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The infrared extinction spectra of aqueous NaBr aerosols at ambient temperature have been measured as a
function of relative humidity. Submicron-sized aerosol particles atomized from aqueous NaBr solutions at
various concentrations are dried and/or mixed with nitrogen at different humidities and spectroscopically
monitored as they flow through an infrared absorption cell. Estimated dry particle median diameters range
from 0.24 to 0.15 um, as calculated from Mie extinction theory. Measured deliquescence and efflorescence
relative humidities (35—40% and 25—30%, respectively) are in accordance with previously reported ones.
Our results show that NaBr particles take up water only moderately over the deliquescence point, with a
significant increase at relative humidities above 70%. The effect of particle size onto water uptake properties
has been studied, indicating that smaller particles take up lower amounts of water, and only increase their
size significantly at relative humidities near saturation. Particle composition and diameter growth factors
have been calculated from spectral data and are shown to be consistent with those predicted from
thermodynamic data and Kohler theory. Band centers of liquid water in NaBr aerosols relative to pure water
are blue-shifted up to 50 cm™! at low humidities. Particle structure and phase, together with atmospheric

implications, are also discussed.

Introduction

Atmospheric aerosols are important components of the Earth’s
atmosphere. They play a major role in the physical and chemical
processes of the atmosphere, affecting issues such as air quality,
visibility degradation, radiation forcing and climate change.
Among naturally suspended particulate matter in the tropo-
sphere, sea salt aerosols constitute the second most abundant
type after dust aerosol, and are the dominant aerosol species
by mass above the oceans.! Ocean wave action is the primary
mechanism for sea salt aerosol injection into the atmosphere,
where residence times range from days to weeks. Sodium
chloride is the principal component of sea salt, and weight
percentages of its major components are the following:! Cl
(55.04%), Na (30.61%), SO~ (7.68%), Mg (3.69%), Ca
(1.16%), K (1.1%) and Br (0.19%).

Tropospheric sea salt particles have highly reactive surfaces
that undergo heterogeneous chemistry. Sodium chloride is
known to participate in a variety of heterogeneous chemical
reactions, specially with nitrogen oxides, which convert NaCl
into NaNOj; with the release of chlorine, which can further react
with other atmospheric species.>? Despite bromide ions being
a minor component of seawater (and hence of sea salt particles),
with roughly 650 mol of chloride per mol of bromide, bromine
plays a notable role in tropospheric sea salt chemistry. There is
clear evidence that sea salt is the source of bromine atom
precursors generated in the gas phase and that their photolysis
initiates chain reactions that lead to polar tropospheric ozone
destruction via its reaction with Br atoms.?>* The rate of bromine
atom production in the lower polar troposphere at polar sunrise
has been estimated to be 3 or 4 orders of magnitude higher
than atomic chlorine, a phenomenon known as “bromine
explosion”.? Recent laboratory studies>® and field observations’
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have further addressed the atmospheric relevance of the reactiv-
ity of aqueous NaCl/NaBr salt solutions and aerosols. In a series
of calculations involving NaCl and NaBr aerosol particles and
gaseous OH or O;, Thomas et al.® showed that interface
processes involving surface C1~ ions and gas-phase OH species
are the main source of Cl,(g). In the case of Br~ ions, Bra(g)
from OH(g) is formed mainly in the bulk aqueous phase and
transferred across the interface. In contrast, the reaction of
surface Br~ with Os(g) at the interface was found to be the
primary source of Bry(g) under dark conditions.

Sea salt aerosols can take up significant amounts of water,
exhibiting deliquescence and efflorescence properties under
atmospheric conditions.” Water uptake by sea salt aerosols
containing NaCl and NaBr is well-known to modify particle
physicochemical properties and reactivity. The significance of
bromine in heterogeneous chemistry is enhanced by the fact
that, in mixtures of NaCl and NaBr, on exposure to water,
bromide segregates to salt surface, increasing Br/Cl molar ratio
by more than one order of magnitude.'%!!

There has been abundant laboratory work on phase transitions
of atmospheric marine salts,’ with NaCl often being used as a
surrogate for natural aerosols in studies of physicochemical
properties. Different techniques have been employed to study
the influence of relative humidity (RH) on NaCl studies, such
as aerosol infrared spectroscopy,'?'* single crystal infrared
spectroscopy,'>16 differential mobility analysis,!” single particle
levitation, '8 or atomic force microscopy.!® Fewer studies have
been reported on NaBr. Myerson et al.”?2! reported efflorescence
studies of highly supersaturated NaBr/H,O solutions by employ-
ing an electrodynamic levitator trap technique. Snyder and
Richardson?? studied the solution to solid-phase transition of
various systems, including NaBr with pure and mixed water
solvents and methanol using levitated microscopic particles in
a quadrupole trap. In a series of papers, Cohen and coworkers?2>
investigated concentrated electrolyte solutions, among them
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Figure 1. Setup of the experimental system.

