J. Phys. Chem. A999,103,4865-4873 4865

The Reaction of Nitrogen Dioxide with Sea Salt Aerosol
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The reaction of sea salt aerosol with Nnhder ambient conditions was explored using particles that were
generated by atomizing an aqueous solution of synthetic sea salt. The aeroseBG#b elative hu-

midity, was mixed with +3 mbar of NQ and then passed through an optical cell where reactants and products
were monitored by infrared spectroscopy. The duration times of the reaction, partial pressurg andO
relative humidity were systematically varied in order to explore the aerosol heterogeneous chemistry. Infrared
spectra of the aerosol revealed that a substantial fraction of the particutatea€lreplaced by N© and

that there was a significant production of CINO, consistent with the stoichiometery,2HNCI~ — NOs~

+ CINO. The rate of the reaction was found to increase both with pl®ssure and relative humidity. The
infrared spectra also revealed that, even under arid conditions, the sea salt aerosol particles contain more
water than can be explained by the various hydrates in sea salt, suggesting that the particles possess a complex
structure. This complex structure involves microcrystalline and amorphous regions with pockets for water
inclusions.

Introduction only a few studies have substituted sea salt for NdGL’ As
shown elsewher#;28 NaCl aerosol particles even at low
Chumidity can contain significant amounts of included liquid
water, in a form that may not be reproduced in the bulk material.

Itis estimated that sea salt is the largest source of tropospheri
aerosol particulate matter with ¥0kg introduced into the
atmosphere from wave action over the oceans eachlyear. S X .

P y Ehe majority of the studies of reactions—® have used

Recently, considerable attention has been given to heterogeneouSu orted solids (powders or large crystals) as the sub-
reactions between salts and nitrogen oxides and their possible> PP 2017 19-20 24 P 9 Y :

- . : o : strate3~79717, 240nly a few aerosol chamber studies of these
roles in atmospheric chemistry, primarily as potential sources reactions have been repor@i8and each was limited because
of tropospheric halogens. Chloride salts are known to participate P '

in a variety of heterogeneous chemical reactions such@g’A, the p"?"“c'es were analyzed by colleqtlon on filters fOIIOW?d by
B 7.12-19 C 20,21 g Di3.22-24 chemical analysis and thus were not in situ aerosol experiments.

Furthermore, only one of these studies permitted the detection
—r - of gas-phase reactants and prodd&fEo date there appear to
2NOy(g) + CI (p) =~ NO; (p) + CINO(g) (A) be no direct in situ spectroscopic measurements of any of these
_ _ reactions in an aerosol system. Here we report such a study, in
HNO4(g) + CI (p) = NO; (p) + HCI(g) (B) this case the reaction of NQwith sea salt aerosol, at low
humidity (less than 30%, RH= relative humidity) that is
CIONOL(g) + CI™(p) — NO; (p) + Cl(q) © monitored by Fourier transform infrared (FT-IR) spectroscopy.
Both gaseous and condensed phase reactants and products were
N,Ox(g) + CI"(p)— NO, (p) + CINO,(g) (D)  detected in situ and in real time. It will be shown that under
the conditions of the experiment, the reaction proceeds quite
As usual (g) refers to the gas phase. The symbol (p) implies readily with a large yield of Ngr.
that CI- might be in aqueous solution or incorporated in a solid,
but it is in some way associated with a condensed phase particle Experimental Section
Reactions A, C, and D are of particular interest because of their

. ) ’ : Sea salt aerosols were generated from a solution of synthetic
potential to form tropospheric chlorine radicals through the

. . sea salt (Instant Ocean, Aquarium Systems, Inc.) in water (Alfa
photc.)ly5|s.of .ClNO’ ClNQ{ and Cp. (Th? HC'. formed in Aesar ultrapure spectrophotometric grade). The chemical com-
reaction B is highly soluble.ln $0 apd thus is rapidly Iost.from ._position of Instant Ocean is given in Table 1. Instant Ocean
the gas phase.) The chlorlne_ _radlcals are po""eff“' OX|dants_ In(hereafter referred to simply as sea salt) is carefully formulated
the troposphere and can facilitate ozone formation by a Seriesy, match the composition of natural sea salt and is specified to
of reactions with trace atmospherlc componeéhts. . . be nitrate free. Sea salt in water with a concentration of 0.1 kg
Recent work by Finlayson-Pitts and co-workers with synth_et|c of anhydrous solute per dnof solution was prepared. After
sea salt has shown that the presence of stable hydrates in Seﬁﬂxing the sea salt with water it was necessary to filter out a

Sa1|t1 lc7an significantly alter the chemistry of reactions A and g o "y mount £0.1% of the total solute mass) of precipitate
B.:- Despite the differences between neat NaCl and sea Salt’that formed. Sodium nitrate aerosols were generated from a
T Present address: Department of Chemistry and Biochemistry, Middle- solution of NaNQ (Aldrich, reagent grade) dissolved in

