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The uptake of nitric acid on synthetic sea salt (SSS) was studied at 298 K using a Knudsen cell with mass
spectrometric detection of the gaseous reactant and products. HCl was the only product observed, with yields
of 100% within experimental error. Nitric acid reaction probabilities decreased with reaction time by a factor
of ∼2-3, ultimately reaching a constant value. Both the higher initial reaction probabilities (which ranged
from 0.07 to 0.75) and the final steady-state values (which ranged from 0.03 to 0.25) decreased if the salt had
been heated at 75°C while pumping to decrease the amount of water on the salt surface prior to reaction.
Several experiments using MgCl2‚6H2O also gave very large nitric acid reaction probabilities,g0.14 in all
cases, consistent with the important role of crystalline hydrates in the reactivity of SSS observed in earlier
studies. The presence of large amounts of water on the SSS surface was illustrated by two phenomena: (1)
the uptake of D2O and liberation of large amounts of HDO and smaller amounts of H2O and (2) the formation
of gaseous HCl, rather than DCl, as the major product of the DNO3 reaction with SSS. The results of these
experiments confirm the critical role of surface-adsorbed water in the uptake and reaction of HNO3 with salt
surfaces, as proposed earlier based on similar studies of the reaction of HNO3 with NaCl. They also suggest
that the reaction probability for HNO3 with sea salt particles below the deliquescence point is approximately
an order of magnitude larger than for reaction with pure NaCl, the major component of these particles. The
atmospheric implications are discussed.

Introduction

Over the past decade, atmospheric reactions involving
particles, fogs, and clouds have been shown to be important.
For example, in the stratosphere, surface chemistry occurring
on polar stratospheric clouds, background sulfate aerosol, and
perhaps cirrus clouds1 has been shown to have major effects
on ozone destruction rates via changes in the chemical partition-
ing of nitrogen oxides and chlorine compounds. In the
troposphere, reactions of sea salt particles that generate gaseous
photochemically active halogen compounds have been of great
interest.2-8

Sea salt spray is a major source of particles in the lower
atmosphere, especially in the marine boundary layer and in
coastal areas.9 Wind and wave action create a wide size
distribution of seawater aerosol droplets, from which water
evaporates at low humidities (<50% relative humidity) to form
solid particles.10 While it might be expected that sea salt
particles have the same ionic composition as seawater, these
particles are often found to be partially depleted of chloride
and bromide ions under a variety of conditions.4,11-13 This loss
of particle-phase chloride and bromide suggests the existence
of a source of gas-phase, halogen-containing compounds in the
marine boundary layer and in coastal areas.3,4,12

The following reactions of NaCl, the major component of
these particles, have been shown to occur:3-5,14-44

The first two reactions produce gas-phase HCl, believed to be
the most abundant form of chlorine in the marine environment.
HCl is not photolyzed and is rapidly scavenged by fog and cloud
particles. However, the reactions of N2O5, NO2, ClONO2, and
likely HOCl with NaCl produce compounds that are efficiently
photolyzed to produce atomic chlorine.45

Since atomic chlorine is more reactive toward organics than
OH radicals,45 the existence of an atomic chlorine source may
prove significant for initiating atmospheric oxidation of organ-
ics,2,46,47especially at sunrise. Although direct field measure-
ments of atomic chlorine and its precursors (e.g., Cl2, ClNO2,
HOCl) are extremely difficult, Cl2 has recently been detected
and measured in the marine boundary layer.48 Additionally,
indirect field detection of chlorine compounds other than HCl
using mist chambers,49 a photochemical technique,50 and the
analysis of hydrocarbon ratios to determine relative Cl and OH
initiated oxidation rates51-53 have been used to estimate atomic
chlorine concentrations. Estimates of peak sunrise chlorine
concentrations in the marine boundary layer range from 103 to
105 cm-3,46,48-53 although the average global levels over the
whole troposphere are smaller.54,55

Most laboratory studies have used NaCl as a model for sea
salt since it is the most abundant component (77% w/w).2,56

However, recent DRIFTS (diffuse reflectance infrared Fourier
transform spectroscopy) measurements57 suggest that NaCl may
not be the component of sea salt which is most reactive with
HNO3. This study of surface nitrate produced in reactions 1
and 4 indicates that HNO3 and NO2 appear to react preferentially
with hydrate salts such as magnesium chloride hexahydrate
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HNO3(g) + NaClf HCl(g) + NaNO3 (1)

H2SO4 + 2NaClf 2HCl(g) + Na2SO4 (2)

