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The deliquescence behavior of multicomponent aerosols has been studied extensively by measuring the particle
size or weight growth at controlled relative humidities. To our knowledge there has been no experimental
investigation of the chemical composition of the aerosol surface as a function of relative humidity, which is
extremely important in understanding a number of issues in atmospheric chemistry and physics. Rapid single-
particle mass spectrometry (RSMS) has been used in this work to explore the deliquescence behavior of
particles generated from NaCl/KCl, NaCl/NaNO3, and (NH4)2SO4/NH4NO3 mixed solutions and then
conditioned at different relative humidities. Thermodynamic predictions of the crystallization/deliquescence
behavior of each mixture were also given. For NaCl/KCl and NaCl/NaNO3 mixtures, the data were generally
consistent with thermodynamic analysis and earlier investigations. The results indicate that as the ambient
relative humidity reaches the deliquescence point of the system, the chemical composition of the particle
surface changes gradually with increasing relative humidity until the particle transforms completely to an
aqueous droplet. The observed deliquescence began at relative humidities somewhat lower than that predicted
by equilibrium thermodynamics. This is probably due to the cracks on the particle surface. The deliquescence
behavior of (NH4)2SO4/NH4NO3 mixtures observed was very complicated and was generally not consistent
with thermodynamic predictions.

Introduction

A knowledge of the deliquescence behavior of multicompo-
nent aerosols is important in understanding and modeling the
atmospheric processes affecting air quality, visibility, and
climate change. Inorganic salts comprise 25-50% of atmo-
spheric fine aerosol mass, and most of the inorganic salts exhibit
deliquescence behavior upon exposure to a humid environment.1

In recent years substantial research has been reported on the
phase transformation and growth of aerosol particles composed
of mixed salts as a function of ambient relative humidity and
temperature.2-11

For aerosol particles containing a single salt, the phase
transformation from solid to aqueous solution occurs at a specific
relative humidity, generally referred to as the deliquescence
relative humidity (DRH).7 The deliquescence behavior of
multicomponent aerosol particles is much more complicated.
To explore the deliquescence behavior, we have to understand
the opposite phase transitionsefflorescence. Ge et al.12 de-
scribed the mechanism of multicomponent aerosol crystallization
and the chemical composition and morphology of the resulting
dry particles in detail. Briefly, let us consider two salts in
solution. As the ambient relative humidity is lowered, one of
the salts eventually becomes saturated, and its crystalline phase
forms. As the relative humidity is further lowered, more of
the solid phase of this salt forms, and the residual solution
becomes more concentrated in the other salt. At a certain
relative humidity, referred to as the mutual deliquescence
relative humidity (MDRH),7 the two salts crystallize together
and form a mixed solid phase at the eutonic composition.12 The

MDRH is always lower than the DRH of individual solutes.7

The resulting dried particles are composed of a pure salt core
surrounded by a mixed salt coating, where the core composition
is solely determined by the original aerosol composition, but
the coating is identical with the eutonic composition and is
independent of the original aerosol composition.
If the ambient relative humidity is increased, the size of the

dried particle remains unchanged until the relative humidity
reaches the MDRH, at which point the partial pressure of water
in the atmosphere becomes identical with the water activity of
the eutonic.2 The solid coating having eutonic composition at
the particle surface is then dissolved in the absorbed water. Due
to surface tension, the remaining pure salt solid core stays at
the center of the particle and is surrounded by saturated solution
of eutonic composition. Further increasing the relative humidity
results in more water absorption into the particle, and part of
the pure salt solid core is dissolved to maintain water equilibrium
between the solution and the atmosphere. At a certain relative
humidity, which is a function of the overall composition of the
original particle, the pure salt solid core is completely dissolved
into the solution, and the particle becomes a pure aqueous
droplet.
As we have shown, the surface solution composition of a

multicomponent aerosol particle undergoing deliquescence keeps
changing until a certain relative humidity is reached. Therefore,
the deliquescence behavior of multicomponent aerosols affects
a number of atmospheric processes such as fog formation, cloud
physics, equilibrium vapor pressure, and mass-transfer kinetics
of trace gases. Previous experimental work studied the deli-
quescence behavior of multicomponent aerosol particles by
continuously monitoring the changes in weight or the optical
characteristics of a single suspended droplet undergoing con-
trolled growth.1-4,5,6,8,9 The chemical composition of the

† Department of Mechanical Engineering.
‡ Department of Chemistry and Biochemistry.
X Abstract published inAdVance ACS Abstracts,December 1, 1997.

