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The deliqguescence behavior of multicomponent aerosols has been studied extensively by measuring the pa
size or weight growth at controlled relative humidities. To our knowledge there has been no experimer
investigation of the chemical composition of the aerosol surface as a function of relative humidity, which
extremely important in understanding a number of issues in atmospheric chemistry and physics. Rapid sin
particle mass spectrometry (RSMS) has been used in this work to explore the deliquescence behavic
particles generated from NaCl/KCI, NaCl/NakCand (NH),SO/NH;NO; mixed solutions and then
conditioned at different relative humidities. Thermodynamic predictions of the crystallization/deliquescen
behavior of each mixture were also given. For NaCI/KCl and NaCl/Nal@tures, the data were generally
consistent with thermodynamic analysis and earlier investigations. The results indicate that as the amb
relative humidity reaches the deliquescence point of the system, the chemical composition of the part
surface changes gradually with increasing relative humidity until the particle transforms completely to -
aqueous droplet. The observed deliquescence began at relative humidities somewhat lower than that prec
by equilibrium thermodynamics. This is probably due to the cracks on the particle surface. The deliquesce
behavior of (NH),SO/NH;NO; mixtures observed was very complicated and was generally not consister
with thermodynamic predictions.

Introduction MDRH is always lower than the DRH of individual solutés.
The resulting dried particles are composed of a pure salt core

A knowledge_- O.f the dellql_Jescence behfawor of muIt|cqmpo- surrounded by a mixed salt coating, where the core composition
nent aerosols is important in understanding and modeling the ;o solely determined by the original aerosol composition, but
atmospheric processes affecting air quality, visibility, and yhe coating is identical with the eutonic composition and is
climate change. Inorganic salts comprise-88% of atmo- independent of the original aerosol composition.
spheric fine aerosol mass, and most of the inorganic salts exhibit If the ambient relative humidity is increased, the size of the

deliquescence behavior upon exposure to a humid enviroriment. _ . . - . . -
In recent years substantial research has been reported on '[hgrled particle remains unchanged until the relative humidity

phase transformation and growth of aerosol particles composedre""c'”'es the MDRH, at which point the p_artlal pressure Of water
of mixed salts as a function of ambient relative humidity and in the atm_osphere bgcome; |dent|(_:al with the water activity of
temperaturg 1t the eutoni@ The solid coating having eutonic composition at

. - . the particle surface is then dissolved in the absorbed water. Due
For aerosol particles containing a single salt, the phase

transformation from solid to aqueous solution occurs at a specific to surface tension, the remaining pure salt solid core stays at
. - q . P the center of the particle and is surrounded by saturated solution
relative humidity, generally referred to as the deliquescence

relative humidity (DRH). The deliquescence behavior of of eutonic composition. Further increasing the relative humidity

multicomponent aerosol particles is much mor molicated results in more water absorption into the particle, and part of
uiticomponent aerosol particles 1S much more complicated. 4, pure salt solid core is dissolved to maintain water equilibrium
To explore the deliquescence behavior, we have to understan

i .. etween the solution and the atmosphere. At a certain relative
the opposite phase transitieefflorescence. Ge et &.de- P

; - . . humidity, which is a function of the overall composition of the
scribed the mechanlsm of m_ultlcomponent aerosol crystalllzayon original particle, the pure salt solid core is completely dissolved
and the chemical composition and morphology of the resulting into the solution, and the particle becomes a pure aqueous
dry particles in detail. Briefly, let us consider two salts in droplet '
solution. As the ambient relative humidity is lowered, one of )

the salts eventually becomes saturated, and its crystalline phase S We have shown, the surface solution composition of a
forms. As the relative humidity is further lowered, more of multicomponent aerosol particle undergoing deliquescence keeps

the solid phase of this salt forms, and the residual solution Changif‘g until a certain re_Iative hum_idity is reached. Therefore,
becomes more concentrated in the other salt. At a certainN€ deliquescence behavior of multicomponent aerosols affects
relative humidity, referred to as the mutual deliquescence & NUMPer of atmospheric processes such as fog formation, clouc
relative humidity (MDRHY)! the two salts crystallize together physics, equilibrium vapor pressure, and mass-transfer kinetics

