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Heterogeneous reactions of sea salt aerosol with various oxides of nitrogen lead to replacement of

chloride ion by nitrate ion. Studies of the photochemistry of a model system were carried out using

deliquesced mixtures of NaCl and NaNO3 on a Teflons substrate. Varying molar ratios of NaCl

to NaNO3 (1 : 9 Cl� :NO3
�, 1 : 1 Cl� : NO3

�, 3 : 1 Cl� :NO3
�, 9 : 1 Cl� : NO3

�) and NaNO3 at the

same total concentration were irradiated in air at 299 � 3 K and at a relative humidity of

75 � 8% using broadband UVB light (270–380 nm). Gaseous NO2 production was measured as a

function of time using a chemiluminescence NOy detector. Surprisingly, an enhanced yield of NO2

was observed as the chloride to nitrate ratio increased. Molecular dynamics (MD) simulations

show that as the Cl� : NO3
� ratio increases, the nitrate ions are drawn closer to the interface due

to the existence of a double layer of interfacial Cl� and subsurface Na+. This leads to a decreased

solvent cage effect when the nitrate ion photodissociates to NO2+O��, increasing the effective

quantum yield and hence the production of gaseous NO2. The implications of enhanced NO2 and

likely OH production as sea salt aerosols become processed in the atmosphere are discussed.

1. Introduction

Sea salt aerosols are known to undergo heterogeneous reactions

with gaseous nitrogen oxides (N2O5, NO2, HNO3, ClONO2),

resulting in chloride depletion as they travel through polluted

regions.1–15 The particle composition has been observed to

range from no Cl� depletion (fresh sea salt) to complete

Cl� depletion (heavily processed sea salt), and a strong anti-

correlation of Cl� with NO3
� has been reported.4,7,8 As a result,

the ratio of Cl� to NO3
� in sea salt-derived aerosol decreases as

air masses move downwind in coastal urban regions.

While nitrate ions are often treated as a stable end product of

this chemistry, NO3
� absorbs light in the actinic region above

290 nm and photodissociates via two reaction channels:16

NO�3 þ hv! NO2 þO�� �!H2O
NO2 þ OH þOH� ð1aÞ

- NO2
� + O(3P) (1b)

The aqueous phase quantum yields are B0.9% for OH (1a)

and B0.1% for O(3P) (1b) at 305 nm and 298 K.16–21 This

photochemistry is believed to be important in the Arctic and

Antarctic snowpacks, generating NOx as well as OH and

O(3P) which can carry out subsequent oxidations.22–25

Less is known about the photochemistry of nitrate in complex

aerosol mixtures, such as in processed sea salt aerosols. Sea salt

particles, whether processed or unprocessed, are likely to exist as

concentrated aqueous droplets at ambient relative humidities.26,27

Recently Hudson et al.28 showed that as Ca(NO3)2 solutions

become highly concentrated, the lowest energy electronic

absorption peak shifts to higher energy. In addition to the blue

shift, the extinction coefficient was shown to decrease byB30% in

moving from dilute (B0.1 M) to highly concentrated (B7 M)

solutions. Smaller blue shifts (2–4 nm) were reported to occur for

highly concentrated Mg(NO3)2 and NaNO3 solutions.28 These

results suggest that the overlap of the nitrate absorption spectrum

with solar radiationmay decrease at the concentrations likely to be

found in aerosols. However, it is not known how the UV

absorption spectrum of NO3
� is affected by the presence of Cl�,

such as in processed sea salt particles.

Molecular dynamics (MD) simulations provide a fundamental

understanding of the interactions of ions with their solvent at the

atomic level. MD simulations have shown that a significant

population of Cl� resides at the interface of aqueous NaCl

systems.29–32 These simulations have been applied to under-

standing surface-active mechanisms for halogen formation from

sea salt aerosols32–36 and other physicochemical processes at

air–water interfaces with very good experimental agree-

ment.31,37–41 Recent simulations show that nitrate ions in larger

particles appear to reside below the interface in pure aqueous
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NaNO3 and Mg(NO3)2 solutions with no particular preference to