173J. Phys. Chem. A1998,102,173-180

S1089-5639(97)02396-7 CCC: $15.00 © 1998 American Chemical Society
Published on Web 01/01/1998



resulting aqueous solution on the particle surface during
deliquescence is still experimentally unknown although ther-
modynamic models are available.7,13 Recently, a new technique
(rapid single-particle mass spectrometry, RSMS) has been
reported by Johnston and Wexler14 for on-line analysis of single
aerosol particles based upon laser desorption/ionization. The
aerosol is sampled through a differentially pumped inlet into a
time-of-flight mass spectrometer. Each particle is detected in
the source region by light scattering of a continuous helium-
cadmium laser beam and then ablated in-flight by an excimer
laser. The resulting ions are accelerated into the mass spec-
trometer, and a mass spectrum is recorded. Due to the short
delay (less than 1 ms) between sampling and analysis, chemical
transformation and contamination of particles during sampling
are minimized.
Carson et al.15,16indicated that RSMS can be used to analyze

the particle surface composition and monitor chemical reactions.
Ge et al.12 used this technique to explore the surface chemical
composition and morphology of particles dried from multicom-
ponent solutions. Neubauer et al.17,18studied aqueous aerosols
by ablating the particles with 248 and 193 nm excimer laser
radiation. Their results suggested that RSMS is capable of
probing the deliquescence behavior of multicomponent aerosols.
In this work we use RSMS to explore the deliquescence behavior
of three groups of multicomponent aerosols containing NaCl/
KCl, NaCl/NaNO3, and (NH4)2SO4/NH4NO3, which are com-
mon constituents of atmospheric aerosol particles.

Experimental Section

The experimental methods, instrumentation, and setup em-
ployed in this investigation have been described in detail
elsewhere.15,17,18 Generally, monodisperse aerosols of a known
size and composition were produced from a vibrating orifice
aerosol generator (Model 3450; TSI, St. Paul, MN). A solution
containing the desired amounts of respective salts plus 1:1
(v:v) mixture of ethanol and water solvent was fed into the
generator. The generated droplets were subsequently exposed
to a stream of dry air at relative humidity less than 3% for
approximately 4 s which removed the solvent, yielding a
monodisperse dried aerosol of solute particles. Particle size
distribution was monitored with an aerodynamic particle sizer
(Model 3310; TSI, St. Paul, MN). The mean dry particle
diameters of all aerosols studied were around 3.5µm and fairly
monodispersed (σ < 0.3 µm).
The dry particles then passed through a relative humidity

controlled annular laminar flow reaction chamber which was
connected to the differentially pumped mass spectrometer inlet.
The humidity system was very similar to that described by
Neubauer et al.17 except for a few modifications. Saturated air
was prepared by bubbling dry air through temperature controlled
water, with subsequent cooling, and then mixed with the aerosol-
carrying air flow. The relative humidity and temperature were
continually monitored with an hygrometer (Model HT205W;
Rotronic Instrument Corp., Huntington, NY) which was located
near the mass spectrometer inlet. The desired relative humidity
was obtained by adjusting the relative flow rates of saturated
and dry particle-containing air. The adjustable range of relative
humidity was 7%-94%. Note that although the relative
humidity of the air used to dry the aerosol was below 3%,
substantial water evaporated from the droplets during the drying
process increased the final relative humidity in the reaction
chamber to 7% even if no saturated air was added. The relative
humidity measurements were accurate to within 1%, although
some of the particles may have experienced higher relative

humidities for a short time during the flow mixing process. The
particles stayed in the reaction chamber for approximately 1
min before entering the mass spectrometer. This time was
sufficient for particles to reach equilibrium with the water vapor
in the carrier air flow. The particles were then sampled into
the mass spectrometer and exposed to vacuum for about 1 ms
before undergoing laser desorption/ionization with an 193 nm
excimer laser (Model PSX-100; MPB Technologies, Dorval,
Quebec, Canada) for chemical characterization.
In this study, all chemicals were used without further

purification: sodium chloride (Mallinckrodt), sodium nitrate
(Aldrich), potassium chloride (Mallinckrodt), ammonium sulfate
(Aldrich), and ammonium nitrate (Aldrich). Spectra for (NH4)2-
SO4/NH4NO3 and NaCl/NaNO3 were obtained in the negative
ion mode; spectra for KCl/NaCl were obtained in the positive
ion mode.