and form a mixed solid phase at the eutonic compos#idthe of trace gases. Previous experimental work studied the deli-
guescence behavior of multicomponent aerosol particles by

p . .. continuously monitoring the changes in weight or the optical
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resulting aqueous solution on the particle surface during humidities for a short time during the flow mixing process. The
deliquescence is still experimentally unknown although ther- particles stayed in the reaction chamber for approximately 1
modynamic models are availabié® Recently, a new technique  min before entering the mass spectrometer. This time was
(rapid single-particle mass spectrometry, RSMS) has beensulfficient for particles to reach equilibrium with the water vapor
reported by Johnston and Wexttfor on-line analysis of single  in the carrier air flow. The particles were then sampled into
aerosol particles based upon laser desorption/ionization. Thethe mass spectrometer and exposed to vacuum for about 1 m:
aerosol is sampled through a differentially pumped inlet into a before undergoing laser desorption/ionization with an 193 nm
time-of-flight mass spectrometer. Each particle is detected in excimer laser (Model PSX-100; MPB Technologies, Dorval,
the source region by light scattering of a continuous heltum  Quebec, Canada) for chemical characterization.
cadmium laser beam and then ablated in-flight by an excimer In this study, all chemicals were used without further
laser. The resulting ions are accelerated into the mass specypurification: sodium chloride (Mallinckrodt), sodium nitrate
trometer, and a mass spectrum is recorded. Due to the shortAldrich), potassium chloride (Mallinckrodt), ammonium sulfate
delay (less than 1 ms) between sampling and analysis, chemicalAldrich), and ammonium nitrate (Aldrich). Spectra for (Wi
transformation and contamination of particles during sampling SO/NH;NOs and NaCl/NaN@ were obtained in the negative
are minimized. ion mode; spectra for KCI/NaCl were obtained in the positive
Carson et al>16indicated that RSMS can be used to analyze ion mode.
the particle surface composition and monitor chemical reactions.
Ge et al'? used this technigue to explore the surface chemical Results and Discussion
composition and morphology of particles dried from multicom-
ponent solutions. Neubauer etlak8studied aqueous aerosols
by ablating the particles with 248 and 193 nm excimer laser
radiation. Their results suggested that RSMS is capable o
probing the deliquescence behavior of multicomponent aerosols. o . .
In this work we use RSMS to explore the deliquescence behaviorValue of 0.738 for the water activity at the eutonic point
of three groups of multicomponent aerosols containing NaCl/ (MDRH) of the NaCl/KCl system. Cohep et %\Iconflrr_ned
KCI, NaCl/NaNG;, and (NH),SOy/NH,NOs, which are com- thege values apd extended th.e water activity data for this system
mon constituents of atmospheric aerosol particles. to higher sqlutlon concentrations. Both of them observed that
the dry particle of NaCl/KCI was anhydrous and contained only
two pure crystalline phases of NaCl and KCI. Ge €failsing
RSMS studied the crystallization process of this system and
The experimental methods, instrumentation, and setup em-observed the eutonic point. To elucidate the deliquescence
ployed in this investigation have been described in detail behavior of this system, let us defiXgc) = mkci/(Mkel + Myac)
elsewherd517.18 Generally, monodisperse aerosols of a known as the relative solute mole fraction. The eutonic composition
size and composition were produced from a vibrating orifice point is then aXkci = 30%. Consider an aqueous droplet of