be solvated at surface.42–44 However, the small number of nitrate

ions that do reside near the interface in pure NaNO3 solutions are

under-coordinated by water molecules.43 In addition, in clusters of

up to 300 water molecules, nitrate ions are found to reside

primarily near the surface of the cluster and to be under-

coordinated by water.45 Such reduced solvent cages may result

in enhanced quantum yields at the interface.46–50 For example, the

photolysis of Mo(CO)6 was observed to be at least three orders of

magnitude faster when dispersed in droplets compared to that for

the bulk solution.51

In the case of nitrate–chloride ion mixtures, the OH radical

generated in reaction (1a) can potentially oxidize chloride ions

to Cl2. However, the kinetics and mechanism of this oxidation

depend on whether it occurs at the interface or in the bulk. The

interface reaction does not involve acid and is fast,32,52 while

the bulk reaction occurs at a significant rate only under acidic

conditions.53 Petriconi et al.,54 in experiments carried out on

bulk solutions, showed that the formation of nitrite from

sunlight-irradiated NaNO3 solutions increased in the presence

of Cl�. The authors suggested that the presence of Cl�

enhances NO3
� photolysis through formation of the NOCl

intermediate and proposed that the photolysis of nitrate could

oxidize halides in marine aerosols. More recently, UV irradia-

tion of particles collected in marine environments has shown

that NO3
� photolysis is a major source of OH radicals in such

particles.55,56

The present studies describe the generation of gaseous NO2

upon irradiation of deliquesced NaNO3 compared to mixtures

of NaCl and NaNO3 deposited on a Teflons substrate. The

UV/visible absorption spectra of these mixtures were mea-

sured to investigate changes in the NO3
� absorption in con-

centrated mixtures of NaCl and NaNO3. MD simulations

were carried out on mixtures of NaCl and NaNO3 to under-

stand solvation and interfacial concentrations in the two-

component system. The combination of experiments and

simulations shows that nitrate ions are, on average, closer to

the interface when chloride ions are present, leading to more

efficient production of gaseous NO2 due to enhanced photo-

chemistry.

2. Materials and methods

Photolysis experiments

Experiments were performed by coating Teflons reaction

chambers with a thin film of NaNO3/NaCl, and following

the generation of gaseous NOy with time during irradiation.

The walls of the reaction chamber were coated with aerosol by

nebulizing a solution into the chamber for 6.5 min and then

pumping out the chamber. Aerosol particles were generated

using a 6-jet Collison nebulizer (BGI Inc., Model CN25)

containing aqueous solutions of 4 M total salt concentration

(varying the amounts of NaCl and NaNO3; see below) with

nitrogen gas at a pressure of 20 psi. This process was repeated

three times, leaving a layer of aerosol particles coating the

walls of the chamber. The reaction chamber was then filled

with air to 55 L through a water bubbler, resulting in initial

relative humidities of Z 75% at the beginning of all

experiments. This approach of using a wall coating rather

than suspended particles was used because the unavoidable

static charge that develops on Teflons leads to rapid uptake of

particles on the walls of the chamber during the course of a

typical experiment, complicating data interpretation. In addi-

tion, because the particles remain on the walls, this method

avoids removing particles when sampling for gaseous

product formation. A new chamber of equal dimensions

(B70 � 80 cm) and volume was created for each experiment

from FEP Teflons which was rinsed with Milli-Q water and

dried before sealing. Each chamber had Teflons sampling

ports for NOx measurements and a relative humidity/tempera-

ture probe (Vaisala, HMP 338).

Irradiation experiments included pure NaNO3 and mixtures

of NaCl and NaNO3 in molar ratios of 1 : 9, 1 : 1, 3 : 1 and 9 : 1,

all prepared from salt solutions with a total molarity of 4.0 M

(e.g. 9 : 1 NaCl :NaNO3 corresponds to 3.6 M NaCl, 0.4 M

NaNO3; 1 : 1 NaCl :NaNO3 corresponds to 2.0 M NaCl,

2.0 M NaNO3, etc.). In separate experiments, an aerodynamic

particle sizer with a 100� diluter (TSI, APS model 3321,

diluter model 3302A) was used to determine the particle size

and number density of the different salt mixtures used to coat

the chambers. Each 6.5 min aerosol nebulizing treatment

produced (1–2) � 106 particles cm�3 with mean aerodynamic

diameter B0.9 � 0.1 mm (s = 1.4) for both pure and mixed

salts. These particle measurements were carried out to ensure

that equal aerosol particle sizes and concentrations were

present as the ratio of chloride to nitrate changed. While these

sizes are typical of both processed and unprocessed sea salt

particles in air,8 some coalescence of particles on the Teflons

surface occurred to give larger particles. The aerosol layer

contained 2–4 mmol of salt, calculated from measurements of

mass and published water activity data.57 The thickness of the

layer formed by deposition of the particles was estimated to be

30–50 mm based on the mass of added salt and assuming the

film was equally distributed over the surface area of the

chamber. Calculations show that less than 3% of the nitrate

was photolyzed during an experiment.