Results and Discussion

KCl/NaCl. The solubility diagram of this system was
constructed by Tang.2 From the solubility curves, it was
determined that the eutonic point for this system is at the mole
fraction NaCl:KCl) 7:3. Tang et al.3 experimentally found a
value of 0.738 for the water activity at the eutonic point
(MDRH) of the NaCl/KCl system. Cohen et al.5 confirmed
these values and extended the water activity data for this system
to higher solution concentrations. Both of them observed that
the dry particle of NaCl/KCl was anhydrous and contained only
two pure crystalline phases of NaCl and KCl. Ge et al.12 using
RSMS studied the crystallization process of this system and
observed the eutonic point. To elucidate the deliquescence
behavior of this system, let us defineXKCl ) mKCl/(mKCl + mNaCl)
as the relative solute mole fraction. The eutonic composition
point is then atXKCl ) 30%. Consider an aqueous droplet of
compositionXKCl ) 10% subjected to decreasing relative
humidity. For relative humidities lower than the MDRH, a dried
particle forms that is composed of a pure NaCl core surrounded
by a coating of eutonic composition withXKCl ) 30%.12 If
this dried particle is subjected to an increase in relative humidity,
the particle will remain unchanged until MDRH is reached. The
coating having eutonic composition at the particle surface is
then dissolved in the absorbed water. Due to surface tension,
the remaining pure NaCl solid core stays at the center of the
particle and is surrounded by saturated solution withXKCl )
30%. Further increasing the relative humidity results in more
water absorbed into the particle, and part of the pure NaCl solid
core is dissolved to maintain the water equilibrium between the
solution and the atmosphere. The relative mole fraction (XKCl)
of the solution decreases as the relative humidity increases. At
a certain relative humidity, which is close to but lower than the
DRH of pure NaCl (75.7%), the NaCl solid core is completely
dissolved into the solution, and the particle becomes an aqueous
droplet withXKCl ) 10%.
For aqueous particles originally havingXKCl > 30%, say 50%,

the crystallization and deliquescence behavior are similar toXKCl
) 10%, but the core of the dried particle is pure KCl. Thus,
the relative mole fraction (XKCl) of the solution increases as the
relative humidity increases. At a certain relative humidity,
which is between MDRH of this system (73.8%) and DRH of
pure KCl (84.3%), the pure KCl solid core is completely
dissolved into the solution, and the particle becomes an aqueous
droplet withXKCl ) 50%.
If XKCl happens to be 30%, the eutonic composition of this

system, the particle crystallizes or deliquesces like pure salt at
relative humidity of 73.8%. The phase transformation either
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from aqueous to solid or from solid to aqueous occurs abruptly.
The dried particles of this composition are morphologically and
chemically uniform.12

In this study, we generated particles containing NaCl and KCl,
with the relative KCl mole fractions of 10%, 30%, and 50%,
and applied 0.4 J/cm2 laser fluence to each sample. The relative
humidities ranged from 10% to greater than 90%. At least 40
successive single particles were analyzed with the same nominal
operating conditions (generated from same solution, prepared
with same relative humidity, and ablated at same laser fluence).
Figure 1 displays the positive ion spectra of particles generated
from a solution of NaCl and KCl in a 1:1 mole ratio (XKCl )
50%) and then conditioned at various humidities. Each
spectrum is the average of 40 individual spectra obtained at
the identical operating conditions. Averaging was performed
to observe all the trends.18 At a relative humidity of 10%, the
particles stay dry and the spectrum is very similar to what we
have detected with 248 nm laser fluence;12 both simple cations
(Na+, K+) and cluster ions (Na2Cl+, NaKCl+, K2Cl+) are
observed. As the relative humidity increased to 68%, the
spectrum is essentially the same as at a humidity of 10% except
for noticeable decreases of ion intensity to all the peaks probably
due to adsorbed water. At a relative humidity of 70%, a new
peak due to K(H2O)+ (m/z57) appears and confirms that water
has been adsorbed on the particle surface. At relative humidity
of 72%, the spectrum changes dramatically, with substantial
decreases of ion intensity in all peaks. This phenomenon
suggests that significant amounts of water reside on the particle
surface, which changes the laser desorption/ionization mecha-
nism and ion yields.17,18 Particulate water also induces peak
narrowing in the mass spectra which can be attributed to

translational cooling from the increased water content in the
plume.17,19 Further relative humidity increases lead to decreas-
ing intensity of the peak due to Na+ (m/z 23) and other peaks
due to cluster ions. Note that the ion intensity of the peak due
to K+ (m/z39,m/z41) remains nearly constant for those spectra.
Therefore, the peak area ratio of [K+]/[Na+] increases as the
relative humidity increases. This observation indicates that the
relative mole fraction of KCl on the particle surface increases
as relative humidity increases.
Even at relative humidities far above the MDRH, where the

particle contains a substantial aqueous phase, water clusters (e.g.,
H(H2O)n+) are not observed. The only peak associated with
water K(H2O)+ (m/z 57) remains weak even at high relative
humidity. During the laser desorption/ionization process, ions
such as Na+ and K+ are readily formed in the plume because
the corresponding neutrals have low ionization potentials. Water
clusters are not observed because the initial step in their
formation, ionization of vapor-phase H2O, is inhibited by its
high ionization potential. Furthermore, the high-energy envi-
ronment of the plume favors cluster dissociation (i.e., evapora-
tion) rather than condensation.
To further explore the changes of particle surface composition