NaBr, suspending single, 20 ym diameter charged droplets of
aqueous salt solutions using an electrodynamic balance. They
obtained several thermodynamic properties, such as water
activities for single and mixed electrolyte solutions, and solute
nucleation. For NaBr/H,O systems, they also obtained a
deliquescence RH of 45% and an efflorescence RH of 22% for
anhydrous salt. Recently, Wise et al.? studied the hygroscopic
behavior of 0.1—4 um diameter single salt particles (including
NaBr) with a transmission electron microscope equipped with
an environmental cell, obtaining results in agreement with those
of Cohen et al. So far, there are no reported studies of
hygroscopic properties of NaB1/H,O system in aerosols.

This work reports a study of the hygroscopic properties of
NaBr aqueous aerosols by infrared absorption spectroscopy in
an aerosol flow cell. The aim is to analyze the detailed behavior
of particles as a function of the relative humidity, to understand
particle water content as humidity varies. Particle hygroscopic
behavior has also been monitored as a function of particle size,
showing appreciable water uptake differences for different
particle diameters, specially at higher values of RH.

Experimental Section

Figure 1 sketches the experimental arrangement used. NaBr
aerosols were prepared by dissolving solid NaBr (Alfa Aesar,
99% purity) into deionized water at concentrations of 0.142,
0.0142 and 0.00142 kg/L. The solution is drawn into a
commercial constant output atomizer (TSI 3076), in which pure
N, (Praxair, 99.990%) is injected at 2.5 bar, yielding a high
velocity jet and atomizing the liquid. Large droplets are removed
by impact on the walls and only submicrometer aerosol particles
leave the atomizer, following a distribution that will be assumed
to be lognormal. Droplet median diameter can be varied by
evaporating the solvent.

The formed aerosol flow either enters or bypasses a diffusion
drier (TSI 3062) and is subsequently injected into a 1 m long,
50 mm diameter infrared glass absorption cell at ambient
temperature. Aerosol flow through the cell can be easily
visualized by eye or by passing a He—Ne laser beam through
the cell. The flow is seen to be uniform through the whole cell,
except at the inlet, where turbulent behavior is apparent. To
control the relative humidity, a flow of N, (Praxair 99.990%)
is divided in two, with one going through a water bubbler to
provide water vapor saturated nitrogen and the other kept dry.
The bubbler was immersed in a thermostated bath between 25
and 30 °C to increase the water vapor pressure. Both flows are
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subsequently mixed together prior to being added to the aerosol.
Flows in both lines are measured with rotameters and are
adjusted with needle valves to get the desired RH values. The
sum of both flows was kept constant, to keep aerosol concentra-
tion unchanged. RH values were measured by inserting the
sensor of a digital thermohygrometer (Hanna HI93640N) into
the central section of the flow exiting the aerosol cell. We were
able to vary the RH value from about 3% (only dry N; flow) to
98% (only humid N, flow). The aerosol cell and tubing had to
be cleaned frequently to remove salt deposits that absorb
substantial quantities of water vapor and preclude achieving of
high RH values. With this configuration, two kinds of experi-
ments were conducted: one in deliquescence mode, in which
dessicated particles were mixed with nitrogen flow with
increasing RH, and another in efflorescence mode, in which
aerosols bypassing the dessicator are mixed with nitrogen flow
with decreasing RH. To check that mixing of humid nitrogen
flow with aerosol was not limited by the length of the tube
connecting the mixing zone with the aerosol cell, deliquescence
and efflorescence measurements were carried out using tubes
of different lengths (2.6 and 7.5 m). The results show no
appreciable difference between both sets of experiments.

An infrared source (ORIEL 6580) mounted inside an Apex
illuminator (ORIEL 66450) gives collimated infrared radiation
that goes lengthways through the aerosol cell, which has CaF,
windows at its ends. The outcoming radiation is directed to an
MCTA infrared detector mounted in a Fourier transform infrared
spectrometer (Nicolet Magna 860) that records an extinction
spectrum from 1100 to 4000 cm™!. Sample interferograms were
averaged by collecting typically 200 scans at 4 cm™! resolution.
The infrared optical path is sealed and flushed by a current of
dry air to reduce ambient water infrared absorption. Background
spectra are recorded before aerosol spectra with the aerosol cell
evacuated by a rotary diaphragm pump. Although it was not
possible to completely eliminate water vapor infrared absorption
lines, signal intensity fluctuations are of the order of +0.007 in
absorbance, as measured by comparing different averaged
background spectra (200 scan average).

Spectra of water vapor flowing through the aerosol cell at
selected RH values (measured with the hygrometer) were
recorded to produce a calibration curve for the gaseous water
integrated absorption (measured from 2166 to 1188 cm™! in
the H,O bending v, fundamental band) versus RH. In this way
the RH in the aerosol cell can additionally be determined by
measuring the integrated absorbance of water vapor and the aid
of the calibration curve. Interference from particle absorption
and scattering in the 2166—1188 cm™! integration range were
eliminated by subtracting particle spectra to obtain a zero
baseline.