N2O5(g) + NaClf ClNO2(g) + NaNO3 (3)

2NO2(g) + NaClf ClNO(g) + NaNO3 (4)

ClONO2(g) + NaClf Cl2(g) + NaNO3 (5)
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(MgCl2‚6H2O). In addition, studies of sea salt aerosol in the
presence of ozone and NOx have shown enhanced production
of atomic chlorine relative to experiments using pure NaCl
aerosol.29,33 These recent results imply that laboratory measure-
ments of reactions 1-5 with NaCl may not be quantitatively
extrapolated to reactions on sea salt aerosol in the troposphere.
Previous work58 has provided strong evidence for the exist-

ence on NaCl powders of strongly adsorbed water (SAW) which
cannot be evaporated by gentle heating under vacuum. In that
work, HCl and DCl production were measured in two types of
reactions of NaCl: (1) reaction with DNO3 and (2) HNO3
reaction with NaCl that had been previously exposed to gaseous
D2O.58 These studies led to the hypothesis of SAW which
controlled the uptake and subsequent reaction of HNO3. The
initial uptake of HNO3 for unheated salts was larger than the
steady-state value, which was attributed to two types of surface
sites holding water. The first type of water adsorption site could
be destroyed by reaction with HNO3 (such as water adsorbed
on a surface OH- site).59,60 The second type, responsible for
the steady-state uptake, was attributed to water adsorption at
other sites such as surface defects, steps, and edges. The
reaction probabilities derived from the steady-state uptake of
HNO3 were the same for coarse and fine NaCl particle sizes,γ
) (1.4( 0.6)× 10-2. This was in excellent agreement with
other studies using NaCl powders37,38,41but greater than that
for reaction with (100) single crystals [γ ) (4 ( 2) × 10-4],
which do not hold SAW.61 Recently, Shindo et al.62 reported
atomic force microscopy studies showing that natural rock salt
crystals of NaCl had voids in the surface which were sites for
the uptake of three-dimensional water. Such voids, if generally
characteristic of NaCl surfaces, could be the sites for the SAW
in our earlier studies.58

The goal of the present experiment is to measure reaction
probabilities for nitric acid with synthetic sea salt powders. The
contribution of crystalline hydrates to total SSS reactivity is
also directly probed by studying the uptake of HNO3 on MgCl2‚
6H2O, the most abundant crystalline hydrate.56,57 Additional
evidence of the controlling influence of surface-bound water
on nitric acid reactivity at salt surfaces is presented, confirming
the model for uptake and reaction of HNO3 on salt surfaces
presented earlier.58 Finally, we use these data to recommend
atmospheric reaction probabilities for HNO3 with sea salt
particles.

Experimental Section

The experiments were performed using a Knudsen cell which
has been described previously.58 Cell walls and the salt sample
holder were heatable to 75-80°C (limited by the temperature
at which the halocarbon wax starts to flow) by a fluid circulator
(Lauda RC6). All exposed surfaces were coated with halocar-
bon wax (Halocarbon Products Corp.) to minimize uptake of
gases on the reactor walls. Surface uptake measurements are
based on the competition between loss of the reactant to the
reactive surface and its loss through a variable-sized exit orifice
into the differentially pumped mass spectrometer chamber. A
movable lid over the salt sample holder allows it to be isolated
from gases flowing through the cell by an O-ring seal, with
minimal change in cell volume (<1%) as the lid is opened. By
opening and closing the lid while monitoring reactant signal in
the mass spectrometer, the two loss processes can be quantified
relative to each other. The reaction probability is given by

whereAh is the area of the exit orifice,As is the area of the
reactive surface,Nr is the reactant signal with the reactive surface
exposed, andN0 is the signal with the surface covered. All
experiments were performed in continuous flow mode. As
discussed below, HCl is the only product detected and is formed
at 100% yield, within experimental error. Hence, our measure-
ments based on net uptake of HNO3 are, in effect, reaction
probabilities, the term we shall use throughout this work.
Samples of sodium chloride were prepared by grinding pieces

of single-crystal NaCl windows (Harshaw Bicron) in a stainless
steel ball grinder (Wig-L-Bug) for 5 min. Synthetic sea salt
(Instant Ocean, Aquarium Systems; see ref 57 for composition)
and magnesium chloride hexahydrate (Sigma, ACS Grade) either
were used as received as coarse particles or were ground into
finer particles using the same procedure as for NaCl. Both salts
were heated at 100°C overnight and stored in a desiccator prior
to grinding. This preliminary drying does not eliminate all of
the adsorbed water since water is readily readsorbed from room
air during subsequent handling. Previously published analyses
by scanning electron microscopy and volumetric BET surface
area determinations of fine NaCl and synthetic sea salt powders57