Each coated chamber was irradiated from above using a set

of 8 UVB lamps (l B 270–380 nm, UVP Inc., 15 W) with

excellent spectral overlap with the lowest energy electronic

absorption of aqueous nitrate as shown in Fig. 1.

Fig. 1 Absorption spectrum of dilute aqueous NaNO3 (0.4 M, solid

line) and photolysis lamp spectrum (dashed line, relative y-axis).

This journal is �c the Owner Societies 2008 Phys. Chem. Chem. Phys., 2008, 10, 5668–5677 | 5669
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Measurements of NO2 and NO were taken before irradiation,

as well as at 15–45 min intervals for 3–4 h using a nitrogen

oxides analyzer with chemiluminescence detection (Monitor

Labs, Model 8840). The NOy analyzer was calibrated in the

range of NO and NO2 levels detected in the experiments using

known mixtures of NO and NO2 in nitrogen or air.

A temperature rise of 3–4 1C occurred during the experi-

ments, resulting in the relative humidity decreasing to B65%

RH in some cases. Although mixtures of NaCl and NaNO3 are

known to deliquesce at 67%, they do not effloresce until 35%

RH or lower.26,58,59 Similarly, while pure NaNO3 deliquesces

at 74.5% RH, it effloresces at o30% RH.57 Thus, all

particles remained deliquesced throughout the experiments, as

confirmed by visual inspection.

Computational methods

Simulations of the liquid–vapor interface of aqueous NaNO3

and mixtures of NaNO3 and NaCl were completed using

classical molecular dynamics simulations of ions in a box of

864 water molecules. In order to simulate the liquid–vapor

interface, a slab geometry60,61 was used with the size of the unit

cell set to 30 � 30 Å � 100 Å and periodic boundary

conditions in three dimensions.62 The elongated z-axis is

normal to two liquid–vapor interfaces. Simulations were

carried out at constant volume and a constant temperature

of 300 K (NVT ensemble) after equilibration in the same

ensemble using the Berendsen thermostat.63 All of the simula-

tions were completed using the Amber 8 suite of programs.64

Long-range electrostatic interactions were calculated using the

particle mesh Ewald method65,66 with a real space cutoff of 12

Å. Water molecules were modeled using the polarizable POL3

water model67,68 and the internal degrees of freedom of the

water molecules were constrained using the SHAKE algo-

rithm.68 Nitrate ions were modeled using the parameters

recommended by Salvador et al.69 and used in two subsequent

studies on nitrate in interfacial environments.42,43 The sodium

and chloride parameters were taken from Perera and

Berkowitz.70 Simulations of pure NaNO3 and mixed 1 : 1

NaCl :NaNO3 were carried out for 4 ns. For mixed 9 : 1 and

1 : 9 NaCl :NaNO3 slabs, the simulations were run for an

additional nanosecond (5 ns total). In all cases, a timestep of

1 fs was used. In order to avoid the polarization catastrophe71

due to the large electric field in solutions with a large number

of polarizable molecules, the induced dipoles were calculated

using a method developed by Jungwirth and coworkers.72 As

in prior studies, the induced dipole scaling was chosen to

preserve the properties of neat POL3 water.

UV/Visible spectroscopy measurements

The UV absorption spectra of aqueous NaNO3 and NaCl–

NaNO3 solutions were obtained using a Cary 50 UV-visible

spectrophotometer at 0.5 nm resolution. UV grade quartz cells

of path length 0.1 mm, 1 mm and 1 cm were used to cover the

0.4–6.0 M range of nitrate concentration. UV spectra were

collected for pure NaNO3 as well as mixtures with molar ratios

of 1 : 9, 1 : 1, 3 : 1, and 9 : 1 NaCl :NaNO3. In addition, UV

spectra were taken in which the nitrate ion concentration was

held constant at 0.4 M while that of Cl� was varied from

0–3.6 M.