Results and Discussion

(A) NaBr Aerosol Extinction Spectra. Figure 2 shows two
examples of NaBr aerosol extinction spectra obtained after
atomizing the 0.142 kg/L solution and subtracting gaseous water
absorption. The upper trace, obtained when aerosol bypasses
the diffusion drier, shows a broad intense band with a maximum
at 3380 cm™~! and a weaker one with a maximum at 1643 cm™!,
both assignable to liquid water. The pronounced baseline slope
from lower to higher wavenumbers is due to the scattering of
light by the particles. In the lower spectrum, corresponding to
dried aerosol, liquid H>O absorption has almost completely
vanished, although a small signal centered at 3442 cm™! can
be seen, blue-shifted 62 cm™! relative to nondessicated aerosols.
The baseline slope is also considerably weaker, suggesting a
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Figure 2. Infrared extinction spectra of NaBr aqueous aerosols
generated from a 0.142 kg/L solution. The upper curve corresponds to
undried particles, as they are formed in the atomizer; the lower curve
(at magnified scale) shows particles passed though a diffusion drier.
The narrow lines correspond to water vapor absorption, which have
not been completely eliminated. The blank region around 2300 ¢cm™!
corresponds to CO, absorption, which has been deleted for clarity. The
dashed line has been included to help visualize the bandshift between
dried and undried aerosols.

negligible scattering contribution in this region consistent with
the formation of smaller particles. In both spectra, narrow lines
are due to residual water vapor absorption lines, which remain
after subtraction. The blank region in both spectra around 2300
cm™! corresponds to CO, absorption, which has been eliminated
for clarity. As expected, in these spectra no band can be assigned
to the salt, indicating its complete ionization.

(B) Calculation of Particle Diameter Distribution from
Mie Scattering Theory. Although we cannot directly measure
the particle size distribution, it is useful to estimate the particle
sizes at different RH’s. The intensity F of light after travelling
a distance z into an aerosol layer is given by F = F exp(—bex2),
where by is the frequency-dependent extinction coefficient
(cm™1), which consists of two components, namely scattering
and absorption: bexy = bscar T bavs. For polydisperse particles,
these coefficients can be calculated by the following formula:27-28

Jer
bX=Z 4 NQOy; (D

where X stands for extinction, scattering or absorption, D; is
the particle diameter, N; is the number density of particles with
diameter D;, and the sum extends over the different diameters
present in the sample. Qi and Qe are the scattering and
extinction efficiencies of the particles, respectively. They are
quantities that depend on particle diameter, radiation wavelength,
and the real (n) and imaginary (k) components of the particle’s
refractive index, which in turn depend on wavelength. For
spherical particles, Qgcat and Qe can be computed exactly using
Mie theory.?’

We have calculated by and bey for NaBr particles, taking
optical constants from Li*® (solid) and Rhine et al.?® (4 M
aqueous solutions). For solid NaBr, k can be taken to be zero
from 1000 to 4000 cm™! (i.e., solid NaBr particles will not
absorb light in this region). The computation method proceeds
as follows: for a given wavenumber, Qe and Qex are calculated
for assumed spheres with different diameters using expressions
given elsewhere.?’” N; is computed assuming a lognormal
distribution of particles with median diameter l_)g, geometric
standard deviation o, and total particle number density N. We
have divided the lognormal distribution into 100 intervals,
choosing the diameter interval to include more than 99.9% of
the particles.'> Next, bsear and bex for each wavenumber are
calculated using (1). The absorption coefficient is obtained
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Figure 3. (a) Experimental extinction coefficient, bex(exp), vs wave-
number for undried NaBr particles formed from a 0.142 kg/L solution,
together with by calculation that give the best fit to experimental points.
Calculated scattering and absorption coefficients by, and by are also
shown. (b) Experimental extinction spectrum (solid line) for dried NaBr
particles formed from a 0.142 kg/L solution, together with scattering
coefficient calculation (dashed line) that gives the best fit.

simply by difference using baps = bexi — bscar and the calculations
were carried out at many wavenumbers to yield the b(v)
spectrum.

The infrared extinction spectra of aerosols can be used to
determine particle properties by a retrieval method involving
least squares fitting.3' These properties include the number
density, size distribution, and chemical composition. We have
iteratively changed the parameters N, D, and 0, in our
calculations to obtain the best fit to aerosol experimental spectra.
Initial values of N =2 x 106 part/cm? and 0, = 1.8 were taken,
in accordance with atomizer specifications. Figure 3a shows one
example in which both experimental and best fit calculated
extinction spectra are shown for undried NaBr particles gener-
ated from the 0.142 kg/L solution along with calculated
scattering and absorption components. For this case, the fitted
parameters N = 1.9 x 10° part/cm?, D, = 0.76 um and 0, =
1.74 are obtained. Although particle median diameter will vary
with RH, it is reasonable to assume that N and o, will remain
constant for our experimental conditions.