indicate that these grinding processes result in mean particle
diameters of approximately 2.4 and 0.3µm and total surface
areas of 1.2× 104 for NaCl and 9.4× 104 cm2 g-1for SSS,
respectively. The ground salts are referred to as “fine” and the
unground as “coarse” throughout.
Immediately after grinding, salt samples were packed into a

shallow Teflon sample holder (diameter 30.8 or 49 mm),
weighed, and placed in the Knudsen cell. The salt was pumped
for a minimum of 2 h while the Knudsen cell walls were heated
at 75-80 °C to remove adsorbed water. In some experiments
the salt was heated simultaneously at the same temperature. The
salt sample was then isolated from the Knudsen cell by covering
it with the lid as the cell and sample were cooled back to room
temperature before the start of the experiment.
Gaseous nitric acid was generated using a 2:1 (v/v) mixture

of concentrated sulfuric acid (96%, Fisher Reagent ACS grade)
and nitric acid (69%, Fisher ACS Plus grade). Liquid deionized
water was the source of H2O vapor. Both were subjected to at
least three freeze-pump-thaw cycles to remove dissolved
gases. Deuterated gas sources were made by the same
procedures, but transfers to the bulbs were done in nitrogen-
filled glovebags to avoid uptake of H2O from ambient air.
Deuterated water was supplied by Cambridge Isotope Labora-
tories (99.9% D). Deuterated nitric and sulfuric acids were
purchased from Sigma (DNO3: >99% D, 68% solution in D2O;
D2SO4: >99.5% D, 98% solution in D2O).
After passivation of the halocarbon-wax-coated vacuum

manifold by repeated exposures to the gas of interest, at least
10 Torr of nitric acid or water vapor was added to the manifold.
The gas flowed from there into the Knudsen cell via a stainless
steel needle valve, entering the cell through small holes in a
ring-shaped wax-coated glass injector. Pressures in the Knudsen
cell were monitored by a capacitance pressure manometer
(Edwards 570AB, 1 Torr range). Gases exiting the Knudsen
cell passed through a differential pumping chamber into the mass
spectrometer through a pinhole and tuning fork chopper.
Pressures in both chambers were monitored using ionization
gauges. Nitric acid was detected using quadrupole mass
spectrometry (Extranuclear Laboratories, Inc., EMBA II) by
selectively monitoring the ions atm/z ) 64 (DNO3+), 63
(HNO3

+), 46 (NO2+), and 30 (NO+) using Teknivent Vector/
One spectrometer control software. Ion current signals from
the mass spectrometer were processed by a lock-in amplifier

γ )
Ah
As

N0 - Nr

Nr
(I)
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(EG&G Princeton Applied Research Model 5209) at the
chopping frequency (800 Hz) and recorded by a PC.
All nitric acid uptake data are based on signals of the most

abundant ion (NO2+), but NO+ was monitored in every
experiment to ensure that NO2+/NO+ ratios remained consistent
with fragmentation of only HNO3 parent molecules. The weak
molecular HNO3+ and DNO3+ ions were used to ascertain the
purity of DNO3 vapor by comparison of the correlation of each
ion signal to strong NO2+ signals as the flow of nitric acid was
turned on and off. H2O+, HDO+, and D2O+ signals were
monitored to determine background H/D ratios in the vacuum
chamber. Detection limits for HNO3 (atm/z) 46) ranged from
4× 1010 to 6× 1011 cm-3. Typical nitric acid concentrations
during uptake experiments were in the range (0.6-9.7)× 1012

molecules cm-3.

Results and Discussion

Reaction of HNO3 with Synthetic Sea Salt. Figure 1 shows
typical NO2+ data atm/z ) 46 for the uptake of HNO3 by
synthetic sea salt which had been heated for 25 h while pumping.
The lid covering the sample was opened and closed repetitively.
Periods when the lid was open, allowing the gas to react with
the surface, are marked with a hatched bar. The uptake of HNO3

by the salt is clearly seen whenever the lid is opened. The
differences between the signals atm/z) 46 with the lid opened
and closed were used with eq I to derive reaction probabilities.
Gas-phase HCl atm/z) 36 is the only product, as expected,