Kinetics analysis

A kinetics modeling program73 was used to investigate the gas

phase chemistry and its impact on the measured NO2 concen-

trations. Although the photochemistry of interest occurs in the

thin surface film, the observable parameters are gas phase

concentrations that result from the thin film photolysis. Thus,

a detailed gas phase model was developed in which the

production of gas phase NO2 from the surface nitrate ion

photolysis (1a) was parameterized by matching the model to

experimental NO2 data from pure NaNO3 photolysis experi-

ments (ESI).w The channel producing nitrite ion and O atoms

(reaction 1b) was then assigned a rate constant based on the

known quantum yields for the two channels, i.e., reaction (1b)

is a factor of B10 slower.16,21

Chemicals

The salts NaCl (Fluka, 499.5%), NaNO3 (Fisher, Certified

ACS, 499.0%), and Na2SO4 (Fisher, 99.9%) were used as

received from the manufacturers, and solutions were made

using Nanopure or Milli-Q water (Z 18.0 MO cm). The

backing pressure on the nebulizer was provided by N2 gas

(Oxygen Service Co., UHP, 99.999%), and aerosol photolysis

experiments were carried out in Ultrapure air (Scott-Marrin,

NOx o 0.001 ppm, SO2 o 0.001 ppm). Nitrogen dioxide was

used as received (Scott-Marrin certified gas mixture, 4.57 ppm

NO2 in N2, or 329 ppm NO2 in He) for calibrations and test

experiments. Nitric oxide (NO, Matheson, 99%) was purified

before use by passing through a cold trap at r�60 1C to

remove NO2 and HNO3 impurities.

3. Results and discussion

NO2 Production in photolysis experiments

The production of NO2 as a function of photolysis time is

shown in Fig. 2a for NaNO3 and for NaCl–NaNO3 mixtures

with varying molar ratios. The error bars represent two sample

standard deviations (2s) of repeated experiments. As the

initial concentration of NaNO3 in the nebulized mixtures

increases, the concentration of gas phase NO2 produced

increases, as expected.

To compare the production of NO2 relative to the initial

NO3
� present, the data in Fig. 2a were divided by the initial

NO3
�molarity in the nebulizing solution. As shown in Fig. 2b,

this normalized NO2 increases as the relative amount of

chloride increases. NaNO3 in the absence of chloride produced

the least amount of NO2 per mole of initial NO3
�, while there

was a substantial enhancement in the yield of NO2 for the

irradiated 9 : 1 NaCl :NaNO3 mixture. A similar trend was

measured for NO production, which however, is generated at

much smaller concentrations since it is not a primary photo-

product of NO3
� photolysis.16

One potential explanation for this surprising result is that

when chloride is present, nitrate ions are closer to the interface

where a reduced solvent cage can lead to enhanced escape of

nitrate ion photofragments such as NO2 into the gas phase.

5670 | Phys. Chem. Chem. Phys., 2008, 10, 5668–5677 This journal is �c the Owner Societies 2008
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For example, theoretical calculations by Benjamin and co-

workers48,50 suggest that photolysis of ICN at the interface

leads to enhanced desorption of the photoproducts into the

gas phase relative to photolysis of bulk ICN solutions due to

reduced trapping by an incomplete solvent cage at the surface,

and there is experimental evidence for surface-enhanced

photolysis as well.46,47,51

Molecular dynamics simulations

To assess whether chloride ions can draw nitrate ions closer to the

aqueous interface, molecular dynamics simulations were carried

out on solutions of NaNO3, NaCl and mixtures of the two. The

goal of the simulations was to investigate ion partitioning at the

liquid–vapor interface of aqueous sodium nitrate and sodium

chloride mixtures, which could alter the effective quantum yield

for nitrate ion photolysis. Simulations of pure aqueous sodium

nitrate at two concentrations are discussed here; the reader is

referred to recent work43 on aqueous sodium nitrate in interfacial

environments for more detailed structural information. In the

present work, simulations of saturated NaNO3, which corres-

ponds well to the experimental conditions, are presented.

Simulations on less concentrated (approximately 3.2 M NaNO3)

were also carried out. The number of ions in each simulation (all

with 864 water molecules) is shown in Table 1.

In order to mimic mixtures that correspond to the experi-

mental conditions, simulations of mixed NaNO3 and NaCl

were performed on approximately 3.2 M NaNO3 with the

same number of corresponding NaCl ions (i.e. 36 NO3
�, 36

Cl�, and 72 Na+ ions; referred to as the 1 : 1 ion ratio,

Table 1). Then, the total number of Na+ ions was fixed at

72 and the anion ratios were varied to represent 1 : 9 and 9 : 1

mixtures of chloride to nitrate. The total number of ions

(cations + anions) in each mixed salt simulation was 144.