The median diameter of dried particles (which exhibit only
a scattering spectrum) can be obtained by fitting calculated and
experimental scattering spectra, and fixing the previosuly
obtained N and o,. Figure 3b shows a plot of the computed b,
in the 1000—4000 cm™' range for solid NaBr particles, together
with the dried aerosol spectrum generated from the 0.142 kg/L
NaBr solution. The fitting yields a dry particle median diameter
of Dgo= 0.24 um. Even though the agreement between
experimental and calculated spectra in Figure 3 is reasonably
good, some discrepancies can be observed. Fitted values around
the maximum of the extinction curve in Figure 3a are lower
than experimental ones, whereas the calculated extinction shows
higher values than experimental ones below 3000 cm™!. Also
the scattering curvature in Figure 3b cannot be entirely
reproduced. One reason for the differences in undried particles
can be that optical constants used in the calculations correspond
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Figure 4. Infrared extinction spectra of NaBr aerosols generated from
a 0.142 kg/L solution for a number of RH’s in a deliquescence mode
experiment. Vertical scales of different spectra have been offset for
clarity.

to 4 mol/L NaBr solutions, whereas NaBr aerosol concentration
corresponding to Figure 3a is actually higher, as later shown in
the paper. The error in fitting wet particles will also influence
computed Dy for dry particles in Figure 3b, for which N and
0, have been fixed. An additional source of error in dry aerosol
calculations will probably be that particles are not expected to
be uniform spheres, and corresponding Mie scattering calcula-
tions will not yield exact results.?”

The previous procedure has been applied to spectra generated
from 0.0142 and 0.00142 kg/L solutions. These solutions are
10 and 100 times more dilute than the original one, leading to
smaller particles after passing through the diffusion drier. For
dried particles generated from these solutions, the best agree-
ments between Mie calculations and extinction spectra are
obtained for Dy o= 0.20 um (corresponding to the 0.0142 kg/L
solution) and 0.15 um (0.00142 kg/L solution). The information
obtained by Mie scattering calculations constitutes the basis for
several magnitudes calculated in the present work, such as liquid
water integrated absorption, particle composition and growth
factors. Although the absolute values of these quantities will
be slightly affected by the outlined possible errors in retrieving
particle distribution parameters, the variation of particle proper-
ties with relative humidity and the difference in behavior
between small and big particles are not expected to change
substantially.

(C) Variation of Liquid Water Absorbance with Relative
Humidity. Figure 4 shows a series of extinction spectra for
Dy o= 0.24 um particles recorded in deliquescence mode. The
spectra show that water uptake by aerosols is weak below 40%
RH, as indicated by the size of the liquid water absorption band
around 3400 cm™!, which grows for higher RH values. Liquid
water integrated band absorption from 2800 to 3600 cm™! was
calculated from these spectra as a measure of particle water
content. Plots of integrated absorption versus RH for spectra
recorded in deliquescence and efflorescence modes are shown
in Figure 5, for particles formed from 0.142, 0.0142 and 0.00142
kg/L solutions, corresponding to Dg,0= 0.24, 0.20 and 0.15 um
particles, respectively. Integrated band absorbances are com-
puted by subtracting the scattering component to the recorded
infrared extinction spectra. The absorption part will dominate
in small particles, but scattering will be substantial for bigger
ones. On the basis of our Mie scattering calculations, we have
determined the relative contribution of scattering to extinction
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Figure 5. Integrated absorption values of liquid water from 2800 to

3600 cm™! in NaBr aqueous aerosols generated from 0.142, 0.0142

and 0.00142 kg/L solutions (corresponding to particle median average

diameters of 0.24, 0.20 and 0.15 um, respectively) in deliquescence
and efflorescence mode as a function of relative humidity (RH).

at each relative humidity and have corrected the measured
extinction values to convert them to absorption spectra and
finally obtain integrated band absorbances. As an example,
Figure 3a shows the comparison between extinction and
absorption spectra for undried aqueous particles from the 0.142
kg/L solution.

Figure 5 shows that Dy o= 0.24 um particles in deliquescence
mode are almost dry until RH = 35—40% and take up water
pronouncedly at higher RH’s. Therefore, the deliquescence RH
can be located roughly at 35—40%, in agreement with other
previously reported values.??¢ In efflorescence mode, liquid
particles readily lose water at high RH’s (95—85%), and reach
comparable integrated absorbances to deliquescent particles
down to about 50% RH, where particles have lost most of their
initial water. From this RH down, particles lose water at slower
pace than the corresponding increase in deliquescent mode,
becoming completely dried at roughly 25—30% RH. Thus the
efflorescence RH can be located at 25—30%, also in agreement
with published data.??% From these results, it can be concluded
that the hysteresis effect is not very marked.