aerosol generator (Model 3450; TSI, St. Paul, MN). A solution composition Xkciy = 10% subjected to decreasing relative
containing the desired amounts of respective salts plus 1:1humidity. For relative humidities lower than the MDRH, a dried
(v:v) mixture of ethanol and water solvent was fed into the particle forms that is composed of a pure NaCl core surrounded
generator. The generated droplets were subsequently exposelly a coating of eutonic composition witkkci = 30%1? If
to a stream of dry air at relative humidity less than 3% for this dried particle is subjected to an increase in relative humidity,
approximatgl 4 s which removed the solvent, yielding a the particle will remain unchanged until MDRH is reached. The
monodisperse dried aerosol of solute particles. Particle sizecoating having eutonic composition at the particle surface is
distribution was monitored with an aerodynamic particle sizer then dissolved in the absorbed water. Due to surface tension,
(Model 3310; TSI, St. Paul, MN). The mean dry particle the remaining pure NaCl solid core stays at the center of the
diameters of all aerosols studied were around@nsand fairly particle and is surrounded by saturated solution Wtk =
monodispersedg( < 0.3 um). 30%. Further increasing the relative humidity results in more
The dry particles then passed through a relative humidity water absorbed into the particle, and part of the pure NaCl solid
controlled annular laminar flow reaction chamber which was core is dissolved to maintain the water equilibrium between the
connected to the differentially pumped mass spectrometer inlet. solution and the atmosphere. The relative mole fractij
The humidity system was very similar to that described by Of the solution decreases as the relative humidity increases. At
Neubauer et al” except for a few modifications. Saturated air @ certain relative humidity, which is close to but lower than the
was prepared by bubbling dry air through temperature controlled DRH of pure NaCl (75.7%), the NaCl solid core is completely
water, with subsequent cooling, and then mixed with the aerosol- dissolved into the solution, and the particle becomes an agueous
carrying air flow. The relative humidity and temperature were droplet withXxci = 10%.
continually monitored with an hygrometer (Model HT205W; For aqueous particles originally haviXgc > 30%, say 50%,
Rotronic Instrument Corp., Huntington, NY) which was located the crystallization and deliquescence behavior are simil¥igtp
near the mass spectrometer inlet. The desired relative humidity= 10%, but the core of the dried particle is pure KCI. Thus,
was obtained by adjusting the relative flow rates of saturated the relative mole fraction{xci) of the solution increases as the
and dry particle-containing air. The adjustable range of relative relative humidity increases. At a certain relative humidity,
humidity was 7%-94%. Note that although the relative Wwhich is between MDRH of this system (73.8%) and DRH of
humidity of the air used to dry the aerosol was below 3%, pure KCI (84.3%), the pure KCI solid core is completely
substantial water evaporated from the droplets during the drying dissolved into the solution, and the particle becomes an agueous
process increased the final relative humidity in the reaction droplet with Xkci = 50%.
chamber to 7% even if no saturated air was added. The relative If Xkc happens to be 30%, the eutonic composition of this
humidity measurements were accurate to within 1%, although system, the particle crystallizes or deliquesces like pure salt at
some of the particles may have experienced higher relative relative humidity of 73.8%. The phase transformation either

