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Abstract. The heterogeneous reaction 0f®y on mixed of gas-particle collisions that result in net removal ofQ4
organic-inorganic aerosol particles was investigated using afrom the gas-phase. Early laboratory measurements demon-
entrained aerosol flow tube coupled to a custom-built chemstrated that NOs reacts readily on cold acidic particles
ical ionization mass spectrometer. Laboratory results on(y(N2Os)=0.1), characteristic of the chemically uniform
aqueous particles confirm a strong dependence of the reasulfuric acid (HSQy) particles present in the stratosphere
tive uptake coefficient)) on particle liquid water, for par- (Fried et al., 1994; Mozurkewich and Calvert, 1988). Us-
ticle water concentrations below 15 M, and the molar ra-ing a global chemical transport model, Dentener and Crutzen
tio of particle water to nitrate. MeasurementsyqN2Os) applied these measurement constraints (#é\205)=0.1)

on mixed chloride-nitrate particles indicate that the presenceo the troposphere, where particle surface area concentra-
of trace chloride can negate the suppression ®205) at tions (§) can be a factor of 50 higher, finding that 50%
high nitrate loadings with implications for polluted coastal of NOy emissions are removed viee®s heterogeneous re-
regions. These results are used to construct a new parametezetions as a global, annual average (Dentener and Crutzen,
ization fory (N2Os), that when coupled to an aerosol thermo- 1993). However, in contrast to the uniform chemical com-
dynamics model, can be used within regional and/or globalposition of stratospheric particles, tropospheric particles are
chemical transport models. chemically diverse and strong variations in ambient relative
humidity (RH) lead to varying levels of particle liquid water.
As a result, strong variations in(N2Os) are expected and

i have been confirmed by laboratory investigations (Anttila et
1 Introduction al., 2006; Cosman et al., 2008; Folkers et al., 2003; Hallquist
et al., 2003; Kane et al., 2001; Knopf et al., 2007; McNeill et
al., 2006; Mozurkewich and Calvert, 1988; Park et al., 2007;
Thornton and Abbatt, 2005; Thornton et al., 2003) and mea-

The heterogeneous reaction of dinitrogen pentoxidgOg)
on aerosol particles plays a critical role in regulating tro-

pospheric reactive nitrogen (N&NO +NG) availability .surements of the steady-state lifetime of04 (Brown et al.

(Dentener and Crutzen, 1993), contributes to particulate ni-, . )
i . . Results fi h h f
trate (NG;) loadings (Riemer et al., 2003) and promotes 006). Results from these studies have been used to refine

halogen activation following reaction on chloride contain- the parameterization 6f(N2Os) in the current generation of
ing particles (Behnke et al.,, 1997; Finlayson-Pitts et al. regional and global models (Davis et al., 2008; Evans and

1989; Osthoff et al., 2008; Thornton and Abbatt, 2005), *2°°P 200%: Riemer etal., 2003). | |
The efficiency with which NOs reacts on particles is ex- A limitation of most previous laboratory experiments is

pressed as a reaction probabilify) ( defined as the fraction that they were performed using single component condensed
phases. In contrast, most tropospheric particles are a mix-

ture of multiple components (Murphy et al., 2006). Here,

Correspondence tal. A. Thornton we build upon the existing set of laboratory investigations
BY

(thornton@atmos.washington.edu) of ¥(N»Os), by directly probing the competing effects of
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particle liquid water content (30(l)), nitrate (NQ)) and XNO, (g)
chloride (CI) using internally mixed particles representa-
tive of the lower troposphere. We repor{N2Os) for a se-

ries of mixed inorganic and organic aerosol particles over a

wide range in HO(l). These new measurements help test S

current mechanistic theories of,85 reactivity in aqueous Pz:]rticle AN
solutions and thus aid the development of a more chemically i o 7
accurate parameterization fo(N»Os) that, when coupled to Pt
an aerosol thermodynamics model, can be used in chemica -
transport models. N,Os (g) N,05 (aq) === H,ONO,* +NO;
+NO5" [k2b]
2 Experimental design EHCIC]
2.1 The NvOs reaction mechanism in aqueous solutions
H;0* + NO5™

Our experimental design was based on testing the currently
accepted mechanism for the reaction ofQ¥ on agueous

solution particles. The concerted reaction mechanism for th(?:ig 1. Schematic depiction of the heterogeneous reaction,@

hydrolysis of NOs on mildly acidic to near neutral particles, with aerosol particles. Following accommodatiatho,) to the

characteristic of the troposphere, has been summarized béfartlcle aqueous PDsg dissociates into the reactive intermediate

Thornton et al. (2003). The reaction is initiated by mass ac-, ONO}, which can proceed either through reaction witsQHor

commodationg) to the particle surface (R1), forming aque- y— g promote NOs reactivity, or recombine with NO to sup-
ous phase bDs that reacts reversibly with liquid water to  press net reactivity.

form a protonated nitric acid intermediatez((BINO+) Re-
action (R2). We note that ;_HDN , functionally equiva-

lent to invoking a solvated N Of a solvated MOs with  coatings, which have been theorized to either suppre€s N
high ionic character, has never been directly observed in theiccommodation Reaction (R1) or decrease water availability
systems discussed here, and is thus only a construct witlt the surface (Anttila et al., 2006; Cosman et al., 2008; Folk-
which to interpret the observedNs reactivity and products.  ers et al., 2003; Knopf et al., 2007; McNeill et al., 2006; Park
In pure water, HONOJ will proceed to react with KO(I) et al., 2007). Highly acidic particles, such as those found
forming aqueous nitric acid (HN§) (R3). In the presence in the stratosphere or in ammonia-deficient regions of the
of stronger nucleophiles, such as halide ions, the reactiofroposphere, appear to promote an additional acid catalyzed
can result in nitryl halide formation: XN©(where X=Cl, channel, withy (N2Os) measured on such particles to be be-
Br, or 1) (Behnke et al., 1997; Finlayson-Pitts et al., 1989; tween 0.03-0.1 and thus not necessarily consistent with the