To analyze the deliquescence/efflorescence behavior of
aerosol particles with particle size, liquid water integrated
absorption for Dg o= 0.20 and 0.15 um aerosols are also shown
in Figure 5. The main difference is that initially smaller particles
take up less water. In the deliquescence experiment, for the
smallest particles, liquid water absorption is nearly absent for
RH up to 90%; i.e., the particles do not take up water even at
high humidites. In the efflorescence experiment (Figure 5b),
where higher RH’s were obtained, Dg,o = 0.15 and 0.20 um
particles start with a high water content at RH near saturation,
and lose water very abruptly at RH ~ 95%, remaining nearly
dry for RH < 90%, although there is a residual water content
that slowly decreases with decreasing RH. The effect is much
more accentuated than for the Dy = 0.24 um particles, in which
water is being lost more gradually from RH = 90% to 30%.
Although the sensitivity of our measurements is not sufficient
to characterize precise values of deliquescence and efflorescence
RH for the smaller particles, no indication of change with
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particle size is apparent from our data (Figure 5). This is in
agreement with the results from other authors.? We additionally
mixed Dgo = 0.15 um dessicated particles (from the 0.00142
kg/L solution) with a humid flow of nitrogen (at RH ~ 86%)
and retained them in a static mode inside the cell over 60 min.
Infrared spectra recorded over that time interval show virtually
no liquid water signal, indicating that dry particles are stable at
high RH’s. As particles formed from the 0.00142 kg/L solution
are very small, particle loss by sedimentation is not substantial
for the time period of 60 min. The presence of the particles
inside the tube through all time was verified by the scattering
produced by a He—Ne laser.

(D) Aerosol Composition. The liquid water content of the
aerosols is obtained from their infrared absorption spectra. The
Beer—Lambert law may be written as?®

— ONH,0)z
A=—"7"— 2)

2.303 %10
where A is the integrated band absorbance (cm™'), & is the
integrated absorption cross section per molecule (m molecule™!),
N(H,0) is the number of H,O molecules per unit volume of
aerosol sample (molecules m™3), and z is the optical path length

(m). The integrated absorption cross section can be calculated
27,28
as?’

__4xx10° o
0= Tufband kv dv (3)

where p is the molecular density of the bulk material (molecules
m™3), k is the imaginary part of the refraction index, and ¥ the
wavenumber (cm™!). The integral extends over the OH asym-
metric stretch absorption band (in our case, from 2800 to 3600
cm™!). Although it is best to use k of NaBr aqueous solutions,>
a rough estimate may be obtained from pure water data’? with
0= 1.3 x 1078 m molecule™!. With the previous data and the
computed values of A in the preceding section, we calculate
N(H,O) for different values of RH. For example, at RH = 80%
for Dgg= 0.24 um particles, the calculation gives 7.1 x 107!
H,O molecules m™>.

To determine the NaBr solute content of the aerosols, a filter
was inserted at the exit of the flow tube to collect dry aerosol
particles in a given time interval. A membrane vacuum pump
was used to increase the flow. The NaBr dry mass w deposited
onto the filter after a time ¢ is w = JM,t, where J is the aerosol
flow rate (m?*min) and M the solute mass per unit volume of
aerosol (kg/m?). Thus weighing the solid mass deposited at the
filter, together with J and ¢ measurements, allows M; to be
calculated. During a time interval of 25 min, for the Dg,0= 0.24
um particles, 38 + 2 mg of dessicated NaBr were collected at
the aerosol tube exit. The aerosol flow was 7 L/min, as measured
in a much more diluted NaBr solution because particles from
concentrated solutions rapidly obstructed the filter and stopped
the flow. Thus My = 2.17 x 1077 kg/L, or 1.28 x 10?! molecules
m3 of aerosol. Combining the previous value with the liquid
water content, the average overall composition of aerosol
particles (as a function of RH) can be readily calculated. For
example, at 80% RH for Dgo= 0.24 um particles, m(NaBr) =
10.1 mol/kg. The quantity M, remains constant in all measure-
ments, but N(H,O) varies with relative humidity, thus altering
particle composition.

Figure 6 depicts particle composition vs RH data for Dy o=
0.24 um particles. Both deliquescence and efflorescence data
are plotted together. Figure 6a collects the particle solute molar
fractions obtained by the above method, and Figure 6b shows
the variation of the ratio (moles of H,O)/(moles of NaBr) for
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Figure 6. (a) NaBr aqueous particle molar fraction versus RH for D, o=
0.24 um diameter particles. The solid line is computed from data in

ref 23. (b) Same composition data expressed as the ratio (moles of
H,0)/(moles of NaBr).

the same aerosols. The values in Figure 6a are compared with
calculated ones from water activities of NaBr electrolyte
solutions as a function of solute molality, taken from the
thermodynamic data given by Cohen et al.?}

Our results agree with those by Cohen et al. for RH > 40%
(i.e., at lower molalities), which roughly corresponds to the
maximum NaBr molality for which their data are applicable.??
The solubility of NaBr in cold water is 116 g NaBr per 100
cm? of water,’® which corresponds to x(NaBr) = 0.17. Higher
NaBr mole fractions in our measurements will presumably
correspond to a mixture of solid salt and saturated solution.

(E) Growth Factors and Comparison with Kohler Theory
Predictions. The above results have been used to calculate the
particle growth factors defined as

D(RH)

gRI =P

“)
where D(RH) is the particle diameter in humid air and Dy is
the volume equivalent diameter of solid particle. We have
estimated the particle median diameter from our Mie scattering/
extinction calculations, and computed the growth factor for
spherical particles as g(RH) = Dy(RH)/Dy 0, where Dy o = 0.24,
0.20 or 0.15 um, and Dg(RH) has been determined for each
measured RH. Figure 7 shows the particle growth factors as a
function of RH for the three dry median diameters.