KCI/NaCl. The solubility diagram of this system was
constructed by Tang. From the solubility curves, it was
sdetermined that the eutonic point for this system is at the mole
fraction NaCl:KCl= 7:3. Tang et af.experimentally found a

Experimental Section
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The laser fluence was 0.4 J/&nMean particle diameter was 3.8n.
RH=78% Each data point is the average of at least 40 spectra. The error bars
indicate the standard error of the mean.
| U wn b
RH=90% translational cooling from the increased water content in the
plumel”19 Further relative humidity increases lead to decreas-
. L . Ja ing intensity of the peak due to Ngnvz 23) and other peaks
due to cluster ions. Note that the ion intensity of the peak due
0 10 20 30 40 50 60 70 80 90 100 110 120 130 to K+ (mvz 39,mvz 41) remains nearly constant for those spectra.
m/z Therefore, the peak area ratio of {ff{Na™*] increases as the

relative humidity increases. This observation indicates that the
aqueous droplet of NaCKCI mixture withe = 50% and then relative'mole fra}cFior) of KCI on the particle surface increases
conditioned at various relative humidities. The laser fluence was 0.4 @S relative humidity increases.
Jicn?. Mean particle diameter was 3.8n. Even at relative humidities far above the MDRH, where the
particle contains a substantial aqueous phase, water clusters (e.g
from aqueous to solid or from solid to aqueous occurs abruptly. H(H20),") are not observed. The only peak associated with
The dried particles of this composition are morphologically and water K(HO)* (nm/z 57) remains weak even at high relative
chemically uniformt? humidity. During the laser desorption/ionization process, ions
In this study, we generated particles containing NaCl and KCI, such as Na and K" are readily formed in the plume because
with the relative KCI mole fractions of 10%, 30%, and 50%, the corresponding neutrals have low ionization potentials. Water
and applied 0.4 J/ctaser fluence to each sample. The relative clusters are not observed because the initial step in their
humidities ranged from 10% to greater than 90%. At least 40 formation, ionization of vapor-phase,@, is inhibited by its
successive single particles were analyzed with the same nominahigh ionization potential. Furthermore, the high-energy envi-
operating conditions (generated from same solution, preparedronment of the plume favors cluster dissociation (i.e., evapora-
with same relative humidity, and ablated at same laser fluence).tion) rather than condensation.
Figure 1 displays the positive ion spectra of particles generated To further explore the changes of particle surface composition
from a solution of NaCl and KCl in a 1:1 mole ratiXyc = during deliquescence, the peak area ratios 0f(ik/z 39) and
50%) and then conditioned at various humidities. Each Na" (m/z23) were calculated for each spectrum to indicate the
spectrum is the average of 40 individual spectra obtained atrelative mole ratio of components. Figure 2 shows the peak
the identical operating conditions. Averaging was performed area ratio ([K)/[Nat]) versus relative humidity. Each data point
to observe all the trend$. At a relative humidity of 10%, the represents the average of at least 40 spectra of identical particles
particles stay dry and the spectrum is very similar to what we For particles generated from solutions wiXkc) = 10%, the
have detected with 248 nm laser fluerdédioth simple cations peak area ratio of [K]/[Na*] remains constant until relative
(Na", K*) and cluster ions (N&LIT, NaKCI", K,CI*) are humidity reaches 70%. Then the peak area ratio decreases
observed. As the relative humidity increased to 68%, the gradually, and at relative humidities beyond 76% the peak area
spectrum is essentially the same as at a humidity of 10% exceptratio remains constant with increasing relative humidity, indicat-
for noticeable decreases of ion intensity to all the peaks probablying that the particle has completed the phase transition to an
due to adsorbed water. At a relative humidity of 70%, a new aqueous droplet, in agreement with the thermodynamic analysis.
peak due to K(HO)" (m/z57) appears and confirms that water For particles generated from solutions wikec) = 30%, i.e.,
has been adsorbed on the particle surface. At relative humidity eutonic composition, the peak area ratio generally does not
of 72%, the spectrum changes dramatically, with substantial change as a function of relative humidity. The data suggest
decreases of ion intensity in all peaks. This phenomenon that particles of this specific composition are chemically
suggests that significant amounts of water reside on the particleuniform. For particles generated from solutions wike) =
surface, which changes the laser desorption/ionization mecha-50%, the peak area ratio of {§{/[Na*] remains constant until
nism and ion yield$718 Particulate water also induces peak the relative humidity reaches 70%. Then the peak area ratio
narrowing in the mass spectra which can be attributed to increases gradually, and at relative humidities beyond 86% the

Figure 1. Averaged positive ion spectra of 40 particles dried from an
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peak area ratio generally no longer changes, showing that the ago
particle was completely dissolved.

Standard error of the mean for each data point also has been
shown in Figure 2. The patrticle-to-particle fluctuations probably
result from pulse-to-pulse inhomogeneities within the excimer
laser beam, phase distribution, and morphology. Mansoori et
al2% showed that averaging a greater number of particles could
lower the error.

Generally, we have observed that NaCl/KCl system shows MDRH
apparent deliquescence behavior, and the experimental resultsSs o5
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 080 B S
the deliquescence relative humidity of 74% observed by Tang 00 01 02 03 04 05 06 07 08 08 10
et al® using an optical particle counter and Cohen eétading Xnacl
electrodynamic balance. The differences imply that substantial Figure 3. Water activity at saturation of an agueous solution of NaCl
water has been adsorbed on the particle surface at relativeand NaNQ at 25°C.
humidities lower than the MDRH since RSMS is known to be
surface sensitivé16 Similar phenomena were reported by other humidity. Considering that the meniscus of water in a capillary
researchers on the surface of pure NaCl aerosols. Vogt andis concave, in contrast to the convex surface of a water drop,
Finlayson-Pitt3! using diffuse reflectance infrared Fourier and applying the Kelvin equation, we have
transform spectrometry observed that significant amounts of
water reside on the pure NaCl aerosol surface at a relative 2M,,0,
humidity of 53.8%, far below the deliquescence relative RH=a, exp — RTpr
humidity of pure NaCl salt (75.7%). Neubauer et&found "
water on pure NaCl aerosol at a relative humidity of 70% using

the same apparatus as this study. Other work also conflrmsthe capillary, M, is the water molecular weighty. is the