Schweitzer et al., 1998; Thornton and Abbatt, 2005). above mechanism (Fried et al., 1994; Hu and Abbatt, 1997;
L Mozurkewich and Calvert, 1988; Robinson et al., 1997).
N20s(gas < N2Os(aq) (R1) In this study, we test this proposed reaction mecha-
. nism concentrating on the fate of the reaction intermedi-
N2Os (aq) + H20(0) 2, H,ONO,* (aq) + (R2) ate HONO] as the principle driver for net }0s reactiv-
ity in agueous solutions. As shown in Reactions (R1-4)
NO3™ (aq) and Fig. 1, MONOEr reacts either with KO, NO; or X~,
L where only reactions with NDimpede net NOs reaction.
HONOL (aq) +NOj3 (aq) 2, N20s(ag) + H20(1) Within this reaction frameworky (N2Os) depends on parti-
cle HO(l), NO3 and X~ abundance, and their corresponding
H,ONO, ™ (ag) + H20() N (R3) liquid phase reactions rate coefficients-f«).
H30™ (aq) + HNO3(aq) 2.2 Experimental apparatus
HZQNOZr (aq) + X~ N XNO; + H0() (R4) We use an entrained aerosol flow tube coupled to a custom-

built chemical ionization mass spectrometer (CIMS) to di-
The proposed reaction mechanism qualitatively explainsrectly determine the pseudo-first order rate coefficiepd(k
the dependence of(N2Os) on: i) H,O(l) (Thornton et al.,  for the heterogeneous reaction op®k on aerosol parti-
2003), ii) particle N@, which inhibits N Os hydrolysis (R2)  cles. The experimental approach is similar to that described
(Mentel et al., 1999; Wahner et al., 1998), and iii) organicin detail in Thornton et al. (2003). In the following, we
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briefly describe the experiment, highlighting changes to the Particle liquid water and aqueous phase particle inorganic
approach of Thornton et al. (2003). and organic mole fractions were calculated for each experi-
ment using the online version of the aerosol inorganics model
2.2.1 Aerosol generation, conditioning and characteri-  (AIM Model I, http://www.aim.env.uea.ac.uk/aim/aim.php
zation which can be compiled to include the effects of specific or-
) ) anics on HO(l) (Carslaw et al., 1995, Clegg et al., 1998,
Aerosol particles were generated from aqueous solutions O8\/exler and Clegg, 2002). Particle liquid water concentration
mixed organic and inorganic components (0.05-0.1 Wt%) USyy a5 then calculated from the AIM output and the respective
ing a constant output atomizer (TSI Inc., Model 3076). Am- yansities of the chemical constituents, where the calculated
monium bisulfate (Alfa Aesar, 99.9%), malonic acid (Sigma particle densities ranged between of 1.25 and 2 g&rithe
Aldrich, >98%), NaCl (J. T. Baker>99%), and NaN@  aasyred RH in the flow tube and the concentrations of so-
(J. T. Baker,>99%) were used without further purification a5 in the atomizer solutions were used as inputs for the
and diluted into de-ionized or millipure water (resistivity ,oqel. The AIM model was run with suppressed crystal-
>18 MS2cm). The purity and composition of each atomizer |, 4tion as the RH in the flow reactor was always held above
solution was then independently checked by ion chromatogig effiorescence RH for each individual component and the

raphy (lonPac AS11 Anion-Exchange Column, Dionex Cor- o icies were initially aqueous at the atomizer output.
poration). In this regard, a trace impurity (0.1%) of NaCl

was noted in the NaN®stock used, and we adjusted our 222 NOs synthesis
predicted particle compositions accordingly.

Aerosol particles from the atomizer were conditioned to The NOs source is described in detail in Bertram et
the desired relative humidity by mixing the atomizer out- al. (2009). Briefly, NOs was generated in situ from the
put with N, at the appropriate RH. The RH was measuredreaction of ozone (g) with nitrogen dioxide (N@) and
in both the particle delivery line and the flow reactor using subsequent reaction of the nitrate radical product {NO
a commercial hygrometer (Vaisala), achieving an accuracywith NO,. Trace @, generated via photolysis of oxy-
of +£2%. Following equilibration, the mixed flow was either gen at 185nm, was mixed with excess N(C5cot Marin
sampled directly into the flow reactor for,Bs decay deter-  specialty gases) and permitted to react for two minutes.
minations as in Thornton et al. (Thornton et al., 2003), or The NbOs/NO3 ratio was greater than 100 at room tem-
directed through a two-state filter manifold system designedperature (298 K) due to excess B@hat chemically shifts
to modulate the flow direction between filter-inline and filter- the equilibrium in favor of NOs. Following a 10:1 di-
bypassed states for calculation of theQM loss rate via the lution into the flow reactor, the typical initial concen-
approach described in Bertram et al. (2009). The filter man-rations of NOs, NO3, O3 and NQ at the top of the
ifold permitted measurements to be conducted in the presflow tube were 5 ppbv (1:210'! molecules cm?3), 50 pptv
ence or absence of particles while maintaining nearly con{1.2x10° molecules cm®), 20ppbv (4.5 10 molecules
stant RH, a key requirement for assessing the contribution oEm=3), and 100 ppbv (2.410'2 molecules cm?3), respec-
N2Os wall losses to the observed loss 0@ in the pres-  tively.
ence of particles (see Sect. 2.5).