From Figure 7, initially smaller particles (Dg,o = 0.15 and
0.20 um) experience a diameter increase from 1 to 1.6 for RH’s
up to about 90%, the lower values for 0.15 um particles; from
this point the particles experience a very fast growth, in the
region of unstability.! For the initially biggest particles (Dgo =
0.24 um), the growth factors increase from 1.4 (at RH = 35%)
to 2.4 (at RH = 90%), which are substantially higher than those
of the smaller particles previously studied.

The above results are in overall agreement with the general
trend predicted by Kohler.! Kohler curves are usually plotted
as RH (or supersaturation) versus aqueous particle wet diameter.
These curves are the result of two effects: the Kelvin effect,
which favors the increase of vapor pressure (or RH), and the



6606 J. Phys. Chem. A, Vol. 112, No. 29, 2008

3 - D 0.24 pm

® 0.20 pm

o 0.15pm
—¥—0.24 pym (calc.)

particle growth factor
[\V]

20 40 60 80 100
RH(%)

Figure 7. Experimental and calculated growth factors g(RH) for NaBr
aqueous particles. Experimental values for Dg,o = 0.15, 0.20 and 0.24
um diameter particles were calculated by estimating the wet particle
median diameters from Mie calculations. Computed values for Dg,o=
0.24 um diameter particles (joined by a solid line) are based on
thermodynamic data’*-3¢ and Kohler theory.

solute effect, which decreases it. The solute effect is associated
with the high increase in RH with droplet diameter, and it
depends on the mass of the initially dry particle. Dg,0= 0.15
and 0.20 um particles are expected to show steeper increases
in RH with particle diameter than the Dy o= 0.24 um particles.
That is precisely the effect observed in our results of Figure 7,
which are plotted the opposite way: smaller dry particles
experience smaller growth factors with RH than bigger dry
particles. Only at very high RH values do all the growth factors
match (at g & 3), in the region of unstable equilibrium states,
where particles grow out of control.

To check for the consistency of our previous results of g(RH),
based on particle diameter determination by Mie calculations,
we compare them with the predictions of Kohler theory using
thermodynamic data.3*-3¢ To calculate the relationship between
RH and the equilibrium diameter of a droplet, Kohler theory
gives the following expression for the relative humidity:

RH (%) = 100a exp(%) (@)
W RTp, D

where ay, My, and py, are water activity, molar mass, and density,

respectively, 0y is the surface tension of solution, and D the

droplet diameter. The growth factor of a spherical particle,

defined in (4), is computed as

100p, |13
g=( P) ©)

Cso1Psol

where ps and po are salt and solution density, respectively, and
Cso1 18 solution concentration (in mass percent). After calculating
g(RH) from (6) at fixed ps, pso, and cso1, D(RH) is computed
from (4), given a value for Dy. Finally, we calculate RH from
(5). We thus obtain the g(RH) theoretical particle growth curve.

The following relevant data for NaBr solutions have been
taken from the literature: density of water,’3 solid NaBr
density,3” density of aqueous NaBr solutions at 20 °C,3 surface
tension of sodium bromide aqueous solutions,3® surface tension
of liquid water! and activity of water in NaBr solutions.”
Thermodynamic data are available for molalities up to 20 mol/
kg, for which ay, = 0.2328. As a,, =~ RH/100 (the exponential
term in (5) is very close to 1 for the particles in this work), our
calculations have not been extended to lower RH’s. Also the
available data for NaBr solution surface tension apply to
molalities up to 3 mol/kg, although in this case it is feasible to
extrapolate the surface tension assuming a linear relationship.
Although the relationship will not be rigorously linear, it is
expected that deviations will not substantially affect the results.
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Figure 8. Band center shift of NaBr aqueous aerosols relative to
pure liquid water, Av = v(aerosol) — v(H»0). Data are shown in
deliquescence and efflorescence modes. In (a) the aerosol was formed

from a 0.142 kg/L. NaBr solution, whereas in (b) the solution was
0.0142 kg/L.

This hypothesis is based on the data available for surface tension
of NaCl aqueous solutions.?

A calculated g(RH) curve is shown in Figure 7 for solution
data corresponding to the l_)g,0= 0.24 um particles, the only
system for which we directly measured solute concentrations.
The agreement for g(RH) derived from Mie calculations and
Kohler theory is, on the whole, satisfactory, taking into account
the assumptions made in both sets of measurements.

(F) Liquid Water Absorption Bandshifts. We have mea-
sured the band center wavenumbers of the liquid water extinc-
tion band around 3400 cm™! as a function of relative humidity
for Dgy = 0.24 and 0.20 um particles (absorption signals were
too weak to get significant data for Dy = 0.15 um particles).
Figure 8 shows the measured wavenumber shift Av = v(aerosol)
— v(H,0), where v(aerosol) is the water extinction band center
in NaBr aqueous aerosols and v(H,O) the band center in pure
liquid water located at 3392 cm™!.32 In both deliquescence and
efflorescence spectra, the general trend is that band center goes
to higher wavenumber as RH decreases. No noticeable maxi-
mum displacement was observed for the liquid water band at
1600 cm™!.