Snapshots of the liquid vapor interface of 1 : 1 and 9 : 1

NaCl :NaNO3 mixtures are shown in Fig. 3. Density profiles

for four simulations are shown in Fig. 4. For ease of compa-

rison, each density profile was normalized using
Rzmax

zmin

rðzÞdz ¼ 1, averaged about the center of the slab, and

then shifted along the z-axis so that the water Gibbs dividing

surface (GDS) is located at z = 0. For the purposes of this

study, we approximate the water GDS as the z coordinate

where the interfacial water density is half the bulk density.

Fig. 4a for concentrated aqueous NaNO3 shows that only a

small amount of nitrate resides close to the liquid–vapor

interface, in contrast to the significant number of chloride

ions that are found at the interface (Fig. 4b).29–32 For the

system with an equal number of nitrate and chloride anions

(Fig. 4c), the chloride density profile looks similar to the pure

NaCl simulation,29 while nitrate is pulled closer to the

interface. In the case where the chloride to nitrate ratio is

9 : 1 (Fig. 4d), the nitrate ions are drawn markedly closer to the

interface than in pure sodium nitrate. This can also be

observed in the snapshots in Fig. 3 where for mixed 9 : 1

NaCl :NaNO3 (Fig. 3b), nitrate ions are located near sodium

ions that have been drawn toward the surface chloride ions.

The density profiles for pure B3.2 M NaNO3 are not shown

because they are very similar to those of the concentrated

solution (Fig. 4a). For mixed 1 : 9 NaCl :NaNO3 the density

profiles are similar to the 1 : 1 mixture (Fig. 4c) and are also

not shown.

The water solvation environment of the nitrate ions in the

9 : 1 NaCl :NaNO3 was investigated by calculating the

Nnitrate–Owater radial distribution functions at different posi-

tions of the nitrate ion relative to the Gibbs dividing surface.

The radial distribution function (RDF), g(r), describes the

density variations of the surrounding water molecules as a

function of distance from the nitrate nitrogen. The RDF in

this case is used to define the relative extent of solvation of

bulk versus near surface nitrate ions (Fig. 5). Ions located 6 Å

below the GDS have a water solvation environment similar to

bulk ions. However, the RDFs for nitrate ions located 3 Å and

1 Å below the GDS exhibit deviations from the bulk RDF,

indicating a progressive change in the solvation environment

of nitrate ions as they approach the interface. For bulk nitrate

ions, there are 19.6 water molecules within 5.5 Å of Nnitrate,

while nitrate ions 1 Å below the GDS are surrounded by 15.3

water molecules within the same distance. Clearly, nitrate ions

located 1 Å below the water GDS do not have a complete

solvation shell.

Fig. 2 (a) Measured NO2 production from typical aerosol photolysis

experiments of pure NaNO3 and NaCl–NaNO3 mixtures. (b) NO2

production normalized by dividing by [NO3
�]0 in the nebulizing solution.

Error bars represent typical 2s errors of replicate experiments. Curves are

least squares fits to the data.
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Previous experimental and theoretical studies have shown

that photolysis of aerosols in which the solute has a reduced

solvent cage can increase the yield of products.46–51 Enhanced

production of gas phase NO2 could therefore be expected in

the presence of chloride ions which draw NO3
� closer to the

interface via the electric double layer with Na+. This is

consistent with the data in Fig. 2b that show enhanced

production of gas phase NO2 in chloride–nitrate mixtures.

The measured NO2 yields from the 1 : 1 and 1 : 9

NaCl :NaNO3 solutions are within experimental error of each

other, and this is also consistent with MD simulations, which

predicted similar distributions of NO3
� in these mixtures.

UV/Visible spectroscopy measurements

Another potential source of the enhanced photochemistry in

the presence of chloride ions is a shift in the nitrate UV

absorption spectrum in the salt mixtures. For example, a

red-shift of the n - p* transition in NO3
� with increasing

Cl� concentrations would give increased overlap of the nitrate

absorption and the photolysis lamp (Fig. 1), leading to

increased photolysis. An increase in the NO3
� absorption

coefficient with increasing Cl� concentrations would lead to

the same effect. To investigate these possibilities, UV absorp-

tion spectra were measured for NaNO3 solutions and for

mixed NaCl–NaNO3 solutions used to generate aerosols in

the photolysis experiments.