and is observed above baseline levels only when the salt is
exposed to HNO3. In several experiments, both HNO3 (m/z)
46, NO2+) and HCl (m/z ) 36) signals were calibrated
separately, giving an average product yield of 95( 32% (1σ).
Figure 2 shows the nitric acid reaction probabilities as a

function of time for the experiment in Figure 1. The reaction
probability declines from an initial value,γinit, by∼50% during
the first 1000 s and then remains relatively constant (to within
∼20%) at a steady-state value,γss. While this relative decline
in uptake was observed in each experiment, regardless of the
pretreatment of the salt, the absolute values of bothγinit andγss
depended on the salt heating time prior to the reaction. This
effect is shown in Figure 3 for a collection of HNO3 and DNO3
uptake measurements. Initial reaction probabilities (γinit) greater
than 0.3 were measured on synthetic sea salt samples that had
not been heated. On the other hand,γinit ≈ 0.08 for salts that

had been heated for 6 h ormore, with heating for shorter times
giving reaction probabilities between these two extremes.
Steady-state reaction probabilities show the same trend.
Two measurements of nitric acid uptake were also performed

on unground samples of magnesium chloride hexahydrate, the
most abundant crystalline hydrate in SSS which had been heated
for either 0 or 4 h. Reaction probabilities were always greater
than 0.1. This suggests that the high reactivity of SSS may be
determined, at least in part, by such crystalline hydrates,
consistent with earlier studies.57

In one run (not shown in Figure 3) a synthetic sea salt sample
was heated while pumping for approximately 22 h. Then, in a
departure from normal procedures where the salt is covered
while still hot, the sample was pumped for 6 h as it cooled
prior to exposure to HNO3. Nitric acid was taken up at very
high rates onto this surface at first exposure (γinit )
0.75-0.68

+0.25), suggesting that the salt surface reequilibrated with
water in the Knudsen cell as it cooled. Although the absolute
background pressure in the cell is not routinely measured, a
pressure of 10-6 Torr would be typical under these conditions.
Assuming that this background pressure is laboratory air at 50%
relative humidity, the background water vapor pressure is 5×

Figure 1. Uptake of HNO3 on fine synthetic sea salt heated for 25 h
prior to reaction and production of HCl. [HNO3]0 ) 2.6 × 1012

molecules cm-3. Geometric SSS surface area) 745 mm2. Exit aperture
diameter is 9 mm. Upper trace (right axis): NO2

+ mass spectrometer
signals (m/z) 46). Lower trace (left axis): HCl+ signals (m/z) 36).
Hatched bars at top denote when the cover over SSS is open and
reaction is occurring. The continuous decline in the HNO3 signal at
m/z) 46 is due to a slow decrease in the flow rate of HNO3 into the
cell.

Figure 2. Dependence of nitric acid reaction probabilities on HNO3

reaction time under same conditions as Figure 1. All data points except
the first and last are weighted averages of the measurements made while
sequentially opening and closing the lid over the sample.

Figure 3. Measured reaction probabilities for nitric acid with synthetic
sea salt and MgCl2‚6H2O as a function of heating time immediately
prior to HNO3 exposure. (0) Initial reaction probabilities for SSS. The
two points at zero heating time represent the weighted average of four
runs each, with the remainder representing individual runs. (9) Steady-
state reaction probabilities for SSS. (O) Initial reaction probabilities
on MgCl2‚6H2O. (b) Steady-state reaction probabilities on MgCl2‚6H2O.
Dashed line: steady-state reaction probabilities on NaCl.58 A log scale
has been used to show NaCl, SSS, and MgCl2‚6H2O data in the same
figure. All error bars are(2σ.
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108 molecules cm-3. At this pressure, the time to completely
saturate the surface if the uptake coefficient was unity would
be several minutes and correspondingly longer with smaller
uptake coefficients. While water is not readily taken up on the
(100) surface of NaCl at room temperature,59,63-67 it is clear
from experiments described below that it is much more readily
taken up on SSS. Hence, uptake of significant amounts of water
on the SSS over 6 h with the sample lid open is not surprising.
Table 1 summarizes the measured reaction probabilities for