bury College, Middlebury VT 05753. E-mail: dweis@middlebury.edu.  Ultrapure water with a total solute concentration of 0.2 kg per
* To whom correspondence should be addressed. dm? of solution.
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TABLE 1: Chemical Composition? of Instant Ocearf! two coarse gas dispersion tubes (Ace Glassware) immersed in
component mole % mole % (anhydrous) liquid water. The entire bubbler assembly was held at about 5
. °C above ambient temperature with a stirred temperature-
Cl 38.10 48.80 . .
Na+ 3253 4166 controlled water bath. The ratio of humid-to-dry, Nvas
Mg2*+ 3.78 4.84 controlled by adjusting the relative flow rates through two
SO~ 1.96 2.50 rotameters. The total flow rate of the two gas streams was
K* 0.77 0.95 maintained at (7 1) x 1072 dm® s™1. Nitrogen dioxide was
car 0.72 0.92 added to the stream from a compressed mixture of 1%/NO
2003 8:32 8.(2)2 99% N, (BOC Gases). The flow rate of the N, mixture
H,0 21.92 0.00 (up to 0.03 dm s~ 1) was controlled with a precision nitrogen-

calibrated rotameter (Omega). All gases were introduced at
approximately 1.2 bar and thus with a slight overpressure. The
resulting partial pressure of NQOcalculated from the dilution
factors, could be varied between 1 and 3 mbar. The aerosol
Water Bath was mixed with the gas stream and the combined flow was

directed through the infrared (IR) optical cell.

In some experiments, a coiled fluoroethylene tube with an

inner diameter of 1.1 cm and a length from 5 to 13 m was
Water Dispersion Tube inserted between the point at which the gases mix with the
aerosol and the IR cell. Changing the length of the tube varied
the residence time of the aerosol particles, and thus the time of
exposure to N@ from 3 to 13 s. The residence time was
determined by measuring the time lag between the beginning
of atomization and the arrival of the first particles in the cell.
The arrival was determined by the observation of scattered light
from a helium neon laser beam directed through the transparent
tubing just upstream from the aerosol cell. The presence of the
particles as indicated by the scattering of the laser light was
easy to observe by eye. The uncertainty in the time measurement
was approximately-1 s. During the course of an experimental
run, there was some visible accumulation of salt on the walls

a Accounts for 99.99% of the mass of Instant Ocean.

Valve - Humidifier

©

Rotameter

Descgicant

Diffusion Dryer

Tube Coil .
of the tubing.
| | | seasar The IR cell was made of Pyrex and had an optical path length
Solution of 12 cm and an inside diameter of 2.5 cm. The ends were sealed
Exhaust with germanium windows having a 30 min wedge (Infrared

Optical) to eliminate etalon fringes and held in place with

O-rings and clamps. The windows were oriented as shown in

Figure 1. The cell was positioned in the sample compartment

szl of the FT-IR spectrometer such that the focus point of the IR
5 beam was near the center of the cell.

Spectra were obtained with a Nicolet Magna 550 FT-IR

Aerosol Cell

O-ring Ge Window equipped with a mercurycadmium-telluride (MCT) detector.
Figure 1. Schematic diagram of the experimental apparatus. See text 1€ interferograms were recorded at 4 ¢esolution without
for details. zero filling and were triangle apodized prior to being fast Fourier

transformed to obtain single beam spectra. Extinction spectra
A schematic of the experimental apparatus is shown in Figure E(%) were obtained from
1. All of the tubing that was exposed to the reactant gas mixture
was made of a fluoroethylene polymer (Nalgene 890), and all . 1o(¥)
fittings were either stainless steel or fluoroethylene polymer. E(V) = log, 15) 1)
The solutions were atomized into submicron droplets using a v
constant output atomizer (moo_lel 3076, TSI, Inc.) driven by 2.5 wherelo(¥) is the background single beam spectrum of the N
bar of No (UHP/zero grade, Air Products). The manufacturer ,,rqed cell and(#) is the single beam spectrum of the cell
specifies that the atomizer produces a log-normal distribution containing aerosol. The background single beams were obtained

of droplets diametef8 with a median diameted, of 0.35xm, by averaging 200 interferograms, while the aerosol single beams
a geometric standard deviatiafy,of 2, and a number density, \yere the average of 100 interferograms.
Dpar, Of 104 particles 13 of aerosol volume. After generation, The percent relative humidity (% RH) of the aerosol was

the aerosol passed through a diffusion dryer (model 3062, TSI, jetermined spectroscopically by measuring the integrated

Inc.) tha}t consisted of a tube of wire cloth surrounded by silica gytinction by HO vapor from 2000 to 1250 cr. The percent
gel desiccant. As the aerosol passed through the tube, watetg|ative humidity is given by

vapor was adsorbed onto the silica gel reducing the humidity
to ~30% RH. Pio
After passing through the dryer, the Nahl@erosol was % RH=—=—100% )
mixed with N, to achieve 13+ 2% RH. The sea salt aerosol PHZO
was mixed with a stream of [NNO,, and in some experiments,
H,O vapor. Water vapor was added by bubbling tNrough where szo is the equilibrium vapor pressure of,@. A
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Figure 2. Survey spectra at 2F 4% RH. Spectrum A, Sea salt aerosol; spectra B and G, Wit H,O; spectrum D, sea salt aerosol exposed
to 3 mbar NQ with H,O for 7 s. The prominent absorption bands in the spectra have been assigned. See the text and Table 2 for the details of the
assignments.

calibration curve of integrated extinction versus relative humidity bands in Figure 2, a rise in the base line toward higher
was constructed by measuring the relative humidity of the gas wavenumbers is evident in the aerosol spectra A and D. This a
stream in the absence of aerosol with a digital hygrometer consequence of scattering of light by the aerosol partf@les.
(Hanna Instruments HIB564). All measurements were taken at  The prominent features in the sea salt aerosol in spectrum A
a total pressure of 1.2 0.1 bar (consisting mostly of ) and are the broad absorption bands due to liquid-phag@ kind

a temperature of 23 2 °C. Because of the-2 °C uncertainty SO2~ as well as sharp features of atmospheric,@8d HO.