these observatiorfg:?3 A . ;
) . . ... surface tensiorR is the universal gas constatfftjs the absolute
Water on the surface of aerosol particles at relative humidities temperaturep,, is the density of water, andis the radius of

lower than the deliquescence p:?(iént may change the ;gfaioncurvature of water surface in the capillary. The equation shows
kinetics of aerosols with trace gasésBarraclough and H that the water activity inside the cracks is always lower than

studied the adsorption of water vapor by NaCl at room g geliquescence relative humidity due to the negative curva-
temperature and found that a monolayer of water was adsorbed ;e and also the smaller the crack size. the lower the

on the salt surface at relative humidities lower than the

deliquescence point. They proposed two-dimensional conden-re|ative humidity lower than the deliquescence relative humidity,
sation and a concept of "active sites” on the surface as a mostggicient water has been adsorbed into the cracks on the particle
reasonable interpretation of their experimentally derived water ¢, tace to be detectable by RSMS. For the NaCl/KCI system
vapor adsorption |sothe_rms. Itis unllk_ely that t_hg water on the s transition happened at around 6898% relative humidity.
surface of aerosol particles at a relative humidity lower than | .o pe estimated by using the equation that the crack size to
the deliquescence point observed in the present study was duge,,ce the water vapor pressure over the crack to the observec
to the same mechanism of water vapor adsorption on NaCl, 51 e is about 30 nm, which is reasonable considering the 3.5
surface proposed by Barraclough and HallRSMS probably um particle diameter.
would not be able to detect this small amount of water based NaCl/NaNOs. Atmospheric NaCl comes from the evapora-
; i 18 .

on previous studlgs in our grodp! . ) tion of sea spray produced by bursting bubbles or wind-induced

The condensational growth of aerosol particles during the wave breaking actio® The reactions of NaCl aerosols with
expansion of carrier gas in the mass spectrometer inlet maynO,, HNO;, and NOs in the atmosphere produce NallO

Saturation

0.75

0.70 4

Activity at

Wat

where RH is the relative humidity,, is the water activity in

equilibrium pressure of water over it. Therefore, at a certain

introduce water on the particle surface. Neubauer Etaing solids2! Using Aerosol Inorganics Model Il (AIM I, URL:
the condensational growth model developed by Mallina & al.  http://www.me.udel.edu/wexler/aim.htnfi}3 we can plot the
determined that, at the relative humidity of 70%,yal2 nm water activity at saturation of the NaCl/NaN®ystem versus

thick layer of water condenses on the particle surface. This Xy,c; = myac/(Mnaci + Muano,) at 25°C (see Figure 3). The
amount of water would not be detectable by RSMS. Also, the eutonic point for this system iXnaci = 37.8%, with a
water layer on the particle surface introduced by condensation corresponding MDRH of 67%. The thermodynamic analysis
grows linearly with the increases of relative humidity of carrier of the deliquescence behavior of this system is very similar to
gas. Therefore, the spectrum should change smoothly whichthat of the NaCI/KCI system.
contradicts our observations. The deliquescence behavior of the particles that we studied
A reasonable interpretation of our observations may be that was consistent with theoretical analysis. Three mixtures of
the aerosol particles generated by the vibrating orifice aerosol NaCl/NaNG with relative NaCl mole fraction at 20%, 37.8%,
generator (Model 3450; TSI, St. Paul, MN) contain substantial and 80% have been investigated. A laser fluence of 0.42)/cm
cracks and even pores on the particle surfa@é. The cracks was applied to each sample. The relative humidities ranged
on the surface may increase the adsorption of water significantly from 10% to 76% and higher. At least 40 successive single
due to surface tension lowering of water activity in pores. particles were analyzed with the same nominal operating
Pruppacher and Kléfttpointed out that aerosol particles contain conditions. Figure 4 displays the negative ion spectra of
air capillaries in which condensation of water vapor proceeds particles generated from a solution with a relative NaCl mole
at a relative humidity lower than the deliquescence relative fraction of 80% and then conditioned at various relative
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RH=67% Figure 5. Peak area ratio of [C}/([NO2~ ] + [NO3]) versus relative
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l “ l k A 37.8%, and 80%. The laser fluence was 0.4 3/chtean particle
: * * . diameter was 3.xm. Each data point is the average of at least 40
RH=70% spectra. The error bars indicate the standard error of the mean.
I ‘ | A was calculated for each spectrum to indicate the relative mole
U, . e ratio of components. Figure 5 displays a plot of this ratio versus
RH=76% relative humidity. Each data point represents the average of at
least 40 spectra of identical particles. For particles generated
| l from solutions withXnac = 20%, the peak area ratio ([Q!
e — ; . - (INO2~ ] + [NO37])) remains unchanged until the relative