Fig. 6 shows the molar absorption coefficients measured for

a 4 MNaNO3 solution and for a mixture of 0.4 M NaNO3 and

3.6 M NaCl for which enhanced photochemical production of

NO2 was observed (Fig. 2). There is no significant difference

between these absorption spectra, ruling out a shift or increase

in the nitrate absorption due to the presence of chloride as the

source of the enhanced photochemistry. A spectrum of dilute,

aqueous NaNO3 is also included in Fig. 6 (0.4 M, dashed line)

for reference. Increased concentrations of NaNO3 cause small

blue-shifts of B1–2 nm relative to dilute NaNO3. This shift is

slightly smaller than the 2–4 nm shift for NaNO3 up to B7 M

reported by Hudson et al.28 Interestingly, the addition of high

concentrations of NaCl (3.6 M) to dilute (0.4 M) NaNO3

causes a similar shift, suggesting it is due to an ionic strength

effect.

NO2 Enhancement and kinetics analysis

As a further test that the observed enhancement is due to Cl�,

another salt was chosen to mix with NaNO3. If nitrate ions are

drawn closer to the interface due to the significant interfacial

concentration of the Cl� anion, then solutions of nitrate with

an anion that prefers bulk solvation should not exhibit

enhanced NO2 yields. A photolysis experiment was carried

out using aerosols nebulized from a 1 : 1 Na2SO4 :NaNO3

solution.

Fig. 3 Snapshots of side views of configurations from MD simula-

tions of mixed aqueous NaNO3 and NaCl. In panel (a) the ratio is 1 : 1

NaCl :NaNO3 and in (b) the ratio is 9 : 1 NaCl :NaNO3. Only half of

the slab is shown for each system, and the snapshots are oriented such

that the bulk solution is at the bottom of each panel. Colour legend:

green = Na+, yellow = Cl�, blue = N, purple = Onitrate, red =

Owater, white = Hwater.

Table 1 Compositions of systems studied using MD simulations with 864 water molecules

System description No. of chloride ions No. of nitrate ions No. of sodium ions

NaNO3 (B6.8 M) — 86 86
NaNO3 (B3.2 M) — 36 36
Mixed 1 : 1 NaCl :NaNO3 36 36 72
Mixed 1 : 9 NaCl :NaNO3 7 65 72
Mixed 9 : 1 NaCl :NaNO3 65 7 72
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Molecular dynamics simulations of Na2SO4 solutions

show that SO4
2� prefers bulk solvation over the interface.74

In addition, Na2SO4 does not photolyze in the wavelength

region used in the current studies, thus it is expected to

act only as a spectator ion. Due to the lower solubility of

Na2SO4, the solution was 0.8 M Na2SO4 : 0.8 M NaNO3.

The NO2 measurements as a function of photolysis

time were divided by this initial NO3
� concentration for

comparison to NaCl–NaNO3 experiments. This normalized

rate of experimental NO2 formation was in excellent agree-

ment with those of pure NaNO3, i.e., no enhancement was

observed, confirming that Cl� is important in inducing the

enhancement.

For each NaCl :NaNO3 ratio, the normalized rates of NO2

formation were used to calculate the amount of NO2 enhance-

ment relative to pure NaNO3. The initial rate of NO2 forma-

tion was determined by taking the initial slope of each

normalized NO2-time series in Fig. 2b. The enhancement is

expressed as the ratio of the initial rate for each NaCl :NaNO3

mixture to that for pure NaNO3, such that pure NaNO3 has an

‘‘enhancement’’ of 1.0. The NO2 enhancements, shown in

Fig. 7, ranged from B1.6–1.8 for lower NaCl :NaNO3 ratios

(1 : 9, 1 : 1, 3 : 1) to 2.4 for the highest NaCl :NaNO3 ratio of

9 : 1. The enhancement for the Na2SO4–NaNO3 experiment,

0.97, is also included in the plot and is within experimental

error of pure NaNO3. Table 2 summarizes the initial rates of

NO2 formation and the calculated enhancements in the pro-

duction of gas phase NO2.

The use of initial rates minimizes secondary chemistry that

may occur, forming additional oxides of nitrogen that can

Fig. 4 Density profiles for simulations of the air–water interface of (a)B6.8 M aqueous NaNO3, (b)B3 MNaCl, and (c) and (d) mixed solutions

of NaNO3 and NaCl.