Particle size distributions (10-800nm) were measured?.2.3 Entrained aerosol flow reactor

continuously using a differential mobility analyzer (DMA) ) ) )
coupled to an ultra-fine condensation particle counter! e ambient pressure flow reactor used in the following ex-

(Grimm Technologies). Particle surface area concentration®€rimentsis a3cm ID, vertically oriented, halocarbon coated
ranged between 0.2-210~3 cm? cm~3, while the mean (Halocarbon Inc. Series 1500) pyrex tube, 90 cm in length.

surface area weighted particle diameter ranged between 15¢2articles are introduced into the flow reactor via a sidearm
200 nm, depending on RH and the wt % of solutes in theorientated orthogonal to the flow direction of the reactor.

atomizer solution. Size distributions measured in this study®aS-Phase reactants and products and particle size distri-
were similar to those shown in Thornton et al. (2003) for butions were monitored at the base of the flow reactor via

0.1wt% malonic acid solutions, where extrapolation of the e CIMS and DMA/CPC, respectively. Routine measure-
size distribution beyond 800 nm accounts for less than gogment of the particle size distribution at the flow reactor en-
of additional particle S The DMA sheath flow was made rance confirmed that particle surface area transmission was
up from the humidified sample flow eluting from the flow greater than 90%. The flow velocity through the reactor is
reactor, and was allowed to equilibrate with the sample RHSEt DY the combined flow rate of the CIMS (1.5 slpm) and
prior to measuring the particle size distributions. Thus, parti-OMA/CPC (0.3 slpm). The resulting linear flow velocity was

1 . . . .
cle size distributions measured by the DMA are reflective of4-25Cms ™, leading to fully developed laminar flow within
those in the flow reactor. 15 cm downstream of the introduction of the aerosol flow to

the reactor (Kay and Nedderman, 1985).
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N2Os was added to the flow reactor via a 3mm OD PFA 10-20% on the time-scale of a single decay. In addition,
tube, housed in a 6 mm OD stainless steel moveable injectothe decay method is sufficiently labor intensive due to the
inserted axially down the center of the flow reactor (McNeill requirement of measuring full decays in the presence and ab-
et al., 2006). The time required for complete mixing of the sence of particles at each reaction condition.
injected NOs flow (0.1 slpm) with the aerosol-laden bulk  Given the challenges of the decay method, we also used
flow stream (1.7 slpm) is controlled by the gas-phase diffu-the particle modulation technique developed previously as
sion constant for MOs, which when taken to be 0.1 &ws1 described by Bertram et al. (2009) fokckdeterminations.
(Hu and Abbatt, 1997), yields an estimated mixing time of If the particle and wall reactions are first order in®§, as
4.5s or 19 cm. To ensure that the reaction was probed undéds the case for the reactions studied herg; kan be cal-
fully developed laminar flow conditions and that®s had  culated fromAt and the measured mixing ratio of28s
mixed completely with the bulk aerosol flow stream, we usein the presence ([POs]w/aeroso) @and absence of particles
the central 50 cm of the flow reactor to probe the gas-particle([N20s]wo/aeroso)-
reaction.

1 [NZOS]w/particles
2.2.4 CIMS detection of NOs and CINO knet= — (—) n (m) 1)
- ° 2 At [N2Os]'y./P

N2Os and CING were detected directly by CIMS at the  Thjs alternative approach allows us to rapidly toggle be-
base of the flow reactor following the approach of Kercheryeen particle-present and particle-absent states to quickly
et al. (2009). lodide ions (), produced by passing pyild a series of independent determinationsf &nd thus
trace methy! iodide (Chl) in N2 over a®'%o ion source g reduce the uncertainty associated with fluctuations in RH
(NRD Inc., P-2021 inline ionizer), were used as the reageniyng S. In this method, we fix the injector position at 70 cm,
ions for the sensitivex{1 Hz pptv ') specific detection of  ¢corresponding to &t of 17 s and subtract the time required
N20Os and CING at 234.9 amu (xN20s) and 207.9amu  for mixing (~4 s), resulting in a lower limit estimate faxt.
(I"xCINO), respectively. The low detection thresholds The Brown et al. (1978) correction for non-plug flow condi-
achieved by the CIMS<5 pptv in 60 s) permit experiments  tjons requires a simultaneous estimate gfkwhich is not
to be conducted at atmospherically relevant mixing ratios, sQyyailable from this method. Thus, we apply correction fac-
as to minimize the impact of NDaccumulation in the parti-  tors obtained from analyzing full decays, as described above,
cle which can artificially suppress reactivity. The specificity \which were made at similar RH values and thygk In
of the I" xN20s detection scheme over detection at 62 amugny case, these corrections are small, of order 10%, and thus
(NO3) eliminates potential interferences from Hh@ the contribute little to the ke; values reported here.
flow reactor, commonly observed at 62amu in the presence The reaction probability is then calculated from the mea-
of Os. sured ket, determined from either method, using co-located

observations of 8
2.3 Determination of knetand y (N2Os)

1 ws, 0.75+0.283K,,
First-order rate coefficients gk) were determined by one of y ~ 4knet K,(1+K,)
two methods. In the first method, the decay in the concen-
tration of NbOs was observed as a function of gas-particle wherek, = i%g, ry=rp exp(2.5 (|n0)2)

interaction times At) by varying the position of the move- D, is the gas-phase diffusion coefficient @s1?) for

able injector. The slope of the uncertainty-weighted Iineaero& w is the molecular velocity for 8Os and r, and Ins
least squares fit to the natural log of@ versusAtyielded  describe the radius and width of the log-normal particle size
kobs Decays were performed in the presence and absence @fistribution, respectively (Fuchs and Sutugin, 1970; Hanson
particles to determine the wall loss corrected first-order rateand Kosciuch, 2003).

coefficient for loss to particles only (). Corrections due to The two retrieval methods, time-dependent decay and par-
non-plug flow conditions and incorporation of the first-order tjcle modulation, were directly compared using aqueous am-
rate coefficient for loss to the reactor walls,f) were made  monjum bisulfate (NWHSQs) at 50% RH. The mean and
using the standard iterative approach designed by Brown eftandard deviation of five independent determinations of
al. (1978). Corrections due to non-plug flow conditions re- ¥(N2Os) using the decay and modulation techniques were
sulted in a 10-15% increase ipekover the uncorrected val-  0.031:0.003 and 0.0260.005 respectively. These results
ues. Wh|le th|S method ha.S been prOVen I’Obust and proVideErovide Confidence that both methods are Capab'e of Cap_

direct information on the reaction order, it necessitates thatyring y (N,Os) within the overlap of their combined uncer-
the particle surface area concentration and RH remain congjnty.

stant over the course of a full decay (several minutes). This
requirement is often difficult to achieve due to variations in
the atomizer output that result in variations ip & order

: 2
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Fig. 2. Dependence of (N2Os) on relative humidity(A) and particle liquid water conterfB) as calculated with the aerosol inorganics

model (AIM). Measurements on aqueous NSO, (black squares) are from this study, while observations on malonic acid (gray circles)

are from those reported in Thornton et al. (2003). Each individual point in theH®@), dataset represents the mean of five independent
measurements and the error depicts the standard deviation in the mean. The x-axis error-bar in panel A depicts the range in RH samplec
during the five determinations and that uncertainty is propagated through the calculatig@@©ftd give the x-axis error in panel B.