in the gas temperature, there was3d45% uncertainty i The prominent features for NGand HO in spectra B and C
Ph,0-% This uncertainty introduces a systematic, rather than 4re assigned to the variety of nitrogen oxides N0, N;Ox,

random error, into the humidity calculation. _ NO) and associated acids (HNGHNOs) as well as a surface
In most of the spectra, 4 vapor produced the dominant  feature of the germanium windows. (Spectrum B reproduces
features, obscuring the 4068400 cm* and 2006-1400 cm* spectrum C on a smaller scale.) Spectrum D of the sea salt

regions. The interfering water vapor absorption can be dramati- reaction with NQ is in part a combination of the two previous
cally reduced (but not completely eliminat&dthrough the use  spectra. In addition several new features are observed. Absorp-
of scaled absorbance subtraction of a spectrum of pu@ H  tion bands of gas-phase CINO are present as is-N@thin
vapor. The FT-IR software permits this subtraction to be done the particles. Absorption due to gas-phase HCl is also present,
interactively by allowing the user to manually scale the gaithough with the scale of Figure 2 it is not apparent.

subtraction factor until the 0 absorption is minimized. Figure 3 presents the 1560000 cnt* region of the spectrum

In a typical experimental run the reactant gas mixture Was ¢, sea salt aerosol before N@xposure (0 s) and after exposure
allowed to flow through the cell for between 2 and 5 min prior 4 3 mpar NQ at 27+ 4% RH for 7 and 11 s. Absorption
to the introduction of aerosol. Aerosol was then added to the ¢, 41 res due to N§, N,Os and SQ2~ are assigned. The

gas mixture, an_d its residence time was measured. After 1 absorption by the N@ band at 1400 cmt increases dramati-
min ‘.)f atomization, two consecutive spectra were taken,_eachca”y with exposure time. During this same time interval,
requiring qpprommately 1 min of acquisition tlmg. Following absorption by MO, remains constant and the $O feature
the collection of spectra, the cell was flushed with N decreases by50%. A second N band at 1055 i appears
over this time interval.

Figure 4 shows the IR absorption in the 15QB00 cnt?!

Figure 2 shows survey spectra of a sea salt aerosol inregion for a variety of nitrate-containing materials. The top
spectrum A, a mixture of N@and HO in spectra B and C,  spectrum, A, shows absorption by Nab@roduced by the
and a sea salt aerosol exposed to,Ngdd HO vapor in reaction of NQ with the (100) faces of single-crystal Natl.
spectrum D, all at 27 4% RH. Also shown in Figure 2 are  Spectrum B is the absorption by single-crystal Na@rived*
assignments of the prominent features in the spectra. Thefrom imaginary index of refraction data of the bulk matefal.
absorption frequencies of band centers and the assignments ar@bsorption by a thin film 1.6 um) of 0.6 M aqueous NaN{
summarized in Table 2. The justifications for these assignmentssolution is shown in spectrum ¥ Spectrum D is the extinction
will be presented later. In addition to the various absorption spectrum of NaN@ aerosol at 13+ 2% RH described

Results
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TABLE 2: Assignments of Spectral Features

molecule vlemt assignment réf
Hzo 3400 V1, V3 H
Ge surface 3258
3201
HCI 2830-2700 V1 IUPAC
NO, 2918 va+ v AN, KN
2891
CO, 2362 V3 H
2337
N.O 2237 V3 MH
2211
CINO 2139 vz + v BB, LF
2132
2119
NO 1903 1 M2,MH
1875
1850
CINO 1808 V1 H, BB, LF
1789
N,O4 1754 V3 BE, MH
1744
HO 1650 V3 H
NO, 1628 2 AN, KN
1600
NOs~ 1400 V3 H, KR
HNO; 1339 V3 M1, MH
1331
HNO; 1324 V4 M1, MH
1314
N204 1270 V11 BE, MH
1261
1256
SO 1150 V3 H
NO3~ 1050 1 H, KR
NO, 900-660 2 AN, KN
HNO3 879 Vs M1, MH
869
CissHNO, 868 N M2, MH
853
842
NO;3~ 841 V) H, KR
transHNO; 806 on M2, MH
791
777
N2O4 760 V12 BE, MH

a AN, Arakawa and Nielsef? BB, Burns and Bernsteif¥,BE, Bibart
and Ewing® KN, Keller and Nielserf® KR, Kato and Rolfe’! H,
Herzberg® IUPAC;%¢ LF, Landau and Fletchéf;M1, McGraw et al $¢
M2, McGraw et al8 and MH, Mden and Herman?

previously. Spectrum E is the calculated extinction of crystalline
NaNQ; aerosol particles witld = 0.15um and¢ = 2 (the
approximate size distribution of the NaN@articles if dried
completely). The calculation was performed using the program
MIECALC,3” which applies the BHMIE Mie theory prografh

to a log-normal distributioR? and the complex index of
refraction of NaNQ.3° The spectrum labeled F, extracted from
Figure 3, shows the extinction by a sea salt aerosol at 2%

RH after an 11 s exposure to 3 mbar of N@The asterisk
denotes an overlapping absorption by H)O