HNO3 with SSS and MgCl2‚6H2O. The data clearly suggest
that the major determinant of reaction probabilities is the amount
of water available on the salt for uptake of HNO3, which is
affected by the amount of heating and pumping of the salt prior
to reaction. For similar salt pretreatments, the value of the
reaction probability for SSS did not depend on the geometric
salt surface area, particle size, the number of layers of salt
particles, or the size of the exit aperture. The smallest particles
were prepared by mechanical grinding which may increase the
number of surface defects, while the coarse ones were used as
received. However, there was no significant difference in the
reaction probability for these two types of powders, suggesting
that defect sites generated in the grinding process do not play
a major role. While there was a slight trend to larger values
(by∼25%) for the reaction probabilities using the drop in signal
on opening the lid compared to those derived from the increase
upon closing it, they were within experimental error of each
other.
Corrections to the measured reaction probabilities for diffu-

sion into the salt sample are controversial.37,38,41,43,58 As was
the case in earlier studies of the NaCl reaction,58 the reaction
probabilities measured here were not sensitive to the number
of salt layers. This indicates that diffusion into pores between
the salt crystals followed by reaction is not important. In
addition, the reaction probabilities of HNO3 with synthetic sea
salt for many experimental conditions are large enough (γ g
0.1) that HNO3 will be taken up on the first few collisions with
the surface. Significant diffusion into the salt is therefore not
expected, and corrections for increased surface area due to these
pores would be small for such cases. Because of these factors,
our measurements are reported without corrections for internal
surface area. However, as discussed in more detail below,
different regions of the surface may not be equally reactive due
to the heterogeneous nature of synthetic sea salt. Hence, the
use of the geometric area results in an overall reaction
probability and may underestimate the value for the more

reactive components and overestimate that for the less reactive
components.
Fenter et al.68 used Monte Carlo simulations to examine

potential systematic errors in Knudsen cell experiments. The
effects of surface-to-volume ratio, position of injection of the
reactant gas, reactor geometry, and reactive surface area were
all examined. For very fast uptake, approaching unity, diffusion
effects may potentially introduce systematic error, depending
on the injector position relative to the reactive surface.
However, for the largest reaction probabilities reported in our
experiments, the error bars based on statistical errors inN0 and
Nr were large, encompassing unity (Table 1). As a result, no
attempt was made to correct these larger reaction probabilities
for such smaller, potential systematic errors.
Role of Water in Uptake of Nitric Acid . Given the critical

role of surface water in the uptake of HNO3 on pure NaCl,58 it
is not surprising that water also controls the reaction on SSS,
which contains highly hygroscopic salts such as MgCl2‚6H2O.
Two types of experiments were carried out to probe for surface
water on SSS: a search for the production of HCl from the
reaction of DNO3 and measurements of the uptake of D2O with
production of HDO and H2O.
Reaction of DNO3. The uptake of DNO3 onto synthetic sea

salt and the production of HCl is shown in Figure 4. A sharp
drop in the signal atm/z ) 46 as the salt surface is exposed

TABLE 1: Uptake of HNO 3 on Synthetic Sea Salt and MgCl2‚6H2O at 298 Ka

expt no. salt wt (g) no. of layersf salt type
surf. area
(mm2)

[HNO3]0
(1012cm-3)

heating
time (h) initialγ ((2σ)b

steady-stateγi

((2σ)b

1c,d 1.13 2.4 SSS-coarse 745 8.1 6g 0.087( 0.019 0.026( 0.005
2d 0.364 7.8× 102 SSS-fine 745 6.5 8 0.066( 0.008 0.034( 0.013
3 0.820 1.7× 103 SSS-fine 745 2.6 25 0.093( 0.023 0.037( 0.016
4 0.960 2.0 SSS-coarse 745 1.3 0 0.36-0.35

+0.64 0.25-0.23
+0.31

5 2.37 2.0 SSS-coarse 1886 0.6 0 0.43-0.42
+0.57 0.15-0.14

+0.24

6 2.95 2.5 SSS-coarse 1886 1.6 22h 0.75-0.68
+0.25 0.13( 0.02

7e 0.843 1.8 SSS-coarse 745 2.3 0 0.67( 0.34 0.23( 0.10
8 1.08 2.3 SSS-coarse 745 2.9 3 0.26( 0.03 0.11( 0.02
9 0.878 1.9× 103 SSS-fine 745 9.7 5 0.12( 0.02 0.068( 0.010
10 0.623 1.3× 103 SSS-fine 745 8.1 0 0.33( 0.03 0.17( 0.02
11 0.911 1.1 MgCl2‚6H2O-coarse 745 1.6 4 0.48( 0.40 0.37( 0.27
12 1.37 1.7 MgCl2‚6H2O-coarse 745 5.2 0 0.35( 0.18 0.14( 0.03

a Aperture was 9 mm in diameter except where indicated.b Errors are statistical errors only, based on errors inN0 andNr. c Aperture was 5 mm
diameter.dReactant was DNO3. eSalt exposed to D2O before HNO3 reaction.f Estimate based on mass of salt, density, geometric area of the
sample, and a typical SSS particle diameter of 300µm for coarse particles and 0.3µm for fine particles; typical diameter of coarse MgCl2‚6H2O
was 700µm. gHeated and pumped for 3 h, stored under UHP He for 2 weeks, and then heated and pumped for 3 h immediately before the
experiment.h Pumped for 6 h atroom temperature after heating.i Reaction probabilities at 1500 s reaction time.