3 Laboratory results and discussion accommodation of pOs is HyO-dependent. As shown in
Fig. 2b,y (N20Os) is strongly water limited for HO(I) below

Results for all of the experiments conducted are summarized5 M; above 15M there is sufficient (1) and y(N2O0s)

in Table 1, where we report the relative humidity measured inplateaus at a value of 0.03.

the flow reactor, the wt % for all chemical species dissolved It is important to note that the observed water limitation

in the atomizer solution, and the mean amdvhlues of five s not due to an artificial nitrate effect. Neither the addition

independent determinations p{N,Os) acquired using the  of N,Os to the flow reactor nor gas-phase Hpl@artitioning

particle modulation technique. provides enough particulate NQo induce a nitrate effect in
these experiments. We determined the particulate nitrate for
3.1 Dependence of (N20s) on H20(l) the former source by mass balance of thgOblloss to the

particles and for the latter source by monitoring the mixing
The dependence 9f(N20s) on H,O(l) was investigated us-  ratio of HNQ; in the flow reactor and assuming the gas and
ing aqueous NEHSOy particles. This permitted the anal- condensed phases are in equilibrium.
ysis of y(N20s) over a wide range of yD(l), as efflores- To the best of our knowledge, there are five previous
cence of NHHSOy partiCleS has not been observed in the in\/estiga‘[ions of the dependence p(NZOS) on RH for
laboratory (Cziczo et al., 1997). The results are comparedhqueous, non-sulfuric acid particles (Folkers et al., 2003;
with those obtained on agueous malonic acid particles, reHaliquist et al., 2003; Hu and Abbatt, 1997; Kane et al.,
ported by Thornton et al. (2003), both as a function of RH2001; Mozurkewich and Calvert, 1988). The dependence
and HO(l), Fig. 2a and b, respectively. Each point for of ,,(N,05) on RH observed in this study is largely consis-
NH4HSOy particles is the mean of five independent obser-tent with that observed in Hu and Abbatt, Hallquist et al.
vations and the associated error-bar represents the standagfd Mozurkewich and Calvert, whepdN,Os) is observed
deviation of the mean. The x-axis error-bar describes tth be |arge|y insensitive to RH above 50%. However, our
range in RH for which the observations were taken. data are in contrast to the results of Kane et al., who ob-

The results indicate a strong dependence M20s) on  servedy (N,Os) to increase strongly with RH above 50%

RH below 50%, as previously observed in the Thornton et al. RH, which would imply that MOs hydrolysis is always lim-
study (2003). The functional dependence/@f,0s) on RH ited by HO(l).
is slightly different for NH{HSOy as compared to malonic
acid, due to possible differences in the hygroscopicity and the3.2  Dependence of (N2Os) on NO3
non-ideality of water in the resulting solutions (Braban and
Abbatt, 2004; Cziczo et al., 1997). In contrast, when plot- We investigated the dependenceydN,Os) on particulate
ted as a function of particle water molarity, as determined byNO3 using both aqueous NffiSO, and malonic acid par-
AlIM, the dependence af(N20Os) on H,O(l) is independent  ticles under low and high $O(l). To our knowledge, the
of particle chemical composition (Fig. 2b) within the &x- nitrate effect on multiple particle types has not been directly
perimental uncertainty. This result indicates that a®Hm- probed with the same apparatus before. We describe the ni-
itation is present in either Reaction (R2) or (R3), or that masdrate effect at [HO(I)] >15 M, i.e. above the water limitation

www.atmos-chem-phys.net/9/8351/2009/ Atmos. Chem. Phys., 9, 83632009
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Table 1. Relative humidity, atomizer solution concentrations and mean measured and parameterized reaction probabilities for each exper-
imental condition. The uncertainty m(N2Os)measuredS represented as the standard deviation in the measured mean. The uncertainty in
¥(N20Os)parameterizeds the propagated uncertainty in Eq. (9).

RH (%) NH4HSO4 (Wt %) Malonic Acid (wt %) NaNQ@ (wt%) NaCl (Wt %) ymeastlo Yparam

60 0.086 0.000 0.000 0.000 0.0268.006 0.035:0.014
60 0.075 0.000 0.009 0.000 0.026.005 0.023-0.010
60 0.065 0.000 0.017 0.000 0.0#8.004 0.01#0.007
60 0.051 0.000 0.026 0.000 0.0#02.003  0.013-0.005
60 0.041 0.000 0.031 0.000 0.0680.003 0.01%0.004
60 0.028 0.000 0.043 0.000 0.086.003 0.008:0.003
60 0.000 0.078 0.000 0.000 0.086.006 0.034:0.014
60 0.000 0.071 0.007 0.000 0.02@.005 0.028-0.009
60 0.000 0.061 0.012 0.000 0.622.004 0.015-0.007
60 0.000 0.053 0.021 0.000 0.0#£0.003 0.01%0.005
60 0.000 0.031 0.038 0.000 0.080.002 0.008-0.003
30 0.000 0.078 0.000 0.000 0.620.005 0.026:0.012
30 0.000 0.074 0.003 0.000 0.0#6.003  0.018:0.006
30 0.000 0.073 0.005 0.000 0.080.003  0.008-0.005
25 0.000 0.071 0.006 0.000 0.68@.002 0.0068-0.003
20 0.000 0.068 0.008 0.000 0.086.001 0.004:0.002
5 0.060 0.000 0.000 0.000 0.086.001  0.003-0.008
10 0.060 0.000 0.000 0.000 0.0#6.002 0.002:0.010
15 0.060 0.000 0.000 0.000 0.0#6.003 0.013:0.012
25 0.060 0.000 0.000 0.000 0.02@.004 0.02#0.013
40 0.060 0.000 0.000 0.000 0.628.005 0.033:0.014
50 0.060 0.000 0.000 0.000 0.026.004 0.034:0.014
50 0.060 0.000 0.000 0.000 0.026.005 0.034:0.014
65 0.060 0.000 0.000 0.000 0.688.007 0.03%:0.015
75 0.060 0.000 0.000 0.000 0.020.007 0.033:0.015
55 0.000 0.000 0.060 0.000 0.080.002 0.003-0.002
55 0.000 0.000 0.059 0.001 0.620.004 0.01#0.006
55 0.000 0.000 0.058 0.003 0.022.005 0.024-0.007
55 0.000 0.000 0.055 0.005 0.626.005 0.022-0.008
55 0.000 0.000 0.050 0.010 0.680.007 0.032:0.009
55 0.000 0.000 0.000 0.075 0.086.007 0.03#%0.010