Weis and Ewing
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Figure 3. Temporal changes of sea salt aerosol spectra. The spectrum
labeled O s is for theaerosol before N@exposure. Spectra labeled 7
and 11 s are for the aerosol after exposure to 3 mbar. NiDaerosols
were at 27+ 4% RH.
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Figure 4. Infrared spectra of the nitrate region. The spectra are A,
absorption from the reaction of NQwith single-crystal NaCl(100)
faces!® B, the absorption spectrum of crystalline Najrived from

the imaginary index of refractiof¥; C; aqueous 0.6 M NaN£F® D,
NaNQ; aerosol at 13+ 2% RH; E, the calculated spectrum for
crystalline NaNQ aerosol; and F, sea salt aerosol after exposure to 3
mbar of NQ at 27+ 4% RH, taken from Figure 2, spectrum D, where

There are notable differences among the spectra shown inthe asterisk denotes an overlapping absorption by EINO

Figure 4. For spectrum A, the spectrum of Nag\® the single-
crystal NaCl faces, the absorption takes the form of a distinct
doublet at 1416 and 1356 crhwith an approximately 1:3

the shape of the band is distinct. The band is much broader,
with a half-width of approximately 90 cm, and is composed

absorbance ratio. The absorption spectrum of single-crystalto two overlapping features at 1400 and 1350 &that, perhaps
NaNQ; of spectrum B bears a strong resemblance to spectrumcoincidentally, correspond with the absorption bands of spectrum

A, except that the high-frequency component overlaps with or
is not resolved from the prominent low-frequency component.
Although absorption by aqueous Nail@ spectrum C is in

the same spectral region as the absorption bands of solid jlaNO

A. The NaNQ aerosol spectrum in spectrum D centered at 1415
cm 1 of half-width 80 cm! is slightly asymmetric. The
calculated NaN®@ aerosol extinction spectrum in spectrum E
consists of a prominent feature centered at 1415'censhoulder
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Figure 6. Molar ratio of water to sea salt as a function of N&xposure

Figure 5. Normalized integrated absorbances for a sea salt aerosol attime. The open symbols are for sea salt aerosol-at1%6 RH exposed

9+ 1% RH exposed to 2 mbar MOThe absorbances monitored were to l, 2, and 3 mbar NQ The filled Symbols are for sea salt aerosol
the NQ~ band centered at 1400 cfy CINO at 2130 cm?, NO; at exposure to@) 1 mbar, ) 2 mbar, and 4) 3 mbar NQ at 27+ 4%
2905 cntl, and S@ at 1150 cm’. The integrated extinction values ~ RH. The dotted lines are guides for the eye. The dashed horizontal
were normalized independently so that the maximum value for each is lines give the molar ratios for the NaN@erosol at 13t 2% RH and

1. The dotted lines are guides for the eye. bulk sample of hydrated sea salt.

at 1400 cm?, and a weak absorption at 1445 T The 20 i

spectrum of sea salt aerosol that has been exposed #piNO 1e 1mbarNO, s

spectrum F, contains a broad asymmetrical absorption band, of 1ec 2mbarNO,

half-width 80 cnt?! centered at 1410 cm that most closely 7. 3 mbar NO //

resembles the NaN{aerosol spectrum in spectrum D. ] 2 / a

Figure 5 is a plot of the normalized integrated absorbance of 2 0] ol

the NQ,, CINO, NG;~, and SQ?~ versus exposure time for a > . £

sea salt aerosol With~2 mbar of NGt 9 +£ 1% RH. The ] / }3

integrated absorbanck, when the scattering contribution is 5 ] J/ /

negligible or has been removed, is given by - / aw .
] /{ —F g //

A= [ E@)dv () V==

0 4 8 12

The integrated absorbance for each band was independently Exposure Time / s
normalized so that the maximum value for each trace is 1. (If rigyre 7. Conversiony, of sea salt aerosol at- 1% RH to NQ~
each trace was multiplied by an appropriate constant, the verticalas a function of exposure time to 1, 2, or 3 mbar of NThe dashed
axis would represent the concentration in molecules per unit lines are guides to the eye.
volume.) Both CINO and N@ increase as the exposure time
increases and the quantities track each other well. Sulfateobserved for a sea salt aerosol exposed to 1 mbar offtiGB
decreases by about 50% and Nd&creases by about 5% over s and a maximum for sea salt aerosol exposed to 3 mbar of
the same time interval. Similar trends were observed in all of NO, for 11 s. In all cases the #:salt ratio is higher at 2%
the experimental runs. 4% RH than at % 1% RH.