Fig. 5 Nnitrate–Owater radial distribution functions for the 9 : 1

NaCl :NaNO3 mixture shown for several distances of the nitrate from

the Gibbs dividing surface. Note that near the surface of the solution

(B1 Å below the GDS), the nitrate ions are undercoordinated relative

to the bulk.

Fig. 6 UV/visible spectra of 4.0 M NaNO3 (solid black line), 3.6 M

NaCl : 0.4 M NaNO3 mixture (gray), and 0.4 M NaNO3 (dashed).

Error bars represent 2s of repeat measurements (3–4%).
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interfere in the NOy analyzer.75–77 Kinetics modeling, which

includes the known secondary chemistry of oxides of nitrogen

(ESI Table S-1), was also used to determine the NO2

enhancement for each NaCl :NaNO3 ratio. The solid lines in

Fig. 8 show the model-predicted NOy for several typical

experiments. The enhancements predicted by the model for

each NaCl :NaNO3 ratio are very similar to those calculated

using initial rates of NO2 (Fig. 7 and Table 2).

The model was also used to predict other NOy compounds

that might be measured as NO2, i.e., that would be reduced to

NO over the converter in the chemiluminescence instrument.

ClNO2 was predicted to be the dominant interfering species,

accounting for between 18% of the total NOy predicted

(for the 1 : 9 NaCl :NaNO3 case) to 29% (for the 9 : 1

NaCl :NaNO3 case). Concentrations of gaseous HNO3,

HONO, ClNO and ClONO2 combined were predicted to build

up to o5% of the total [NOy].

The OH radical should also be generated in reaction (1a),

along with NO2. However, the modeling studies showed that

the overwhelming source of OH in this system was due to the

formation and photolysis of O3 to generate O(1D) which reacts

with water vapor to form OH. Direct OH production from the

nitrate ion photochemistry paralleling that of the NO2 is

predicted to be too small to detect.

In summary, studies of irradiation of NaCl :NaNO3 aerosol

mixtures showed an enhanced yield of NO2 as the

NaCl :NaNO3 ratio increased. MD simulations showed that

high relative concentrations of Cl� attract the Na+ cations to

the subsurface which, in turn, attract NO3
� to the subsurface.

The combined experimental and theoretical results show that a

reduced solvent cage for subsurface NO3
� is responsible for

the enhanced NO2 yields. This enhancement of NO2 does not

occur for mixtures of Na2SO4–NaNO3 due to the preferred

bulk solvation of the SO4
2� ion, which does not lead to an

interfacial double layer.

Atmospheric implications

The studies presented here show that the presence of chloride

ions can alter the photochemical yield of gaseous NO2 from

NO3
� photolysis due to reduced solvent cage effects. The

present studies may actually underestimate this effect in air-

borne sea salt particles, where the particle sizes can be smaller

and hence surface effects more pronounced. Even in the

absence of Cl� or other ions that may draw NO3
� toward

the interface, the MD simulations show that quantum yields

measured using bulk solutions may underpredict NOx genera-

tion from NO3
� photolysis due to the under-coordination of

NO3
� at interfaces. Photochemical enhancement of NO3

�

photolysis may also occur with other anions, including

organics,78 that are often present in particles or on

snowpacks.25,79–83

The photolysis of nitrate has been proposed to be a major

source of NOx in snowpacks, where surprisingly high levels of

oxides of nitrogen and photochemical activity have been

measured.22–25,55,84–88 Model studies of this process assume

that the absorption cross sections and quantum yields

measured for pure NaNO3 can be applied to the atmosphere,

including the air within the snowpack. However, snowpacks

and frost flowers also contain halide ions from sea spray

deposited on the ice,89–93 whose surface is believed to be a

quasi-liquid layer.94–96 Given the large chloride ion content of

sea spray, the quantum yields for nitrate photolysis may be

significantly larger than assumed based on nitrate alone. This

would increase the rate of production of NO2 within the

snowpack.