during deliquescence, the peak area ratios of K+ (m/z 39) and
Na+ (m/z23) were calculated for each spectrum to indicate the
relative mole ratio of components. Figure 2 shows the peak
area ratio ([K+]/[Na+]) versus relative humidity. Each data point
represents the average of at least 40 spectra of identical particles.
For particles generated from solutions withXKCl ) 10%, the
peak area ratio of [K+]/[Na+] remains constant until relative
humidity reaches 70%. Then the peak area ratio decreases
gradually, and at relative humidities beyond 76% the peak area
ratio remains constant with increasing relative humidity, indicat-
ing that the particle has completed the phase transition to an
aqueous droplet, in agreement with the thermodynamic analysis.
For particles generated from solutions withXKCl ) 30%, i.e.,

eutonic composition, the peak area ratio generally does not
change as a function of relative humidity. The data suggest
that particles of this specific composition are chemically
uniform. For particles generated from solutions withXKCl )
50%, the peak area ratio of [K+]/[Na+] remains constant until
the relative humidity reaches 70%. Then the peak area ratio
increases gradually, and at relative humidities beyond 86% the

Figure 1. Averaged positive ion spectra of 40 particles dried from an
aqueous droplet of NaCl/KCl mixture withXKCl ) 50% and then
conditioned at various relative humidities. The laser fluence was 0.4
J/cm2. Mean particle diameter was 3.5µm.

Figure 2. Peak area ratio of [K+]/[Na+] versus relative humidity for
particles generated from solutions withXKCl ) 10%, 30%, and 50%.
The laser fluence was 0.4 J/cm2. Mean particle diameter was 3.5µm.
Each data point is the average of at least 40 spectra. The error bars
indicate the standard error of the mean.
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peak area ratio generally no longer changes, showing that the
particle was completely dissolved.
Standard error of the mean for each data point also has been

shown in Figure 2. The particle-to-particle fluctuations probably
result from pulse-to-pulse inhomogeneities within the excimer
laser beam, phase distribution, and morphology. Mansoori et
al.20 showed that averaging a greater number of particles could
lower the error.
Generally, we have observed that NaCl/KCl system shows

apparent deliquescence behavior, and the experimental results
are consistent with thermodynamic predictions. Our data also
indicated that a significant quantity of water was in the particles
at a relative humidity of 68%-70%, significantly lower than
the deliquescence relative humidity of 74% observed by Tang
et al.3 using an optical particle counter and Cohen et al.5 using
electrodynamic balance. The differences imply that substantial
water has been adsorbed on the particle surface at relative
humidities lower than the MDRH since RSMS is known to be
surface sensitive.15,16 Similar phenomena were reported by other
researchers on the surface of pure NaCl aerosols. Vogt and
Finlayson-Pitts21 using diffuse reflectance infrared Fourier
transform spectrometry observed that significant amounts of
water reside on the pure NaCl aerosol surface at a relative
humidity of 53.8%, far below the deliquescence relative
humidity of pure NaCl salt (75.7%). Neubauer et al.18 found
water on pure NaCl aerosol at a relative humidity of 70% using
the same apparatus as this study. Other work also confirms
these observations.22,23

Water on the surface of aerosol particles at relative humidities
lower than the deliquescence point may change the reaction
kinetics of aerosols with trace gases.21 Barraclough and Hall22

studied the adsorption of water vapor by NaCl at room
temperature and found that a monolayer of water was adsorbed
on the salt surface at relative humidities lower than the
deliquescence point. They proposed two-dimensional conden-
sation and a concept of “active sites” on the surface as a most
reasonable interpretation of their experimentally derived water
vapor adsorption isotherms. It is unlikely that the water on the
surface of aerosol particles at a relative humidity lower than
the deliquescence point observed in the present study was due
to the same mechanism of water vapor adsorption on NaCl
surface proposed by Barraclough and Hall.22 RSMS probably
would not be able to detect this small amount of water based
on previous studies in our group.16,18