Figure 6 shows the #D:salt molar ratio (the ratio of moles Figures 7 and 8 show the extent of conversjplexpressed
of condensed phase water to the total number of moles of ionsgs g percent), of Clto NO;™, as a function of exposure time.
in the salt aerosol particles) as a function of N&posure time. Figure 7 shows results at ® 1% RH, and Figure 8 shows
(The calculation of this molar ratio is discussed later.) For sea results for 274 4% RH. The quantitation to obtajnis presented
salt aerosol at 9 1% RH (the open circles), there is little  pelow. In both figuresy increases markedly with both increasing
variation in this ratio as exposure time increases, with a mean exposure time and with increasing Mressure. The maximum
value and standard deviation of 0.420.03. However this ratio values OfX after 11 s of exposure to 3 mbar of N@ere 15%
for bulk hydrated sea salt (calculated from the assay in Table for sea salt aerosol at-8 1% RH and 80% for sea salt aerosol
1) at 0.28 is considerably lower, indicating a significant water at 27+ 4% RH.
inclusion by the sea salt aerosol particles. Likewise water
inclusion by NaNQ@ aerosol particles to aJ@:salt ratio of 0.5 Discussion
is observed. The time independent ratios for hydrated sea salt
and NaNQ aerosol particles are indicated by the dashed lines
in Figure 6. For sea salt at 2¢ 4% RH exposed to 2 or 3  Figure 2 are rich with absorption features. Table 2 contains their
mbar of NQ (the filled symbols), a temporal change in thglH assignments. We begin with a discussion of the sea salt aerosol
salt ratio is observed when nitrogen oxide chemistry is initiated. spectrum A of Figure 2. The broad absorption features at 3400
(The scatter in the 1 mbar data obscures any apparent trend.and 1650 cm! are signatures for the presence of liquid-phase
At both NO, pressures, the ratio increases with exposure time. H,0.3842 Similar absorption features have been observed by
Furthermore, the bD:salt ratio also increases with increasing us?” and by Cziczo et &8 in IR spectra of (water-containing)
NO; pressure, from-0.6 up to~1.2, with the minimum ratio NaCl aerosols. Later, we shall use thgCHabsorption band at

1. Assignment of Spectral FeaturesThe spectra shown in
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100 a detail of the 1400 cmt region for NQ~ in a variety of
] e 1 mbarNO, environments. We will explore the implications of these
801 = 2mbarNO, a differences in.section 3. o
1. ambarNO A To summarize, then,_ bqth of the principal reactants {si@l
] 2 / CI7) and both of the principal products (NOand CINO) have
. 60 - / been measured through IR spectroscopy in the aerosol system.
°\>< ] / NO,, CINO, and N@Q~ were all detected directly by their IR
40 / absorption bands. The reactant, Gis NaCl or other chlorides),
/ was measured indirectly by the presence of;3Qhat is a
20 3 /‘,/ g known component of the sea salt. In addition, other gas-phase
] _ _u_////. nitrogen oxides: NO, BD, NO4, HNOs, and HNQ, are present
. =T T e in smaller amounts. Trace amounts of gas-phase HCl were also
O =TT T detected. While we use the adjective “trace” one could argue
0 4 8 12 that a large amount of HCI was produced but was then adsorbed
Exposure Time / s on the walls of the apparatus or dissolved in water associated
Figure 8. Conversiony, of sea salt aerosol at 2% 4% RH to NQ~ with the aerosol particles making it hidden from our spectro-
as a function of N@ exposure time. The dashed lines are guides to Scopic probe. We shall provide other evidence later that suggests
the eye. that HCl is indeed not a principle product.

2. Quantitation. The concentration of molecules in the
3400 cnt? to determine the water content of the sea salt aerosol aerosol can be determined by using a modified Béambert

particles. Atmospheric Cwith its characteristic absorption  relation,

at 2350 cml, appears in the spectra because of instabilities in

the spectrometer purge and from its presence in the liquid water 2.303(16)A
components of our experimental apparatus. Absorption kSO K==
is evident at 1100 cri, consistent with other studi@$32.33:4345
However, in contrast to the narrow $O absorption band in
crystalline (NH,),SO,,28:32:33.44.45ts absorption in sea salt is
diffuse. Later we shall use S® as an internal standard to
determine the mass of sea salt in the aerosol particles.

Now we turn to the IR spectrum of the reactant gases at 27
+ 4% RH in spectra B and C of Figure 2. The negative-going
doublet centered near 3230 thappears whenever NOs
introduced into the cell and disappears when the MGlushed
out. This indicates that there is some background absorption
that is diminished in the presence of N@ermanium is known
to react spontaneously with concentrated nitric 4&ithus there
may be a reversible loss of a surface species from the Ge
windows when they are exposed to N& HNO; vapor. The
frequency region of the feature is consistent with hydride or

hydroxide vibrations that might be expected to exist on the Ge = ™ .
surface until removed by nitrate formation. When the reactive regions and hence, cannot be detected directly by our spectros-

gases are removed from the cell, the surface-bound speciesCOpy' I\llevertl?elgs? the_ ch(!lo_rfwde °°”°e“tfalﬁ$'” ?_ea _satlt |
returns. The absorption bands of the various gas-phase nitroger‘;rleroso can be determined It an appropriateé I active interna

oxides are well-knowA?! and their assignments have been made standard is present. Fortuitously, dry sea s_al.t Is 2.5 mole %
on the basis of the references given in Table 2. Although spec- SQy*” and the spectroscopy of sulfate-containing aerosols has
tra B and C were obtained at 27 4% RH, spectra of the arid already been well characteriz&#3The chloride concentration

(<1% RH) 1% NQ/ 99% N, reactant gas mixture revealed Dcrz_cz_m then be calculated dlrlectly from the ratio of Gb
these same absorption features of trace nitrogen oxides butSO4 In sea salt (see Table 1).

in lower proportions. The presence of NO,@® HNG;, and

HNO, can be expected in any mixture containing botsOH D
and NQ (or any other nitrogen oxides for that mattéft),
making the mixture considerably more complicated and neces-
sitating the consideration of reactions involving nitrogen oxides
other than NQ@. (These reactions will be considered in sec-

(4)