1020 30 40 50 60 70 80 90 100 110 120 humidity reaches 66%. The peak area drops significantly as
m/z the relative humidity increases to 67%. Then the ratio decreases
Figure 4. Averaged negative ion_spectra_of 40 particles dried from an gradually with increasing relative humidity, implying that the
aqueous droplet of NaCl/NaNGnixture with Xaci = 80% and then 1,010 fraction of NaN@in the solution increases as the relative
conditioned at various relative humidities. The laser fluence was 0.4 e
Jicn?. Mean particle diameter was 3.6n. humidity increases. _ _ B
For particles generated from solutions of eutonic composition
humidities. At a relative humidity of 10%, the particles whereXyaci = 37.8%, the peak area ratio remains generally
remained dry, and peaks correspondingto G-, OH~, C;H™, constant in the range of measurement error until the relative
Cl7, NO;7, NOs~, NaCk~, and (NaCl)NQ~ were observed. humidity reaches 66%. The ratio then drops suddenly. But
The C, OH~, and GH™~ peaks may be attributed to the ethanol after the relative humidity reaches 67%, as we continue to
solvent or organic contamination during aerosol preparafiéh. increase the relative humidity, the peak area ratio basically
Note that the intensity of the OHpeak is much lower than  remains unchanged. The data suggest that the particles change
that of O". As the relative humidity increases to 60%, the from dry state to aqueous solution abruptly. The larger peak
spectrum is essentially identical with the spectrum at a humidity area ratio in the dry state may be attributed to the higher
of 10%. At a relative humidity of 65.5%, the intensity of the ionization sensitivity of sodium chloride than of sodium nitrate
OH~ peak increases, and a new but very weak peak due toin the mixed crystal, as we also observed from spectra that the
(NaCIl)OH~ (m/z 75) appears, indicating that water has been CI~ peak was much stronger than the peaks due tg™NMd
adsorbed on the particle surface. At 66.4% relative humidity, NO3~. For particles generated from solutions Wik = 80%,
the spectrum changes significantly. The Opeak becomes  the peak area ratio ([CJ/([NO2~ ] + [NOs™])) remains constant
larger than the O peak, the (NaCl)OH peak appears, and the until the relative humidity reaches 66%. The peak area ratio
peak due to cluster ion (NaCl)NO grows. All the changes  drops suddenly as the relative humidity increases to 67%,
imply that substantial water has been adsorbed on the particleindicating that a solution forms on the particle surface. Then
surface. At a relative humidity of 67%, the spectrum changes the data increase gradually as the relative humidity increases,
dramatically, with substantial decreases of ion intensity to all suggesting that more NaCl is dissolved. At relative humidities
the peaks. This observation suggests that significant amountsbeyond 75%, the peak area ratio does not change much with
of water reside on the particle surfactne presence of an  relative humidity, indicating that the particle is a pure aqueous
aqueous solution changes the laser desorption/ionization mechdroplet.
anism and yield$?'8 Further relative humidity increases lead Similar to the NaCl/KCl system, we observed that the
to decreasing N& ion intensity (nz 46) while the Ct ion deliquescence of this system occurred at relative humidity
intensity (n/z 35, m/z 37) remains nearly constant. Therefore, around 66%, less than the predicted value of 67% which may
the peak ratio of [Cl]J/[NO,] increases with relative humidity,  not represent a significant difference considering the accuracy
indicating that the relative mole fraction of NaCl on particle in the relative humidity system. The mole fraction of solution

surface increases as relative humidity increases. formed on the particle surface during deliquescence changes
To further explore the changes of particle surface composition gradually over a range of relative humidities except when the
during the deliquescence process, peak areas ofr@kz 35, original aerosol composition is at the eutonic point. Vogt and

m/z 37), NO;~ (m/z 46), and N@~ (m/z 62) were measured,  Finlayson-Pittd! studied the reactions of NaCl aerosols with
and the peak area rationz 35 + m/z 37):(M/z 46 + m/z 62) NO,, HNOs, and NOs. They found that a quasi-liquid layer
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SO, and NHINO; at 25°C.