discussed in Sect. 3.1. In these studies, we fixed the RH If N,Os heterogeneous hydrolysis proceeds through the
at 60% and varied the concentration of NafNGnd ei- reaction mechanism outlined in Sect. 1, we would expect
ther NHyHSO4 or malonic acid in the atomizer solution to y(N2Os) to be best represented as a competition between
achieve a range of [NgJ in the particle phase. Atomizer so- H,0 and NG for the reactive intermediateZIG)NO{ This
lutions were made at similar total solute wt % to preserve thenotion is supported by the data shown in Fig. 3b, where
mean particle size, and a constant RH of 60% ensured that(N20Os) is normalized to the value recorded at [N[3-0
[H20(D)] exceeded 20M for the mixed solutions. As depicted and plotted as a function of the molar ratio op®{l) to
in Fig. 3a,y (N20s) decays from a value of 0.03 at [NQ=0 NO;. Without normalization the dependence jofN2Os)
to less than 0.01 at [N{J >5M. In a second set of exper- on n(HO(1))/n(NO;) falls along unique “hydropleths” due
iments, we tested the dependencey¢N,0s) on NO; at  tothe HO limitation described in Sect. 3.2. As suggested by
low water (7 M<[H20(I)] <9M). The results of these exper- Griffiths et al. (2009) the functional form of the normalized
iments, shown as gray squares in Fig. 3a, indicate that theurve is determined by the aqueous phase rate coefficients for
nitrate effect is present at lowJ8(l) and that the two limi-  the reaction of HONO} with H,O(l) and NG} (Griffiths et
tations are additive given that the suppressiop(iN,Os) by  al., 2009). While there is no direct experimental evidence for
nitrate proceeds monotonically from the already suppressethese elementary reactions or the rate coefficients that gov-
y(N2Os) value at zero nitrate. ern their transformation, we provide empirical constraints on
their relative rates in Sect. 4 and compare those constraints
with other empirical approaches found in the literature.
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Fig. 3. Dependence of (N205) on particle nitratg(A) and the molar ratio of particle 30 to NO; (B). Measurements were made on
aqueous NHHSO, at high HO(l) (black squares) and on aqueous malonic acid at both high and j@({Hgray triangles and circles).

Each individual point represents the mean of five independent measurements and the error depicts the standard deviation in the mean. Th
x-axis error-bars in both panels were calculated in the same methods as described for Fig. 2.

Mentel et al. (1999) and Wahner et al. (1998) first showedhigh NGy ([NO3]>10M) and HO(l) ([H20(1)] > 20 M).
that increasing particulate NOacts to suppresg(N2Os) by As a result, the experiment is designed to directly probe
an order of magnitude for 0M[NO3] <27.5M. Inthese ex-  the competition between NDand CI" for the reaction in-
periments, variations in the aqueous concentration of NO termediate, HONO; . As depicted in Fig. 4ay (N20s) is
were achieved by changing the RH, and thy©K), result-  suppressed at low [C] due to high [NQ], but increases
ing in a corresponding change in Onolarity. These stud-  sharply with increasing [Cl]. For a [CI"] as low as 2 M,
ies and more recent analyses (Griffiths et al., 2009) assumexkaction 4 entirely negates the nitrate effect. Our rate deter-
there was no dependence)dN2Os) on HO(l) for aqgueous  minations are corroborated by analysis of the reaction prod-
particles. In our study, we treat the;8(I) and NG; de-  ucts. Direct measure of the CINOQeaction product con-
pendencies independently, with the objective of determiningfirms reaction R4 occurred in these mixed composition parti-
a combined function fop (N2Os) that incorporates both of cles. This result is shown in Fig. 4b, where the product yield

these effects. (Ycino,=ACINO2/AN2Os) approaches unity as [C] ap-
proaches 1 M. The observed product yield is consistent with
3.3 Dependence of (N2Os) on CI~ the results of Behnke et al. to within the combined uncer-

tainty of the two experiments (Behnke et al., 1997).

As outlined in Sect. 1, any available aqueous phase nucle-
ophile can compete for theZIEDNOj reaction intermediate,
thus altering the net reactivity. J0s hydrolysis on aqueous 4 Generalized parameterization ofy (N20s)
particles containing chloride has been observed to be rapid
(¥ (N20Os) =0.03) (Behnke et al., 1997; Thornton and Abbatt, We use the laboratory results described in Sect. 3 to gener-
2005), and measurement of the nitryl chloride (CINiProd- ate a general parameterization for the heterogeneous hydrol-
uct yields (100% at [CI] > 4 M) confirm that the reaction ysis of NbOs that includes the dependencejofN>Os) on
proceeds through Reaction (R4) when sufficient@xists  [H20](l), [NO3], and [CI"]. The parameterization described
in the condensed phase (Behnke et al., 1997; Thornton anbere assumes that the particle population is internally mixed
Abbatt, 2005). To the best of our knowledge, the competi-and that reactions are permitted to occur throughout the parti-
tion of CI~ and NG for HZONOEr has not been investigated. cle volume without diffusive limitations. These assumptions,
The relative reactivity of Ct and HO, implied by Behnke alongside additional dependencies suggested in the literature
et al. (1997), suggest that trace Qmay negate the nitrate are discussed in Sect. 4.3.
effect in many parts of the atmosphere where @hd NO; We follow the framework designed by Wahner et al. (1998)
are internally mixed within a particle population (Behnke et and Griffiths et al. (2009) to assess the relative effects of the
al., 1997). Here, we investigate this conjecture using mixeddependence of (N2Os) on HO(l) and NG; and CI mo-
NaCl-NaNQ; particles at high HO(). larity (Griffiths et al., 2009; Wahner et al., 1998). By as-