0,2

where Dy is number of X molecules per unit volume of the
aerosol sample an is the integrated absorption cross section
per molecule. The optical cell path lengthzig The factor 18
converts the integrated absorbadgebtained in cm? units to
Sl units of nTl) The integrated absorption cross section may
be obtained from the frequency dependent imaginary component
of the index of refraction using relationships given else-
where3234 The values obtained aréq,o = 1.3 x 107¥ m
molecule’tin the OH stretching region for 5M NaCl solutié,
Oso2 = 2.5x 10718 m molecule?® from single crystal (NH)2-
SO,* anddno, = 3.0 x 107 m molecule for thevs mode
of NOs™ integrated over the 156@1300 cnT? region3®

Aside from broad low-frequency~300 cntl) phonon
modes** NaCl has negligible absorption in the infrared or visible

49.1%
C- = 5 5og S0 (5)

Similarly, any other component of sea salt can be calculated
from the molar percentages listed in Table 1. In particuDagy,
the total concentration @inhydroussolute per mof cell volume

tion 4.) C
Now we turn our attention to the spectrum of sea salt aerosol 's given by
exposed to N@(and its accompanying trace nitrogen oxides) 97.5%
that is shown in spectra D of Figure 2. In addition to the Dsan:m(bsog— (6)

absorption features observed in the previous spectra, several
new bands are present. The presence of HCI vapor is conﬂrmed—,—hus, it is possible to calculate the extent of conversiaf

by the observation of the portion of its vibratiorabtational CI- to NOs™:

structure not obscured by stronger absorption by other species

(results not shown). Absorption bands assigned tg N@odes Dro.

are found at 1400, 1050, and 841 chas identified in spectrum : % 100% (7)

X —
D of Figure 2 and listed in Table 2. In addition Figure 4 presents Der-
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Although there was some accumulation of salt on the walls agqueous iof2°3For example, infrared studies of dilute solutions
of the tubing during the course of these experiments, the of NaNG; by Irish and Davi&® show a splitting ofv3(€') into

determination ofy is not affected by this. While the gases in

two overlapping features at 1405 and 1346 énThey assign

the system may react with sea salt that adheres to the walls ofthese features tes(b;) andvi(a), respectively, with spectro-
the system, this fraction of the reactions will not be observed scopic labels in accord with th@&,, point group they propose

since the resulting N© will remain attached to the walls and

for the NG~ ion solvated by water in the solution. We have

thus will not reach the IR cell. This does mean, however, that reproduced their results in our laboraférgs shown in spectrum
an analysis of the kinetics on the basis of the gases might requireC of Figure 4 where the diffuse doublet is apparent. The

corrections because of wall reactions. In the next secbgg,
and D,0 and the structure of the NO absorption band will

v4(by)—v1(ay) difference of approximately 60 crhfor a variety
of salts, on extrapolation to infinite dilution, is consistent with

be used to evaluate the particle composition and morphology.the view that solvated N§ is in an environment that is

3. Composition and Morphology.Figure 6 shows that at 9
+ 1% RH the water:salt molar ratio (i.,0:Dsar) is 0.42+
0.03. Referring to Table 1, solid sea salt is 22 mole ¥%©H
giving a water:salt ratio of 0.28. (Nearly all of this water can
be accounted for by the presence of Mg6H,0.49) Thus the

essentially independent of the cations. However, at higher
concentrations, thes(b;)—vi(ay) difference depends on the
nature of the cation.

Obviously nitrate ions are not isolated in solid NaiN@hich
forms rhombohedral crystaté.The unit cell contains two planar

water:salt ratio is 50% larger than would be predicted based onNOs~ ions lying one above the other with their oxygen atoms
the hydrates present in solid sea salt. The ratio is consistentstaggered. (The 3-fold axis through the N atoms is the trigonal
with a recent deliquescence/efflorescence investigation by Tangaxis of the unit cell.) The point group symmetry of the two

et al®® Treating sea salt as NaCl and estimating from Figure 1 nitrate groups (like that of staggered €EH3) is Dsg. The

of Tang et al50 the water:salt ratio at 9% RH is 0:6 0.2, in

antisymmetric stretching vibrations that characterize the isolated

good agreement with our observations. What is more, Tang etions, of typevs(€), then couple for the two ions of the unit
al® reported that even under vacuum, sea salt particles retaincell, to give (by analogy to thé®zy CH3CHs; normal mode
residual water. IR spectroscopic studies of submicron NaCl discussiof) four vibrational modes. Oney-(e,), is doubly

particles at low humidity €25% RH) reveal that a significant
amount of water is present in the form of small inclusions of
liguid water?”-28 Again estimating from the results of Tang et
al.®° the water:salt ratio at 27% RH is 18 0.3, consistent
with our observations at 2% 4% RH. If the water:salt ratio
did not show an N@pressure dependence at24% RH, our

degenerate and infrared active with transition dipoles directed
orthogonal to the trigonal axis of the rhombohedral unit cell.
The other, vio(gy), is also doubly degenerate but infrared
inactive. In spectrum B of Figure 4, the(e)) mode is the
prominent feature. Nevertheless, the resulting spectrum is the
consequence of the coupling of transition dipoles of the unit

results would suggest that the sea salt particles were not atcells that make up the (in principle) infinite crystal lattice. If

equilibrium with water vapor at short exposure times. As it is,
however, these results suggest thatsN@rmation facilitates
the uptake of HO by the particles or increases their capacity
to incorporate HO. A similar increase in the water content of
sea salt powders exposed to Ni@ an atmosphere with less
than 2 ppm of HO vapor has been observed in another infrared
study* The mechanism by which NO formation leads to
increased water content at 274% RH but not at 9+ 1% RH

is not clear.