Figure 4. Uptake of DNO3 on coarse synthetic sea salt, which had
been heated for 6 h prior to reaction, and production of HCl and DCl.
[DNO3]0 ) 8.1× 1012 molecules cm-3. Geometric SSS surface area
) 745 mm2. Exit aperture) 5 mm. DNO3 is monitored using the NO2+

fragment atm/z ) 46 and HCl and DCl signals atm/z ) 36 and 37,
respectively.
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indicates DNO3 uptake, which begins withγinit ) 0.087( 0.019
at first exposure and decreases toγss ) 0.026( 0.005. HCl
(m/z) 36) is produced, but DCl signals (atm/z) 37) are too
small to be readily discernible in Figure 4. In the absence of a
strongly adsorbed H2O layer, only the production of DCl should
be observed from this reaction of DNO3 with SSS.
Isotope exchange between DCl and HCl can occur readily in

vacuum systems, potentially contributing to the observation of
HCl during the reaction of DNO3. To test for this possibility,
two sets of measurements were performed. First, the isotopic
purity of DNO3 was measured in several runs by monitoring
the weak parent HNO3 and DNO3 ions immediately before the
experiment. The dominant source of HNO3 impurity in DNO3

is the interaction of DNO3 with the walls of the vacuum line
before entry into the Knudsen cell. Conditioning the walls by
sequential exposures to a few Torr of DNO3 increased the
measured isotopic DNO3 purity to a typical value of 90( 32%.
The corresponding ratio of product HCl/DCl from the reaction
of DNO3 with SSS in these runs was 3.8( 1.1 (weighted
average), well in excess of the maximum HNO3 impurity in
the DNO3 source.
The ratio of hydrogen to deuterium atoms due to background

levels of H2O, HDO, and D2O in the mass spectrometer was
also measured. The H/D ratio is a measure of the expected
HCl/DCl ratio if the appearance of HCl was due solely to proton
exchange of DCl product with water at the Knudsen cell and
vacuum chamber walls. During experiments using DNO3, the
H/D ratio measured using background signals atm/z) 18, 19,
and 20 was typically 1.8( 0.9, again significantly lower than
the HCl/DCl ratio of 3.8( 1.1 from the reaction of DNO3 with
SSS.
In short, water available at the surface of synthetic sea salt

must be the major source of hydrogen atoms in the measured
HCl product.
Uptake of D2O and Formation of HDO and H2O. In previous

experiments, the uptake of water on ground NaCl powders was
not observable, even in pulsed experiments,37 and upper limits
of γ < 2 × 10-4 and∼10-5 were reported.37,58 However,
isotopic studies of nitric acid uptake suggested that adsorbed
water was nevertheless present on the surface.58 The adsorbed
water was hypothesized to be in a fast equilibrium with the
gaseous H2O added to the Knudsen cell, so that there was no
net uptake. Since SSS should hold much larger quantities of
surface water, this hypothesis was examined by studying the
uptake of D2O and the displacement of adsorbed H2O and HDO
on synthetic sea salt powders, as well as on NaCl for
comparison.
The loss of D2O and the production of HDO and H2O would

be very brief if the amount of surface adsorbed water is small
compared to the amount of D2O which can be taken up from
the gas phase. Water uptake on NaCl surfaces was therefore
first studied using low D2O concentrations near the detection
limit. No significant uptake was observed, from which an upper
limit to the uptake probability ofγD2O e 0.02 was derived,
consistent with earlier studies.58

However, large D2O uptake rates were observed on synthetic
sea salt surfaces. Typical data are shown in Figure 5 for 0.84
g of coarse SSS crystals which had not been heated prior to
reaction. HDO (m/z) 19) is produced in large quantities, along
with smaller amounts of H2O (m/z) 18). D2O signals (atm/z
) 20) drop rapidly at the first exposure. Initial D2O uptake
probabilities were greater than 0.3 on all fresh synthetic sea
salt surfaces and were in the range 0.05< γ < 0.25 for SSS
surfaces that had previously been exposed to nitric acid. Uptake
probabilities decreased with reaction time, as expected if the

surface water is being slowly converted from H2O to D2O. For
example, in another experiment using 1.29 g of SSS which had
been heated for 5 h, D2O uptake probabilities declined from an
initial value of 0.9-0.8