In this set of experiments, we fixed the RH at 55% andsuming that the solvated I\EOintermediate (I—LIONOZF) is
varied the concentration of NaN@nd NacCl in the atom- in steady-state, an expression fofN>Os) can be derived
izer solution to achieve a range in [Q] while maintaining  in terms of BO(l), NOg, CI~, and the rate coefficients for
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Fig. 4. Dependence of (N2Os) on particle chloridgA) and the yield of CING resulting from NOs hydrolysis(B). Measurements were

made on mixed aqueous Nai@laCl particles at high HO(l) and high NG . In panel B, the yield curve determined by Behnke et al. (1997),

is included for comparison (1997). Again, each individual point represents the mean of five independent measurements and the error depicts
the standard deviation in the mean. The x-axis error-bars in both panels were calculated in the same methods as described for Fig. 2.

Reactions (R1-4), as shown in Eq. (3—9). Here we assume

that the reaction is volume limited, and thap®§(g) and

N20s(aq) have reached Henry's law equilibrium. We then yy,o, =
solve for the net reactivity of pbDs(aq) (E3). The rate coef-

ficients for Reactions (R1-4) are represented;alskdbelow,

where the subscriptg andr correspond to the forward and

reverse reactions, respectively.
d[N20
% = ka» [H20NOF | [NO7 |- 3)

k2 [N20s (aq)] [H20 (1)]

d[H20NOj |

4 = ker[N20s (aq)][H20 ()]

—kop [HZONO;] [NOg]

—k3[H20NOJ ] [H20 ()] — ka4 [H2ONO; ] [CI] =0 4)
k2 [N20s(aq)][H20 (1)]

] —
[H20NCZ ] = ka[H20 ()] + ko, [NO3 |+ ka[CI-] ®)

Substitution of Eq (5) into Eq (3) yields,
d[N20s(aq)]
dt
kay [NO3 J k2, [N20s (ag)] [H20 ()]
ka[H20(D)] + k2, [NO3 |+ ka4 [CI~]
ka7 [N20s (aq)] [H20 ()]

Assuming that NOs mass accommodatiom) proceeds

(6)

4LN205(W1) 14

’ 7
d[N20s (aq)
whereLn,0sq) = _%
YN20s = X
4Kz [N205 (ag)][H20 ()] (17 ks[H200)] ﬁﬂﬁéh k“[c'f]) Y
wSa[N205 ()]
YN20s = N
4V / !
——KHka 1-
X, balt0w) ) 4 g ¢ (KafCE]
ks [NO3 ] 25 [NO3]

In Egs. (7-9)V is the total particle volume concentration
(m®m~3), S, is the total particle surface area concentration
(m?m~3), w is the mean molecular speed 0§®s (Mms 1)
andK g is the dimensionless Henry’s law coefficielf 4=
[N2Os]44/[N20Os],). In Eq. (9), we treat the rate coefficient
for R2, to be a function of HO(l) in order to account for
the HO-limitation observed in the nitrate-free particles and
redefine it as k..

As illustrated by Eq. (9)y (N2Os) is a function of BO(l),
NOj3, and CI; the relative importance of each set by the rate

with high efficiency and that the liquid-phase reactions oc-coefficients depicted in Reactions (1-4). As noted by Wahner
cur throughout the entire particle volume, we can derive anet al. (1998), quantitative calculation 9{N2Os) is limited

expression fog (N2Os).

Atmos. Chem. Phys., 9, 8358363 2009

by large uncertainty in i&(N20Os), the rate coefficientsy,
kos, ks, and k, and assumptions concerning concentrated
and supersaturated solutions. Further, in the event that the
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Fig. 5. Laboratory observations of the dependence @,05) on particle BO(l) (A), the molar ratio of HO(I)/NO3 (B) and the molar
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(A—-C) (solid lines) alongside the uncertainty associated with the fit parameters (shaded region)(Dipaeglicts the measured CINO

product yield as a function of the molar ratio of GNO3 (black squares). The solid line corresponds to the yield calculated using Eq. (11).

diffusion of N>Os through the particle is slower than its reac- use the results of the 4D(I) (Sect. 3.1) study to isolate the
tion, y (N20s) will be a function of the liquid-phase diffusion  effect of HLO(l) which we presume is the strongest in R2
rates. Empirical limits have been placed on several of the rateJsing an uncertainty-weighted least squares fit, we fiﬂd k
coefficients and equilibrium constants, permitting qualitative to be best captured as,
evaluation of the solution-phase functional dependences of
v(N20s) (Behnke et al., 1997; Griffiths et al., 2009; Mentel k’zf = B — Be'~[H2000D) (10)
et al., 1999; Wahner et al., 1998). In the following discus-
sion, we use the results described in Sect. 3 to provide a newhere 8 as determined to be 1.¥830°+3x10°s™! and s
set of constraints for Eq. (9) that capture the simultaneousietermined to be 1:810-1+5x102M~1 (Fig. 5a). It is
dependence of (N20s) on H;O(l), NO3 and CI. important to note that in this representation, a solid particle,
by definition would have zero #0(l), and kz would be set
4.1 Empirical constraints on aqueous phase rate coeffi- to zero. This results ifr(N2Os) equal to zero for solid parti-
cients cles. Non-zero values for(N2Os) have been observed in the
laboratory on solid particles (Hallquist et al., 2003; Kane et
The application of Eq. (9) to determing(N,Os) requires  al., 2001; Mozurkewich and Calvert, 1988), and thus our pa-
accurate representation of both the dissociation rate ofameterization is only valid for the aqueous volume present
N>Os(aq), k2 and the relative rates for the two competing in a particle population.
reactions (lg/lgb and ky/ky;) involving the intermediate. The We then constrain%p by Eg. (10) and use a separate
experiments we present herein were designed to allow founcertainty-weighted least squares fit to determigkk
independent assessment of each of the rate terms shown for the nitrate experiments described in Sect. 3.2 (Fig. 5b).
Eq. (9). In this analysis, we takesK(N2Os) as 51 (Fried et Our experimental value of 6:01072+1.0x102 is in rea-
al., 1994) and S, ! as 3.75 10-8m, which is the mean sonably good agreement with the recent work of Griffiths et
value measured in our experiments. al. (2009), where they determined/k;; to be 3.3« 102,
To derive quantitative estimates of the reaction rate coeffi-Finally, holding both gf and k/ky; to the values result-
cients for RZ, and for the ratios #kz, and k/kz,, we first ing from their respective fits, we calculatg/ko;, from our

