO analyzer. We thank
very dense cirrus clouds (810" cm™); thenupto 70% of | zimmermann and J. Graell for their work on this project during
the total HQNO: is trapped. Thus when very dense clouds their internships with us. We appreciate funding by the Swiss
are present the equilibrium partitioning of HIRO; to cirrus  National Science Foundation, grant number 200021857.
clouds could explain the discrepancy between measured and
modeled data for HeNOs in the upper troposphere. Edited by: V. F. McNeill

Considering the snow cover on the ground, the surface
area to air-volume ratio is orders of magnitude higher than
in clouds (see below) and RO, adsorbs almost com-
pletely to the ice phase in the interstitial air of snow even atappatt, J. P. D.: Interaction of HN@with water-ice surfaces at
warmer temperatures. The specific surface area ranges from yemperatures of the free troposphere, Geophys. Res. Lett., 24,
20cn? g~! to >1000 cnt g~ for melt-freeze crustand fresh  1479-1482d0i:10.1029/97GL014Q3.997.
dentritic snow, respectively. The density and solid to air vol- Abbatt, J. P. D.: Interactions of atmospheric trace gases with ice
ume ratio ranges from 0.1 g crito 0.6 g cn13 for fresh and surfaces: Adsorption and reaction, Chem. Rev., 103, 4783-4800,
wind-packed snow, respectively (Dorgiret al., 2008). The d0i:10.1021/cr020641&003.
resulting surface area densities are in the range of 10s to 100%pida, O., Mielke, L. H., and Osthoff, H. D.: Observation of gas-
cm~L. This extensive partitioning to the ice phase directly ~Phase peroxynitrous and peroxynitric acid during the photolysis
influences the transport of HRO, through a snow-pack by of nitrate m_acndlfled f_rozen solutions, Chem. Phys. Lett., 511,
diffusion. The diffusivity of species with a strong tendency _-8/~19240i:10.1016/}.cplett.2011.06.058011.

to stick to ice surfaces, i.e. large; is attenuated by a Amels, P., Elias, H., Gtz, U., Steingens, U., and Wannowius, K. J.:
r s LinC, y Chapter 3.1: Kinetic investigation of the stability of peroxoni-
factor 1/f (Eq. 8).

tric acid and of its reaction with sulfur(IV) in aqueous solution,
edited by: Warneck, P., Springer Verlag, Berlin, 77—-88 pp., 1996.

Fig. 7. Retention factor f versus temperature for three different
surface area densities of snow: Solid line = 10dmdashed line:
50 cn 1 and dotted line: 100 cmt.
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