The condensational growth of aerosol particles during the
expansion of carrier gas in the mass spectrometer inlet may
introduce water on the particle surface. Neubauer et al.18 using
the condensational growth model developed by Mallina et al.24

determined that, at the relative humidity of 70%, only a 2 nm
thick layer of water condenses on the particle surface. This
amount of water would not be detectable by RSMS. Also, the
water layer on the particle surface introduced by condensation
grows linearly with the increases of relative humidity of carrier
gas. Therefore, the spectrum should change smoothly which
contradicts our observations.
A reasonable interpretation of our observations may be that

the aerosol particles generated by the vibrating orifice aerosol
generator (Model 3450; TSI, St. Paul, MN) contain substantial
cracks and even pores on the particle surface.25,26 The cracks
on the surface may increase the adsorption of water significantly
due to surface tension lowering of water activity in pores.
Pruppacher and Klett27 pointed out that aerosol particles contain
air capillaries in which condensation of water vapor proceeds
at a relative humidity lower than the deliquescence relative

humidity. Considering that the meniscus of water in a capillary
is concave, in contrast to the convex surface of a water drop,
and applying the Kelvin equation, we have

where RH is the relative humidity,aw is the water activity in
the capillary,Mw is the water molecular weight,σw/a is the
surface tension,R is the universal gas constant,T is the absolute
temperature,Fw is the density of water, andr is the radius of
curvature of water surface in the capillary. The equation shows
that the water activity inside the cracks is always lower than
the deliquescence relative humidity due to the negative curva-
ture, and also the smaller the crack size, the lower the
equilibrium pressure of water over it. Therefore, at a certain
relative humidity lower than the deliquescence relative humidity,
sufficient water has been adsorbed into the cracks on the particle
surface to be detectable by RSMS. For the NaCl/KCl system,
this transition happened at around 68%-70% relative humidity.
It can be estimated by using the equation that the crack size to
reduce the water vapor pressure over the crack to the observed
value is about 30 nm, which is reasonable considering the 3.5
µm particle diameter.
NaCl/NaNO3. Atmospheric NaCl comes from the evapora-

tion of sea spray produced by bursting bubbles or wind-induced
wave breaking action.28 The reactions of NaCl aerosols with
NO2, HNO3, and N2O5 in the atmosphere produce NaNO3
solids.21 Using Aerosol Inorganics Model II (AIM II, URL:
http://www.me.udel.edu/wexler/aim.html),7,13 we can plot the
water activity at saturation of the NaCl/NaNO3 system versus
XNaCl ) mNaCl/(mNaCl + mNaNO3) at 25°C (see Figure 3). The
eutonic point for this system isXNaCl ) 37.8%, with a
corresponding MDRH of 67%. The thermodynamic analysis
of the deliquescence behavior of this system is very similar to
that of the NaCl/KCl system.
The deliquescence behavior of the particles that we studied

was consistent with theoretical analysis. Three mixtures of
NaCl/NaNO3 with relative NaCl mole fraction at 20%, 37.8%,
and 80% have been investigated. A laser fluence of 0.4 J/cm2

was applied to each sample. The relative humidities ranged
from 10% to 76% and higher. At least 40 successive single
particles were analyzed with the same nominal operating
conditions. Figure 4 displays the negative ion spectra of
particles generated from a solution with a relative NaCl mole
fraction of 80% and then conditioned at various relative

Figure 3. Water activity at saturation of an aqueous solution of NaCl
and NaNO3 at 25°C.

RH) aw exp(-
2Mwσw/a

RTFwr )
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humidities. At a relative humidity of 10%, the particles
remained dry, and peaks corresponding to C-, O-, OH-, C2H-,
Cl-, NO2

-, NO3
-, NaCl2-, and (NaCl)NO2- were observed.

The C-, OH-, and C2H- peaks may be attributed to the ethanol
solvent or organic contamination during aerosol preparation.18,29

Note that the intensity of the OH- peak is much lower than
that of O-. As the relative humidity increases to 60%, the
spectrum is essentially identical with the spectrum at a humidity
of 10%. At a relative humidity of 65.5%, the intensity of the
OH- peak increases, and a new but very weak peak due to
(NaCl)OH- (m/z 75) appears, indicating that water has been
adsorbed on the particle surface. At 66.4% relative humidity,
the spectrum changes significantly. The OH- peak becomes
larger than the O- peak, the (NaCl)OH- peak appears, and the
peak due to cluster ion (NaCl)NO2- grows. All the changes
imply that substantial water has been adsorbed on the particle
surface. At a relative humidity of 67%, the spectrum changes
dramatically, with substantial decreases of ion intensity to all
the peaks. This observation suggests that significant amounts
of water reside on the particle surfacesthe presence of an
aqueous solution changes the laser desorption/ionization mech-
anism and yields.17,18 Further relative humidity increases lead
to decreasing NO2- ion intensity (m/z 46) while the Cl- ion
intensity (m/z 35,m/z 37) remains nearly constant. Therefore,
the peak ratio of [Cl-]/[NO2