www.atmos-chem-phys.net/9/8351/2009/ Atmos. Chem. Phys., 9, 83632009
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in Fig. 5d, our results agree to within the combined uncer-
0.04 - ) tainty of the two determinations. Our determination gfkis

is smaller than that inferred from the results of Behnke et
al. (1997) (l4/k3 =836+32) .

i

0.03 -

T

4.2 Validity of the current parameterization

The validity of the current parameterization for use in atmo-

spheric models ultimately depends on the validity of the as-
sumptions made to derive it. We discuss some of these issues
further here. First, as mentioned above, the parameteriza-

tion is designed to address an internally mixed particle pop-

ulation. Ambient observations of particle mixing state sug-

000 : | | : g%st t?ar': p.articlzs_ are predominlatel()l/vI interr]nally ||'ni>2<g<(j)6(;u}—

: side of the immediate source region (Murphy et al., It

0.00 0.01 0.02 0.03 0.04 is important to note that Eq. (9) can be applied to an exter-

v (N,Og) measured nally mixed particle population, if the composition and rel-

ative contributions of the different particle types to the total

Fig. 6. Comparison of laboratory measurgéN,Os) with that pa- ~ Surface area are known. However, if a particle population
rameterized using Eq. (9) for all 39 sets of observations. Each indiiS internally mixed in reality, but it is treated as externally
vidual point represents the mean of five independent measurement®ixed, then applying the above parameterization will likely
and the error-bar i (N2Os) measurediepicts the standard deviation lead to unrealisticy (N2Os) values. Our laboratory results
in the measured mean. The error-bay{iN2Os) parameterizeds the show thaty (N2Os) depends on the internal mixing of water,
propagated uncertainty in Eq. (9). nitrate and chloride, and thus highlight the need for in situ
observations of particle mixing state to ultimately test and
Table 2. Fitting parameters calculated for use in Eq. (10) and (12). Understand bOs reactivity on atmospheric aerosol particles.
Second, the above parameterization does not include the
effects of films. Organic films have been shown in the labo-
ratory to suppresg(N2Os) (Badger et al., 2006; Cosman and

0.02 -

0.01

¥ (N,O;) parameterized

Parameter Value

Als] 3.2x1078 Bertram, 2008; Cosman et al., 2008; Folkers et al., 2003; Mc-
Bls™4 1.15x10°+3x10° Neill et al., 2006; Park et al., 2007). The measured suppres-
§M™Y  1.3x107145x1072 sion has been postulated to be a result of a decrease in: i) the
ka/kap 6.0x1072+1.0x 102 N2Os mass accommodation coefficient, ii) the availability of
kKa/kop, 2946 H>O(l), or iii) the aqueous phase diffusion constant foy

(Anttila et al., 2006). However, despite the extensive labora-
tory characterization, to the best of our knowledge, ambient

. ) ) observations of organic films are lacking.
chloride experiments (Sect. 3.3, Fig. 5c). The values and Thjrg we have assumed that reactions can occur through-
their associated uncertainties, derived from the uncertaintyy ¢ the entire particle volume. The reaction may be confined

weighted least squares fits, are summarized in Table 2. 1, 5 syrface layer due to an aqueous phase diffusion limita-
Fig. 6, all 38 laboratory determinations p(N2Os) are com-  jon for N,Os (Griffiths et al., 2009, Wahner et al., 1998).
pared with that predicted using Eq. (9) for each individual Thjg |imitation has been accounted for in several analyses by
set of conditions. The strong agreement over a wide rangg,oking a reacto-diffusion length. We also attempted to pa-
of H20(1), NO; , and CI” suggests that this parameterization rameterize our results in this fashion, however least squares
will be useful for assessing the competing effects @OH s (g the diffusion limited formula, analogous to Eq. (9), did

NO3, and CI" in internally mixed atmospheric particles. not yield statistically different results, and in fact produced
An additional test of the above fit parameters is the pre-

A ] worse agreement in the data. For this reason we have not
diction of the observed product yield for CINQYcino,)- included the diffusion limitation, especially given the uncer-

Y cino, was directly measured during in the chloride experi- tainty in the aqueous phase diffusion coefficient foQ in
ments and can be calculated as, the highly ionic and non-ideal solutions used here. Given
-1 that the particle sizes used in our experiments are similar to
ACING, = (1 M) (11)  those that contain most of the surface area in polluted en-
AN20s ka [Cl ] vironments, we feel this choice will not greatly affect the
Where the value for ks (ka/ks = 483+175) is taken from application of Eq. (9) to most atmospheric conditions.
the above determinations of/kz s and k/ko . As depicted