It is perhaps surprising that the NOinfrared signatures, as

on the other hand, the crystal is small as in the case of aerosol
particles the extent of coupling is limited by the finite boundaries
of the tiny crystal$* The spectroscopic result, a consequence
of the Mie calculation, is shown in spectrum E of Figure 4. As
in another salt we have examined, (N}$Q;, the calculated
band center of the aerosol particles is also shifted to higher
frequency relative to the bulk cryst®.These spectroscopic
differences are a consequence of molecular and ionic crystals
made up of transition dipoles that couple together. The resultant
spectra, as revealed in the changed band center of{keg

revealed by the six spectra of Figure 4, can be so different. To feature in spectra B and E, depend on the size of the ciystal.
understand these differences, and how they concern the theméhlthough we have somewhat arbitrarily chosgr= 0.15um
of our study, we need to explore the symmetry of the ion isolated and & = 2 for this calculation, within the Rayleigh limit the
and in various condensed phases. The isolated ion is planar angtructure of the extinction band is not size dependefft.

belongs to theDg, point group®® It has five infrared active
modes: the nondegeneratga,’’) out-of-plane bending vibra-
tion at 831 cntl, v3(€) antisymmetric stretching vibrations at
1390 cnT1l, andv4(€) in-plane bending vibrations at 720 cty

the latter two being doubly degenerate. An infrared inactive
mode v1(a1), the symmetric stretching vibration, is at 1050
cmL In keeping with previous discussion of nitrate spectra
produced by nitrogen oxides reacting with Nd&?,the spec-
troscopic labels are made as if the jGon were isolated. Thus
the features in spectrum C of Figure 2 are assigned: 1406 cm
to v3, 1050 cnt! to v, and 841 cm? to v,. The v, absorption

is roughly 2 orders of magnitude weaker thanithabsorptiorP}

Spectroscopic differences can also result from changes in the
shape of crystal®5 A single feature that results from isotropic
cubic or spherical crystals as in spectra B and E, respectively,
can be split when the crystal appears as a thin plate or needle.
This has been observed by Devlin efalvho prepared a thin
crystalline plates of NaNgon the surface of a substrate. Since
the crystal is no longer isotropic (i.e. it is not a cube but a thin
plate), thev+(ey) degeneracy is lifted. The resulting frequencies
were found at 1450 and 1350 cfn A possible interpretation
of spectrum A of Figure 4 is that thin crystalline plate of NalNO
have been produced over the NaCl(100) substrate by reaction
of nitrogen oxides with it. Alternatively, as Peters and Ewing

and thus we were unable to detect it. Note that the observationsuggest? the NG;~ ion finds itself imbedded in a site of the

of thev; mode in both the NaNg@aerosol spectrum (not shown)

NaCl substrate that lowers thHgs, symmetry of the isolated

and in spectrum D of Figure 2 indicates that the environment ion to lift the v3(€¢') degeneracy.

must lower theDs, symmetry of NQ~ to give this vibration
infrared activity.

That environments can lower the local symmetry of )NO

A pattern so far apparent in the spectroscopic signatures of
Figure 4 is that spectra A, B, and E, which are characterized
by sharp features, are associated withsN@ns in crystalline

has been made evident in spectroscopic investigations of theenvironments. The spectra in spectra C, D, and F are all more
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diffuse. Since we know that the sample giving rise to spectrum of NO3~. In addition, the prominence of the CINO product of
C is amorphous (actually liquid), it is reasonable to suggest that reaction A and its favorable tracking of its integrated absorbance
the samples associated with spectra D and F are also amorphousvith that of NO;~ (Figure 5) favors reaction A as the dominant
Moreover, the similarities in band center, bandwidth, and band reaction.
shape of their spectra suggest a similarities in the environments There remains the issue of whether the reactive molecule is
of the NG~ ions in these aerosol samples. Finally, we note NO, or its dimer, NO,4. Although many kinetic studies clearly
that the frequencies of the band centers of spectra D and F mosthow that the reaction is second order with respect tg N@P:11
closely match the band center of the neat NaN@stalline consistent with NO,4 as the reactive species, there is no direct
aerosol calculation of spectrum E. Therefore, on the basis of evidence that M), is the reactive molecule. Second-order
the spectroscopic signatures alone, we would say that spectreinetics would also be consistent with, for example, adsorption
D and F are consistent with what we would expect for an aerosol of two separate N@molecules at adjacent sites on the substrate
of amorphous N@. followed by an oxygen atom transfer. For this reason, we prefer