-] increases with relative humidity,
indicating that the relative mole fraction of NaCl on particle
surface increases as relative humidity increases.
To further explore the changes of particle surface composition

during the deliquescence process, peak areas of Cl- (m/z 35,
m/z 37), NO2- (m/z 46), and NO3- (m/z 62) were measured,
and the peak area ratio (m/z 35 + m/z 37):(m/z 46 + m/z 62)

was calculated for each spectrum to indicate the relative mole
ratio of components. Figure 5 displays a plot of this ratio versus
relative humidity. Each data point represents the average of at
least 40 spectra of identical particles. For particles generated
from solutions withXNaCl ) 20%, the peak area ratio ([Cl-]/
([NO2

- ] + [NO3
-])) remains unchanged until the relative

humidity reaches 66%. The peak area drops significantly as
the relative humidity increases to 67%. Then the ratio decreases
gradually with increasing relative humidity, implying that the
mole fraction of NaNO3 in the solution increases as the relative
humidity increases.
For particles generated from solutions of eutonic composition

whereXNaCl ) 37.8%, the peak area ratio remains generally
constant in the range of measurement error until the relative
humidity reaches 66%. The ratio then drops suddenly. But
after the relative humidity reaches 67%, as we continue to
increase the relative humidity, the peak area ratio basically
remains unchanged. The data suggest that the particles changed
from dry state to aqueous solution abruptly. The larger peak
area ratio in the dry state may be attributed to the higher
ionization sensitivity of sodium chloride than of sodium nitrate
in the mixed crystal, as we also observed from spectra that the
Cl- peak was much stronger than the peaks due to NO2

- and
NO3

-. For particles generated from solutions withXKCl ) 80%,
the peak area ratio ([Cl-]/([NO2

- ] + [NO3
-])) remains constant

until the relative humidity reaches 66%. The peak area ratio
drops suddenly as the relative humidity increases to 67%,
indicating that a solution forms on the particle surface. Then
the data increase gradually as the relative humidity increases,
suggesting that more NaCl is dissolved. At relative humidities
beyond 75%, the peak area ratio does not change much with
relative humidity, indicating that the particle is a pure aqueous
droplet.
Similar to the NaCl/KCl system, we observed that the

deliquescence of this system occurred at relative humidity
around 66%, less than the predicted value of 67% which may
not represent a significant difference considering the accuracy
in the relative humidity system. The mole fraction of solution
formed on the particle surface during deliquescence changes
gradually over a range of relative humidities except when the
original aerosol composition is at the eutonic point. Vogt and
Finlayson-Pitts21 studied the reactions of NaCl aerosols with
NO2, HNO3, and N2O5. They found that a quasi-liquid layer

Figure 4. Averaged negative ion spectra of 40 particles dried from an
aqueous droplet of NaCl/NaNO3 mixture withXNaCl ) 80% and then
conditioned at various relative humidities. The laser fluence was 0.4
J/cm2. Mean particle diameter was 3.5µm.

Figure 5. Peak area ratio of [Cl-]/([NO2
- ] + [NO3

-]) versus relative
humidity for particles generated from solutions withXNaCl ) 20%,
37.8%, and 80%. The laser fluence was 0.4 J/cm2. Mean particle
diameter was 3.5µm. Each data point is the average of at least 40
spectra. The error bars indicate the standard error of the mean.
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on the particle surface was formed even at water vapor pressure
below the NaCl deliquescence point. They also discovered that,
on drying of the particles, the reactions of NaCl with NO2 and
HNO3 form NaNO3 crystals on the surface of the NaCl, thus
regenerating fresh NaCl surface for future reactions. They
concluded that this recrystallization may explain why sea salt
particles totally depleted of chloride are often observed in the
marine atmosphere. Considering the deliquescence behavior
of the NaCl/NaNO3 system, it is clear that if the relative
humidity decreases below the MDRH, crystallization results in
a dry particle composed of a pure salt core and shell of eutonic
composition (XNaCl ) 37.8%), where the core composition is
solely determined by the composition of the particle. Thus,
recrystallization generates a surface that always contains a fixed
fraction of crystalline NaCl. As the relative humidity and
temperature cycle repeatedly, NO2, HNO3, and N2O5 react with
the NaCl on the particle surface, produce more NaNO3, deplete
more chloride from the particle, and release it into the
atmosphere. It is possible that via this mechanism some sea
salt particles are totally depleted of chloride.
(NH4)2SO4/NH4NO3. The deliquescence behavior of mixed