+0.1 to 7× 10-3 over the course of about 3
h. This is expected once replacement of the original surface
H2O by D2O is complete, since simultaneous uptake and
evaporation of D2O do not lead to a net, measurable, uptake of
D2O.
An estimate of the original amount of water on the surface

that can be replaced by D2O was obtained for the experiment
in which D2O exposure was continued for 3 h. The signals
from HDO and H2O decay with time as D2O is taken up and
the original surface H2O is replaced by D2O. These signals at
m/z ) 19 and 18 (corrected for the contribution of OD+

fragments), which are proportional to the total number of HDO
and H2O formed, were integrated as a function of time. The
integrated areas were converted to absolute numbers of HDO
and H2O by comparison to the integrated signals from the decay
of a known initial concentration of D2O in the cell. Given the
small differences in molecular weight between D2O, HDO, and
H2O, this decay, as well as the mass spectrometer sensitivity to
each compound, was assumed to be the same for all three. The
total numbers of HDO and H2O released from this salt sample
were thus calculated to be (2.8( 1.0)× 1018 and (1.8( 0.6)
× 1017 molecules, respectively, which corresponds in total H
atoms to the displacement of (1.6( 0.5)× 1018H2O molecules.
The estimated amount of water originally on the surface that is
available for replacement by D2O is thus (1.6( 0.5)× 1018

H2O molecules for 1.29 g of SSS with a geometric surface area
of 745 mm2 which had been heated for 5 h.
An estimate of the net growth of the adsorbed water layer

can also be obtained by integrating the total uptake of D2O over
the course of the experiment, which in this case was (6.0(
2.0) × 1018 molecules. Since a total of (3.0( 1.0) × 1018

molecules of combined HDO+ H2O were displaced as the D2O
was taken up, there was a net addition of (3.0( 2.2)× 1018

water molecules to the synthetic sea salt surface. Since the
original amount of water available was (1.6( 0.5) × 1018

molecules, the amount of water available on the surface has
nearly tripled.
In short, there are clearly substantial amounts of water on

the surface of synthetic sea salt, even after gentle heating and
pumping, and the salt can take up significant additional amounts.

Figure 5. Uptake of D2O on 0.84 g of coarse synthetic sea salt surfaces
not heated prior to reaction. [D2O]0 ) 6.5 × 1012 molecules cm-3.
Geometric SSS surface area) 745 mm2. Exit aperture diameter was 9
mm. Upper trace: mass spectrometric D2O+ signals atm/z) 20 (right
axis). Middle trace: H2O+ signal atm/z) 18 (left axis, shifted up by
3000 counts for clarity); approximately 5% of the signal atm/z ) 18
is due to OD+ fragments from HDO and D2O, rather than H2O+. Lower
trace: signal atm/z )19 for HDO+ (left axis).
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The model58 developed for reaction of HNO3 with NaCl
powders is rapid uptake of HNO3 from the gas phase into the
surface-adsorbed water (SAW) which leads to acidification of
the SAW:

The SAW is assumed to be initially saturated in Na+ and Cl-.
When the SAW becomes sufficiently acidic, HCl degasses. As
HNO3 continues to be taken up into the SAW, nitrate can be
removed by precipitation onto the salt surface as NaNO3. This
model explains why the surface does not become “saturated”,
since nitrate and HCl are continuously removed, allowing further
uptake of HNO3.
The current results on reaction of HNO3 with SSS are

consistent with this model. First, the trend to lower reaction
probabilities with increased salt heating prior to reaction (Figure
3) suggests that SAW is again controlling the uptake and
reaction of HNO3. Second, exposure of SSS to 0.2 mTorr of
H2O for 50 min, followed by 2 mTorr of H2O for 4 min
immediately prior to a nitric acid uptake experiment, gave one
of the highest steady-state reaction probabilities observed in this
study,γss ) 0.23( 0.10. This high reaction probability can
be attributed to enlarged SAW, since the D2O experiments
described earlier indicated a net uptake of water onto hygro-
scopic SSS surfaces, even at these low water vapor pressures.
Third, the reaction probabilities for SSS even with extensive
preheating are always at least a factor of 2 greater than for NaCl,
where the amount of SAW is sufficiently small that it could
not be readily estimated.
As discussed above, significant D2O uptake and the produc-