In addition, as discussed above, predictions of NOx from

NO3
� photolysis, based on quantum yields measured from

bulk NO3
� solutions, will increase due to the presence of

Table 2 Measured initial rates of formation of NO2 divided by initial [NO3
�] and enhancement factors from initial formation rates and kinetics

modeling

System
description

Average initial rates of NO2 formation
divided by [NO3

�]0 (� 2s)b/ppb min�1 M�1
NO2 Enhancement factor
(�2s)a from initial ratesb

NO2 Enhancement factor
from kinetics modeling

NaNO3 3.0 � 0.4 1.0 � 0.1 1.0
1 : 9 NaCl :NaNO3 4.8 � 0.04 1.6 � 0.01 1.6
1 : 1 NaCl :NaNO3 5.3 � 0.2 1.8 � 0.1 1.7
3 : 1 NaCl :NaNO3 5.8 � 0.2 1.9 � 0.1 1.8
9 : 1 NaCl :NaNO3 7.6 � 0.07 2.5 � 0.02 2.4
1 : 1 Na2SO4 :NaNO3 2.9 � 0.15 0.97 � 0.05 1.0

a 2s represents two sample standard deviations. b Enhancement relative to NaNO3 only, obtained by dividing by average initial rate of NO2

formation from NaNO3 only system.

Fig. 7 Plot of the NO2 enhancement factors obtained from initial

rates of NO2 formation (open circles, �2s errors) as a function of the

fraction of Cl� in the solution. Triangles are the model-predicted

enhancement factors. The closed square is the enhancement observed

for the mixed NaSO4–NaNO3 experiment. The curve is a guide for the

eye only.
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under-coordinated NO3
� at interfaces where incomplete sol-

vent shells lead to enhanced photochemistry. Furthermore,

under acidic conditions the nitrite generated in reaction (1b)

will be protonated to form HONO, so that the rate of HONO

production may also be larger than expected due to the

presence of chloride.

In the case of particles in polluted air, while the additional

NO2 produced by the enhancement is expected to be minor

relative to ambient concentrations, the accompanying OH

produced near the interface may oxidize organics present in

or on the particle.97 Similar oxidations by OH generated at the

interface may occur in the snowpack as well.

While the present studies were directed to chloride–nitrate

mixtures, sea spray also contains bromide which plays an

important role in the Arctic at polar sunrise98–103 and likely

at lower latitudes as well.104,105 Bromide ion enhancement at

the interface has been shown theoretically and experimentally

to be greater than that for chloride ions.29–31,34,37,106 It is

therefore expected that bromide ions will be even more

effective in pulling nitrate ions towards the interface through

the double-layer effect and that the quantum yields will be

greater than for the chloride–nitrate mixtures.

Finally, although we could not directly observe enhanced OH

production in this system, it should be occurring simultaneously

with the increased NO2 generation. Given the presence of

organic coatings on sea salt particles,79–83 oxidation of such

coatings ‘‘from the bottom up’’ may occur for aged sea salt

particles containing mixtures of chloride, bromide and nitrate.

Studies are underway to probe this possibility as well as the

enhanced photochemistry in bromide–nitrate mixtures.
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34 S. W. Hunt, M. Roeselová, W. Wang, L. M. Wingen, E. M.
Knipping, D. J. Tobias, D. Dabdub and B. J. Finlayson-Pitts,
J. Phys. Chem. A, 2004, 108, 11559.

35 S. Pechtl and R. von Glasow, Geophys. Res. Lett., 2007, 34,
L11813, DOI: 10.1029/2007GL029761.

36 W. C. Keene, J. Stutz, A. A. P. Pszenny, J. R. Maben, E. V.
Fischer, A. M. Smith, R. von Glasow, S. Pechtl, B. C. Sive and R.
K. Varner, J. Geophys. Res., [Atmos.], 2007, 112, DOI: 10.1029/
2006JD007689.

37 S. Ghosal, J. C. Hemminger, H. Bluhm, B. S. Mun, E.
Hebenstreit, G. Ketteler, F. Ogletree, F. Requejo and M. Salmer-
on, Science, 2005, 307, 563.

38 J. Cheng, C. D. Vecitis, M. R. Hoffmann and A. J. Colussi,
J. Phys. Chem. B, 2006, 110, 25598.

39 M. Krisch, R. D’Auria, M. A. Brown, D. J. Tobias, J. C.
Hemminger, M. Ammann, D. E. Starr and H. Bluhm, J. Phys.
Chem. C, 2007, 111, 13497.

40 J.-H. Kim, Y.-K. Kim and H. Kang, J. Phys. Chem. C, 2007, 111,
8030.

41 P. B. Petersen and R. J. Saykally, Chem. Phys. Lett., 2004, 397,
51.

42 B. Minofar, R. Vacha, A. Wahab, S. Mahiuddin, W. Kunz and P.
Jungwirth, J. Phys. Chem. B, 2006, 110, 15939.
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