(NH4)2SO4/NH4NO3 aerosols is much more complicated than
for KCl/NaCl and NaCl/NaNO3 mixtures. Figure 6 shows the
water activity at saturation of (NH4)2SO4/NH4NO3 system versus
X(NH4)2SO4 ) m(NH4)2SO4/(m(NH4)2SO4 + mNH4NO3) at 25 °C.12 In
region A (X(NH4)2SO4 < 0.06), the dried particle is composed of
an NH4NO3 solid core surrounded by an (NH4)2SO4‚2NH4NO3/
NH4NO3 mixture. Thus, the relative mole fraction (X(NH4)2SO4)
of the solution decreases as the relative humidity increases
during deliquescence. For droplets whose original mole fraction
is in region B (0.06< X(NH4)2SO4 < 0.28), the dried particles are
composed of an (NH4)2SO4‚2NH4NO3 core surrounded by a
mixture of (NH4)2SO4‚2NH4NO3 and NH4NO3. The relative
mole fraction (X(NH4)2SO4) of the solution increases as the relative
humidity increases. If the original droplet mole fraction is in
region C (X(NH4)2SO4 > 0.28), the dried particles are composed
of an (NH4)2SO4 solid core surrounded by a layer of (NH4)2-
SO4‚2NH4NO3 and (NH4)2SO4. Similar to compositions in
region B, the relative mole fraction (X(NH4)2SO4) of the solution
increases as the relative humidity increases.
If X(NH4)2SO4 happens to be at one of the two eutonic

compositions (6% and 28%), the particle crystallizes or deli-
quesces like a pure salt at a relative humidity of 60% (eutonic
point I) or 66% (eutonic point II). The phase transformation
either from aqueous to solid or from solid to aqueous occurs

abruptly. The dried particles of this composition are morpho-
logically and chemically uniform.12

Six mixtures of (NH4)2SO4/NH4NO3 with relative (NH4)2-
SO4 mole fraction at 2%, 6%, 20%, 28%, 50%, and 80% have
been investigated. A laser fluence of 0.6 J/cm2 was applied to
each sample. At least 30 successive single particles were
analyzed with the same nominal operating conditions. Figure
7 shows the negative ion spectra of particles generated from a
solution with relative (NH4)2SO4 mole fraction at 50% and then
conditioned at various relative humidities. Each spectrum is
the average of 30 individual spectra that were obtained at the
identical operating conditions. At a relative humidity of 10%,
peaks of O-, OH-, C2H-, NO2

-, NO3
-, SO3-, HSO4-, and

HNO3‚NO3
- are observed. The C2H- peak may be attributed

to the ethanol solvent or organic contamination during aerosol
preparation.18,29 We do not observe the abrupt spectral intensity
change at higher relative humidities as was observed in the
NaCl/KCl and NaCl/NaNO3 systems. A very weak peak of
HSO4‚H2O- appears in the spectra of particles at relative
humidities higher than 60%.
To further investigate particle surface composition changes

during the deliquescence process, the peak area ratio of [HSO4
-]

(m/z97):([NO2
-] (m/z46)+ [NO3

-] (m/z62)) was determined
for each spectrum to indicate the relative mole ratio of
components. Figure 8 displays this peak area ratio versus
relative humidity for particles atX(NH4)2SO4 ) 2%, 6%, 20%,
28%, 50%, and 80%. The data show that factors other than
thermodynamic equilibrium may contribute to the experimental
results. In Figure 8a, whereX(NH4)2SO4 ) 2%, the peak area
ratio decreases gradually as the relative humidity increases to
60% and then drops relatively faster until relative humidity
reaches 64%. The peak area ratio does not change much at

Figure 6. Water activity at saturation of an aqueous solution of (NH4)2-
SO4 and NH4NO3 at 25°C.

Figure 7. Averaged negative ion spectra of 30 particles dried from an
aqueous droplet of (NH4)2SO4/NH4NO3 mixture withX(NH4)2SO4 ) 50%
and then conditioned at various relative humidities. The laser fluence
was 0.6 J/cm2. Mean particle diameter was 3.5µm.
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higher relative humidities. Although the trend of deliquescence
is obvious, the thermodynamic analysis predicts that the peak
area ratio should not decrease when the relative humidity is
lower than the MDRH, which is 60% for this system. The
difference between thermodynamic prediction and experimental
data implies that some other factors contribute to the particle
water absorption. Even at a relative humidity lower than the
MDRH, the particle absorbs water and exhibits hygroscopic
behavior. Similar observation has been reported by ten Brink
and Veefkind.30

The deliquescence behavior of NH4NO3 is difficult to observe

experimentally. The data reported by Tang1 indicated that pure
NH4NO3 aerosols are more hygroscopic than deliquescent. ten
Brink and Veefkind30 observed the crystallization point of pure
NH4NO3 aerosol particles to be lower than 10%. The particles
may exist as metastable aqueous droplets instead of thermo-
dynamically favored dry particles even at the lowest relative
humidity (around 10%) in this study.31 Neubauer et al.18

employed a similar apparatus as this study and confirmed that
NH4NO3 contains water, even at very low relative humidity.
They observed that NH4NO3 aerosols undergo a gradual phase
transformation from dry to wet particles. ten Brink and