Figure 8 shows that, for l_)g,o = 0.24 um particles in
deliquescence mode, the band center shift is kept roughly
constant at Av = +55 cm™! for RH below 40%. At higher RH,
there is a gradual shift to lower wavenumbers, attaining —10
cm~! at RH = 85%. A similar behavior is observed for Dy =
0.24 um particles in efflorescence mode, with shifts of —30
cm~! at humidities near saturation and shifting steadily towards
440 cm™! at RH = 60%, with no further variation at lower
RH. For Dy = 0.20 um particles, in both deliquescence and
efflorescence measurements, band center shift is roughly
constant at +55 cm ™! for RH between 10% and 75%. At higher
relative humidities, the band center shifts to lower wavenumbers,
with a steep transition at RH near saturation observed in the
efflorescence curve. In all the experiments, at relative humidities
close to saturation, the water absorption main band is ac-
companied by the appearance of a sideband in the extinction
spectrum located at 3220 cm™, i.e., 150 cm™! lower than the
main band center.
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The observed behavior can be qualitatively explained in terms
of solute—solvent interactions and particle scattering. The
appearance of the sideband can be attributed to scattering: at
RH near 100%, particle size grows considerably, thus making
the contribution of scattering to extinction more important. Our
Mie scattering calculations show that the scattering maximum
for big particles (Dgo~ 0.80 um) is at ~400 cm™! to lower
wavenumbers than the corresponding absorption maximum.
Also, scattering contributes to the location of the main band
center, shifting it towards lower wavenumbers.

At lower humidities, particle size is smaller, and the contribu-
tion of scattering is notably diminished. In this region, particles
will be either liquid NaBr solutions or solid NaBr particles with
pockets of concentrated NaBr solutions, as will be discussed in
the next section. Although the spectra of alkali halide solutions
consist only of water absorption features, it is known that spectra
at different concentrations and different salts are distinguishable
from one another, due to the fact that each ion pair perturbs the
water molecules differently.*® The spectra of the metal halide
solutions can thus be taken as the spectra of water perturbed
by the presence of the salts. The position, width, and shape of
the bands will be affected by the salt ions. As RH is lowered,
and thus NaBr solution concentration increases, solute—solvent
interactions are stronger, producing a wavenumber increase of
the band center. Indeed, the band center of 4 mol/L NaBr
solutions is located ~10 cm™! wavenumbers higher than the
band center of pure liquid water.3° The same trend is observed
for NaCl solutions,*! showing a 33 cm™! shift between NaCl
solution at 5 mol/L and pure water.

In NaCl aerosol particles, Weis and Ewing!? measured the
band centers of the OH-stretching band near 3400 cm™!, and
concluded that, within the uncertainty limits of 410 cm™!, the
band centers were humidity independent. The behavior contrasts
with that of NaBr aerosols. The higher band shifts of NaBr
compared to those of NaCl can be assigned to the nature of
ion-solvent interactions; as the Na' ion is common to both salts,
the differences will be those of Cl”—water and Br~—water
interactions. Because bromine ions are more polarizable than
chlorine ions, it appears that the former interacts strongly with
surrounding water molecules, thereby shifting the water absorp-
tion band more markedly than in NaCl.

Recently, it has been shown®#? that solution spectra of
aqueous alkali halides are linear combinations of pure water
spectra and salt-solvated water spectra. Water interacts with ions
to form stable clusters, with the cations and anions being closely
bound. For NaCl and NaBr, the clusters are made of 5 molecules
of water and one pair of salt ions; these clusters are stable
throughout the whole solubility range of these salts. The clusters
behave as strongly bound units where the cation and anion in
each cluster are inseparable. These groupings are surrounded
by pure water molecules, if the solution is diluted enough. It
should be noted that the ratio 5:1 of H,O molecules to NaBr
pairs roughly corresponds to the solubility of NaBr in cold
water.>

(G) Particle Structure and Phase. Data presented in this
work can be used to draw out information on particle structure,
which is of interest in atmospheric chemistry. Figure 6b plots
the molar ratio n(H,O)/n(NaBr) versus RH for Dg,(): 0.24 um
diameter particles. For RH > 90%, particles quickly take up
water, going from a molar ratio of 20 to about 40 at the highest
RH’s. This region is well above the deliquescence point, and
under equilibrium conditions, particles should be NaBr aqueous
solutions. This is also in agreement with thermodynamic data
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in Figure 6a, which show that particles yield a liquid solution
of aqueous NaBr in this RH region.

For 45% < RH < 90% (from deliquescence to the onset of
rapid particle growth), particle growth factors vary between 1.4
and 2.2, with Dy ~ 0.34—0.53 um. Measured water band centers
are consistent with a more concentrated liquid solution of
aqueous NaBr: OH-stretching band center for 4 mol kg~! NaBr
solutions is at 3400 cm™!, but it is expected to increase with
concentration. Our data indicate a NaBr concentration of 10
mol kg~! in particles at RH = 80% for Dg,0= 0.24 um particles.
Also, agreement between our experimental data and those of
Cohen et al.? in Figure 6a support the hypothesis that aerosols
are concentrated solutions in equilibrium.