Ycino, =
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Finally, crystalline or largely solid particles, such as efflo- cles, which is inconsistent with our present results and those
resced sea spray or mineral dust, and the role of temperaturaf others (Hallquist et al., 2003; Mozurkewich and Calvert,
have not been included in this parameterization. Recent |ab1988), and iii) the nitrate effect is not included (Evans and
oratory investigations have shown that®§ proceeds mod- Jacob, 2005). Most recently, Davis et al. published a param-
erately efficiently on dust particleg(N2>Os) =0.013t0.002  eterization that includes the effects of nitrate, sulfate, tem-
(Wagner et al., 2008). Our parameterization would not cap{perature, RH and particle phase (Davis et al., 2008), while
ture these values, though the amount of liquid water and theRiemer et al. (2009) have extended their parameterization to
true surface area-to-volume ratio would be required for a di-include the effects of organic coatings.
rect comparison. Thus, we recommend against applying this Our parameterization is unique in that it is driven by the
parameterization where dust contributes significantly to thefundamental chemical properties that contydN2Os) on
available particle surface area. Hallquist et al. (2003) haveaqueous solution particles, namely particleCfl), NO3
shown a strong temperature dependence in the heterogeneoaisd CI. It has been formulated in a way that can be cou-
reaction, wherg’(N2Os) on NHsHSOy particles at 50% RH  pled directly to an aerosol thermodynamic model (e.g., AIM,
ranged between 0.03 and 0.003 for a temperature betweelSOROPIA, and MOSAIC) and can be implemented for ei-
263 and 308K (2003). However, Schweitzer et al., showedher internal or externally mixed particles (Clegg et al., 1998;
little to no temperature dependence for halide salt solutiongFountoukis and Nenes, 2007; Zaveri et al., 2008). As a result,
(Schweitzer et al., 1998). As a result, we stress that oumdvances in the representation of partick) will directly
parameterization has been determined for an average temranslate into improvements into the treatment/¢fl,Os).
perature of 298K, but could include a T-dependence when itThis aspect is particularly important in the area of organic
is known whether that dependence occurs in the reaction ofarbon, where the dependence of3{l) on organic compo-
N2Os on aqueous solution particles. sition and loading for RE:95% remains poorly quantified

(Quinn et al., 2005).
4.3 Comparison to existing model parameterizations of

¥ (N20s)

5 Conclusions
The impact of NOs heterogeneous reactions on global tro-
pospheric NQ and G was first explored by Dentener and \We report laboratory measurements of the dependence of
Crutzen, where they employed a globally unifoprtN20s)  y(N,0s) on particle BO(l), NO; and CI, conducted us-
of 0.1, based upon laboratory studies conducted under Corng internally mixed aqueous inorganic and organic parti-
ditions most relevant to the stratosphere (Dentener angles. The novel measurements show a strong dependence of
Crutzen, 1993). These results indicated that accurate repp (N,Os) on H,O(l) below 15M and illustrate the competi-
resentation of the heterogeneous hydrolysis gOlNwas tion of HyO(l), NOZ, and CI for the I-bONO}L reaction in-
critical for understanding both NOloadings and @ pro-  termediate. The effect of #(I) will not only depend on RH
duction rates in the troposphere. It was not until recentlyput also on the hygroscopicity of the particle components.
that tropospheric model parameterizationg/@l>0z) have  We confirm that nitrate can suppreséN»Os) at HO(l) to
been revisited. These efforts have largely been in responsgO; molar ratios below 20, and illustrate through measure-
to a growing number of laboratory experiments designedments of bothy (N20s) and Ycino,, that trace Ct can negate
to elucidate the functional dependencies diN20s) on  the nitrate effect at Clto NO; molar ratios greater than 0.1.
tropopspheric particles, which display strong heterogene- Based on the aforementioned laboratory experiments, we

ity in chemical composition and liquid water content, and syggest thay (N2Os) can be parameterized within regional
to field observations which infer a spatially and temporally or global chemical transport models as:

varying NbOs reactivity which correlates with changes in
particle composition and humidity changes.

A variety of parameterizations have been developed.yN o= (12)
Riemer et al. (2003) implemented a parameterization that dif- > >
ferentiated between nitrate and sulfate particles, prescribing 1
values of 0.02 and 0.002 fgr(N2Os), respectively (Riemer Ak’z 1=
etal., 2003). Evans and Jacob expanded beyond this, treating (ksleO(l)]> +1+ ( Ke[CI7] )
v(N2Os) as a function of an external mixture of a wide range k2y[NO; | k2y[NO; |
of chemical constituents (e.g., sulfate, organic and black car-
bon, dust and sea salt) and included both a temperature andhere A (3.2 108 s) is an empirical pre-factor that includes
RH dependence. In the Evans and Jacob analysis: i) the oWV, S, ws and Ky, and Iézf is calculated using E10. The pa-
ganic mass fraction is treated as malonic acid (a highly sol+ameterization as developed is meant to be driven by a cou-
uble dicarboxylic acid), ii)y(N20Os) is allowed to increase pled aerosol thermodynamics model to generate the aqueous
strongly with RH for RH~50% on ammonium sulfate parti- phase concentrations required for calculationy@N2>Os).

www.atmos-chem-phys.net/9/8351/2009/ Atmos. Chem. Phys., 9, 83632009



8362 T. H. Bertram and J. A. Thornton: The competing effects of particle liquid water, nitrate and chloride

Further, the parameterization can be used to directly test am- ative humidity: Observation of deliquescence and crystallization,
bient observations gf (N2Os) (Bertram et al., 2009) or the J. Geophys. Res., 102, 18843-18850, 1997.

steady-state lifetimes of 405 (Brown et al., 2006). Davis, J. M., Bhave, P. V., and Foley, K. M.: Parameterization of
N205 reaction probabilities on the surface of particles containing

ammonium, sulfate, and nitrate, Atmos. Chem. Phys., 8, 5295—
5311, 2008http://www.atmos-chem-phys.net/8/5295/2008/

Dentener, F. J. and Crutzen, P. J.: ReactiongD#§lon tropospheric
aerosols - Impact on the global distributions of N@3, and
OH, J. Geophys. Res., 98, 7149-7163, 1993.

Evans, M. J. and Jacob, D. J.: Impact of new laboratory studies of
N2Os hydrolysis on global model budgets of tropospheric nitro-
gen oxides, ozone, and OH, Geophys. Res. Lett., 32, L09813,
doi:10.1029/2005GL022469, 2005.
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