tion of HDO and H2O are observed for SSS, which led to an
estimate of 1.6× 1018 H2O molecules initially on the surface.
This corresponds to a volume of∼50 nL. According to the
model proposed for NaCl,58 if the SAW is saturated in NaCl,
HNO3 will be taken up in larger quantities initially until the
SAW reaches equilibrium at a pH of∼1.7. At this point,
continued uptake of HNO3 and degassing of HCl occurs in a
steady-state fashion. For a SAW volume of 50 nL assumed to
be spread equally over the geometric surface area (which is
unlikely; see below) and an initial uptake coefficient for HNO3

of 0.1, the time to acidify the SAW to this pH is in the range
of approximately 20-120 ms for the HNO3 concentrations used
here. Hence, while there should be a larger initial uptake of
HNO3 and an induction period for the generation of HCl, these
occur on a time scale too short to be measured with the current
apparatus.
The surface water is highly unlikely to be distributed evenly

over all of the component salt crystals. NaCl is a major
component of sea salt. The NaCl (100) surface is known not
to take up significant amounts of water at the low water vapor
pressures in our vacuum system.59,63-67 However, recent atomic
force microscopy studies suggest that there may be voids in
the NaCl crystal surface which hold 3D water,62 and these may
be the sites for SAW observed in the previous studies of the
NaCl reaction with HNO3.58 However, with synthetic sea salt
there are also highly hygroscopic components such as MgCl2‚
6H2O whose deliquescence point is 33% at 298 K based on the
activity of water in the bulk saturated solution.69 The contribu-
tion of hygroscopic salts is supported by the large reaction
probabilities measured in the two experiments with MgCl2‚6H2O.
The presence of such salts would be expected to give a larger
effective SAW area for uptake of HNO3 compared to pure NaCl,
leading to a larger steady-state reaction probability. This is
indeed what is observed, whereγss for unheated synthetic sea
salt is approximately an order of magnitude larger than for NaCl.

In addition to water adsorbed on the surface, there is also
water available in the crystal lattice of the hydrates such as
MgCl2‚6H2O. This water is bound in the crystal lattice70 and
is not expected to behave as a quasi-liquid layer. Gentle heating
of these hydrates at 75-80 °C does not lead to significant
dehydration of the MgCl2‚6H2O,71 so that the major effect of
heating must be to remove some of the physisorbed water.
However, the results of earlier infrared studies57 of the reaction
of SSS with NO2 and HNO3 suggested that reaction of these
hydrates disrupted the crystal lattice, releasing some of the
waters of hydration originally bound in the crystal lattice. How
much such a process contributes to the surface water in the
present case is not known.
Atmospheric Implications. The results of these studies show

that the reaction probability of nitric acid with atmospheric sea
salt aerosol is larger than assumed using the NaCl reaction as
a surrogate for sea salt particles. The synthetic sea salt surfaces
that were not heated immediately prior to exposure to HNO3

are most representative of real sea salt aerosol at low relative
humidities where the particles have not deliquesced. A reaction
probability ofγ ∼ 0.2 is suggested based on steady-state HNO3

uptake rates.
This reaction probability is greater than recommendations

based on NaCl studies37,38,41,58by approximately an order of
magnitude, suggesting an increased importance of the HNO3

reaction relative to those generating photochemically active
halogen compounds. However, Behnke and Zetzsch29,33 have
reported that other reactions generating atomic chlorine are also
accelerated on sea salt relative to NaCl aerosol. It is clear that
in order quantify the production of atomic chlorine and HCl in
the marine boundary layer and in coastal areas, measurements
of the heterogeneous reactions of other relevant gases with sea
salt surfaces are needed. Studies of the reactions of N2O5 and
ClONO2 are currently underway in this laboratory.

Conclusions

Nitric acid uptake on synthetic sea salt is fast. Reaction
probabilities are shown to depend on salt heating times
immediately prior to reaction, which drives water off the surface.
Uptake studies of DNO3 and D2O demonstrated the presence
of extensive surface water on SSS surfaces, even samples that
were heated while pumping for extensive periods. This is likely
due in large part to the presence of hygroscopic crystalline
hydrates such as MgCl2‚6H2O. These studies confirm the key
role of surface-adsorbed water on the uptake and reaction of
HNO3 with sea salt and its components. Under atmospheric
conditions, the estimated reaction probability for HNO3 with
synthetic sea salt is∼0.2, at least an order of magnitude faster
than for reaction with NaCl.
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