For RH < 45%, infrared band centers show the highest shifts
(see Figure 8) and remain quite constant in the whole interval,
indicating the presence of very concentrated NaBr solutions.
The infrared spectra in this region show particles with residual
amounts of water. For the lowest measured RH’s, we obtain a
n(H,O)/n(NaBr) ratio ~0.4, indicating the presence of solid
NaBr particles plus small amounts of saturated solution (recall
that n(H,O)/n(NaBr) > 5 is required to dissolve NaBr in cold
water). The above data suggest a particle morphology of a solid
with surrounding pockets of saturated aqueous NaBr. This
conclusion is similar to that for NaCl aerosols.!3

There remains the possibility that water observed at low RH
is due to liquid water adsorbed on NaBr solid surfaces. It is
known that, for water adsorbed on (001) surfaces of NaCl single
crystals, the band center of water is shifted ~130 cm™! to higher
energies over that of pure liquid water.!® Although no similar
data have been reported for NaBr, it is sensible to predict a
qualitatively similar behavior. For one monolayer coverage of
the Na™Br~ surface by H,O molecules, we may assume that,
on average, each surface Na™Br~ pair has one H,O molecule
adsorbed on it, as for sodium chloride.'> NaBr crystals have
cubic structure, similar to NaCl, with a lattice constant of 59.5
pm.>? From these data, the surface density of Na*Br~ pairs is
calculated to be 5.7 x 10" m™2. Assuming for simplicity
particles with 0.24 um diameter, their surface area is 1.81 x
10713 m?, so the number of NatBr~ pairs onto that surface
would be 1.03 x 10° sites. The number of H,O molecules per
m? aerosol determined in our experiment at RH = 15% is 1.77
x 10%%; as an aerosol atomizer gives ~2 x 10!2 particles m~3,
which makes, on average, about 9 x 107 water molecules present
per aerosol particle. If all water molecules were located at the
surface of the particle, those figures would imply a coverage of
around 90 monolayers, which excludes the possibility that water
is adsorbed mainly onto the surface of particles. This conclusion
follows the same trend as for NaCl aerosols.'3

(H) Atmospheric Implications. The presented results should
be taken into account in water uptake properties of sea salt
aerosols. It has been pointed out that, in mixtures of NaCl and
NaBr, on exposure to water, bromide segregates to surface salt,
increasing the Br/Cl molar ratio by more than 1 order of
magnitude.!%!! Therefore, with Na™Br~ ions present in consid-
erable amount in the surface of particles, water uptake properties
will influence the physical properties and heterogeneous surface
chemistry of sea salt particles. Interface reactions at the surface
of sea-salt particles have been suggested as an important source
of halogen compounds that give rise to halogen atoms upon
photolysis in the troposphere. According to Thomas et al.,? the
reaction of NaBr aerosol particles with gaseous OH yields Bra(g)
mainly in the bulk aqueous phase, and is subsequently trans-
ferred across the interface. In contrast, the reaction of surface
Br~ with Os(g) at the interface was found to be the primary
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source of Br,(g) under dark conditions. The influence of particle
size was also studied. As expected, the contribution of small
particles to interface chemistry is more important than that of
larger aerosols, as the former have a larger surface-to-volume
ratio. The above results suggest that interface chemistry is more
likely to be important for CI~ ions than for Br~, given the rapid
bulk-phase chemistry of Br~, with the exception of the reaction
of surface Br~ with Os.

The presence of condensed water in salt particles and their
water uptake properties is an important variable to determine
the relative importance of bulk or surface chemical processes
in sea-salt particles. Our results indicate that, for the smaller
NaBr particles measured, only residual amounts of water are
present in salt particles, unless RH is near to 100%, thus
suggesting that bulk chemical reactions should have little
influence. In contrast, for bigger particles the amount of water
even at moderate RH makes particles to be concentrated liquid
solutions, and would imply a larger contribution from aqueous
bulk chemistry.

Conclusions

This work reports a characterization of NaBr aqueous aerosols
by infrared extinction spectroscopy. The deliquescence and
efflorescence RH’s are in accordance with reported data.?326
Our study shows that, for RH above deliquescence point,
particles begin to absorb water but do so very slowly; it is not
until higher RH’s (80%) that water uptake is massive. This
contrasts with the behavior of NaCl aerosols, in which water
absorption is very fast once the deliquescence point has been
surpassed. The same behavior is observed for efflorescence:
particles have lost most of their water before they reach the
efflorescence point. The extension to smaller particles makes
the effect dramatic: particles contain very small amounts of
water unless RH is in the vicinity of 90%. Simple physical
chemistry arguments support the hypothesis of solid NaBr
particles with small amounts of saturated solution in pockets at
low RH, whereas at high relative humidities particles are liquid
aqueous NaBr solutions. Water uptake properties of sodium
bromide aerosols have to be taken into account to understand
the heterogeneous chemistry of marine salt aerosols.
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