Figure 8. Peak area ratio of [HSO4-]/([NO2
-] + [NO3

-]) versus relative humidity for particles generated from solutions with (a)X(NH4)2SO4 ) 2%,
(b) X(NH4)2SO4 ) 6%, (c)X(NH4)2SO4 ) 20%, (d)X(NH4)2SO4 ) 28%, (e)X(NH4)2SO4 ) 50%, and (f)X(NH4)2SO4 ) 80%. The laser fluence was 0.6 J/cm2.
Mean particle diameter was 3.5µm. Each data point is the average of at least 30 spectra. The error bars indicate the standard error of the mean.
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Veefkind30 also investigated the deliquescence behavior of
aerosols with 1:1 and 1:5 mixture of (NH4)2SO4/NH4NO3 and
found that the 1:5 mixture did not show deliquescence or
crystallization and thus behaved NH4NO3-like. Therefore, the
particles withX(NH4)2SO4 ) 2% and 6% (see Figure 8b) were
more likely metastable aqueous droplets rather than dry particles
even at the lowest relative humidities studied.
Figure 8c shows the peak area ratio of [HSO4

-]/([NO2
-] +

[NO3
-]) versus relative humidity for particles withX(NH4)2SO4

) 20%, which is in the region B of Figure 6. The peak area
ratio generally does not change until the relative humidity
reaches 60%, where the ratio drops suddenly. As the relative
humidity becomes higher than 68%, the curve flattens. The
data show that significant phase change happened at relative
humidity of 60%. But the peak area ratio drops during
deliquescence rather than increases, contrary to what we
expected from thermodynamic predictions. This may be due
to known complications in the laser ablation process. Neubauer
et al.17,18 reported that the effect of water on laser desorption/
ionization process may complicate the interpretation of experi-
mental results.
As indicated by the data shown in Figure 8d for aerosols

with X(NH4)2SO4 ) 28%, the second eutonic composition, the
particles behaved hygroscopically at relative humidities ranging
from 10% to 35%. The particles generally remained unchanged
as the relative humidity increased from 35% to 58%. Then the
ratio drops gradually, indicating that more water has been
absorbed into the particles.
For aerosols withX(NH4)2SO4 ) 50%, which is in the region C

of Figure 6, the peak area ratio data (see Figure 8e) are
particularly interesting. The curve goes up at relative humidity
of 40% and then drops gradually until the relative humidity
reaches 60%. The curve flattens at higher relative humidities.
The data indicate that the particle surface absorbed substantial
amounts of water at relative humidities much lower than the
corresponding relative humidity at the eutonic point II, which
is around 66%. The data in Figure 8f (X(NH4)2SO4 ) 80%) show
similar trends.
Thermodynamic equilibrium alone cannot explain the deli-

quescence behavior that we have observed for the mixtures of
(NH4)2SO4/NH4NO3. As we have proposed, the low crystal-
lization point of NH4NO3 may cause the particles at relative
humidities lower than the MDRH to exist as metastable aqueous
droplets. Thus, the (NH4)2SO4/NH4NO3 mixture aerosols may
exhibit both hygroscopic and deliquescent behavior simulta-
neously. Other factors, such as the complexity of laser
desorption/ionization mechanism, may contribute to uncertainties
interpreting the experimental data.18, 32,33

Conclusion

The deliquescence behavior of three multicomponent aerosols,
NaCl/KCl, NaCl/NaNO3, and (NH4)2SO4/NH4NO3, has been
studied theoretically and experimentally. The results of the two
relatively simple systems, NaCl/KCl and NaCl/NaNO3, con-
firmed the thermodynamic analysis and were consistent with
observations reported by other researchers. As the ambient
relative humidity reaches the theoretical deliquescence point of
that system, the chemical composition of the solution on the
particle surface changes gradually with increasing relative
humidity until the particle completes the transition to an aqueous
droplet. The deliquescence observed for both systems began

at relative humidities somewhat lower than predicted by theory.
Cracks formed on the surface of dry particles during their
generation may contribute to this phenomenon.

The results from the (NH4)2SO4/NH4NO3mixture were more
difficult to interpret. Most of the mixtures of different mole
ratios that we have investigated showed absorption of water at
low relative humidities. Thermodynamics and surface morphol-
ogy alone are not sufficient to explain the data. The low
crystallization point of NH4NO3 may cause particles to exist as
metastable aqueous droplets at low relative humidities even
though the solid crystal is the thermodynamically favored state.
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