Fung and Tan®§ have obtained Raman spectra of thenode to express reaction A as written, with the understanding that
of NO;~ in NaNQ; and Sr(NQ); single levitated particles. In  the equation indicates only the stoichiometry of the reaction.
both cases, the band is broad and structureless for the aqueous Given the complexity of the reactants (both the sea salt and
droplet. Upon efflorescence of the Nabl@article, the band the nitrogen oxides), the high and variable water content of the
sharpens considerably, with the bandwidth decreasing by particles, and the limited number of data points, it is not
roughly a factor of 5, and shifts to higher frequency. As the surprising that straightforward kinetics do not emerge. Never-
humidity is lowered, the Sr(N&), droplet did not effloresce,  theless, some recent findings in similar reaction systems may
instead it retained a significant amount of water for a 1:1 water: be brought to bear here. Langer etastudied the reaction of
solute molar ratio. Again, the Raman band of crystalline Sr- NO; with solid sea salt and with MggbHO (as a surrogate
(NOg), is sharper, structured, and at higher frequency than the for all hydrates in sea salt) using diffuse reflectance Fourier
band of the hydrous particle. Thus, the spectroscopic signaturetransform IR spectroscopy (DRIFTS). They found that the IR
on thev; mode of NQ~ is altered as the water composition spectra of the product N from the reaction of N@with sea
and phase of the particle change. salt was the same as that from the reaction of M@E,0 with

The behavior of thes mode of NQ- in this study is likewise ~ NOz thus indicating that N@reacts at least with the Mg&l
sensitive to the association of water with the particle. In Figure Nydrate and that the presence of hydrates may be of great
4, the extinction spectrum of NaN@alculated from the index ~ importance in the reaction. De Haan and Finlayson-Pittsing
of refraction for crystalline NaN@is a (relatively) narrow band @ Knudsen cell and mass spectroscopy, found that the reaction
with some structure. The extinction bands of the Nald€rosol of HNO; proceeded as readily on Mg@H,O as on synthetic
and of the sea salt aerosol exposed to,N@e considerably ~ Sea salt.
broader and featureless. In both of these cases, the water:salt AS shown in Figure 8, at 2% 4% RH, y is ~80% after 11
ratio is quite high (approximately 0.5 and 1.2, respectively). S exposure to 3 mbar of NOThus, complete conversion of
We conclude then that sea salt particles, even at low humidity, CI” to NO;™ can be expected in on the order of 20 s at this
have a complex morphology. NO; pressure. Figures 7 and 8 show that the conversion depends

The structure of the sea salt particles may be further on both the N@pres;ure and on the hum|ghty. While the I|m|ted
complicated because the various salts in sea salt probably donum_ber of data points and the scatter in the dat_a restrict the
not effloresce into a uniform solid but rather form individual Précsion _af‘d accuracy of the k|net|(_: data .Wh'Ch may _be
domains of varying composition. Cheng ef&#°placed~100 obtained, it is nevertheless a valuable illustration of the utility

um droplets of seawater on a silicone-coated glass slide (with of IR spectroscopy of aerosols. For the reaction of sea salt

a contact angle of 90 and allowed the droplets to evaporate. aerots_ol with NQ’_t%%r(g 'T’: no evu:fence of atl_sIO\/t\ngV\;n |r;]th(|a d
They observed a sequential formation of microcrystals that reaction even gt = 0. FOr a surface reaction, the rate shou

corresponded to the concentration and solubility of the various Qecrease as thelsurface IS depleted of the reactant, unless there
s some mechanism to rejuvenate the surface. Allen ¥taaid

salts present in seawater. Furthermore, the microcrystals ha 16 . .
different sizes and structures that depended on their composition. aux et al-> found that thin uniform layers of I_\IaN;Cformed
In addition to the changing spectroscopic signatures of thg NO on the surfaces of NaCl crystals would reorganize upon exposure

ion with its condensed phase environment, we can also follow f\? \gry IC;W hqu.lty.lto form NaNQ'ﬂt"’mdS on atrhejuver];lated ¢
the response of the; mode of SG?. In the aerosol prepared aCl surface. A similar process might occur on the surfaces o

with water solutions of neat (NBLSQy, the v half-width is 40 the sea salt particles. If the particles exist as supersaturated
cm132 whereas in the sea salt aerosol (see Figure 3) its half- solution droplets, then the reaction would be fimited by the
widtH is twice as great. Thus we imagine the sea salt particlesdlf‘fusmn of the reactants in the solution, and thus the reaction

. N . . I 0,
to be internal mixtures of microcrystalline and amorphous MaY ot slow appreciably even gsapproaches 100%.
regions of varying composition and shape with inclusions of
aqueous salt solution.

4. Reaction Mechanism and Kinetics. The variety of We have reported here what appears to be the first in situ
nitrogen oxide species evidenced in Figure 2 requires us to spectroscopic study of the reaction of hwith sea salt aerosol.
consider the possibility that reactions such as reaction B may Although considerable uncertainties about the mechanism and
be competing with reaction A. The nitric acid reaction with sea the overall reaction remain, there is substantial conversion of
salt is of particular concern because the reaction probability for CI~ to NO;™ in the sea salt particles. Moreover, the prominence
reaction B is roughly 7 orders of magnitude larger than the of CINO among the products points to 2N&@ ClI~ — NO3~
reaction probability of reaction AL1” However, with the + CINO as the dominant reaction pathway. The rate of the
exceptions of N@ and NO,, all of the remaining nitrogen  formation of nitrate depends both on the relative humidity and
oxides (NO, NO, HNG,, and HNQ) are present only in trace  the pressure of nitrogen dioxide. The IR spectroscopic signatures
amounts and thus cannot contribute to the observed formationfor NOs;~ and HO indicate that the sea salt particles have a

Conclusion
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complex internally mixed structure incorporating both liquid
water and hydrated salts in both microcrystalline and amorphou

phases. The spectra also reveal that even under arid conditionsg,,
sea salt aerosol retains a significant fraction of water and that
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