on the particle surface was formed even at water vapor pressure
below the NaCl deliqguescence point. They also discovered that,

on drying of the particles, the reactions of NaCl with N&nd
HNO; form NaNGQ; 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

Ge et al.
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of the NaCl/NaNQ@ system, it is clear that if the relative
humidity decreases below the MDRH, crystallization results in

m/z
Figure 7. Averaged negative ion spectra of 30 particles dried from an

a dry particle composed of a pure salt core and shell of eutonic aqueous droplet of (NPLSQ/NH4NO; mixture with Xw,),so, = 50%

composition Xnaci = 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, N®INO;, and NOs react with
the NaCl on the particle surface, produce more NgNi@plete
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)2SO/NH4NO3. The deliquescence behavior of mixed
(NH4)2SOy/NH4NO3 aerosols is much more complicated than
for KCI/NaCl and NaCl/NaN®@mixtures. Figure 6 shows the
water activity at saturation of (NJESOyYNH4NO; system versus
XNHa)50, = MiNH 0 (Mivka,sa, + Mianog) at 25°CH2 In
region A X(nHg),so, < 0.06), the dried particle is composed of
an NHNO;s solid core surrounded by an (NHSOy-2NH;NO4/
NH4NOs mixture. Thus, the relative mole fractioXn,,so,)

and then conditioned at various relative humidities. The laser fluence
was 0.6 J/crh Mean particle diameter was 3i6n.

abruptly. The dried particles of this composition are morpho-
logically and chemically uniforr?

Six mixtures of (NH),SOJ/NH4NO3 with relative (NH),-
SO, mole fraction at 2%, 6%, 20%, 28%, 50%, and 80% have
been investigated. A laser fluence of 0.6 Hamas applied to
ach 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 (NH),SO, 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-, C;H™, NO,~, NOs~, SG;~, HSQ,, and
HNO3-NO3~ are observed. The £~ peak may be attributed
to the ethanol solvent or organic contamination during aerosol

of the solution decreases as the relative humidity increasespreparatiori®2? We do not observe the abrupt spectral intensity
during deliguescence. For droplets whose original mole fraction change at higher relative humidities as was observed in the

is in region B (0.06< XH,),s0, < 0.28), the dried particles are
composed of an (N.SO;-2NH4NO3 core surrounded by a
mixture of (NHy)2SOs-2NHsNO3 and NHINOs.  The relative
mole fraction Knh,),sa,) Of the solution increases as the relative
humidity increases. If the original droplet mole fraction is in
region C &nH,),so, > 0.28), the dried particles are composed
of an (NHy)2SO, solid core surrounded by a layer of (MW
SO-2NH4NO3 and (NH)2SO,. Similar to compositions in
region B, the relative mole fractiorX{u,),so,) of the solution
increases as the relative humidity increases.

If XnHgoso, happens to be at one of the two eutonic
compositions (6% and 28%), the particle crystallizes or deli-

NaCl/KCI and NaCl/NaN@ systems. A very weak peak of
HSO-H,O~ appears in the spectra of particles at relative
humidities higher than 60%.

To further investigate particle surface composition changes
during the deliqguescence process, the peak area ratio offHSO
(M/z97):(INO;7] (m/z46) + [NO3~] (m/z 62)) 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 aKn,),sa, = 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, wher&nh,),so, = 2%, the peak area

quesces like a pure salt at a relative humidity of 60% (eutonic ratio decreases gradually as the relative humidity increases to

point I) or 66% (eutonic point Il). The phase transformation

60% and then drops relatively faster until relative humidity

either from aqueous to solid or from solid to aqueous occurs reaches 64%. The peak area ratio does not change much a
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Figure 8. Peak area ratio of [HSO]/([NO, ] + [NO37]) versus relative humidity for particles generated from solutions wittX@),),so, = 2%,
(b) X(NH4)2304 = 6%, (C) X(NH4)2304 = 20%, (d) X(NHA)ZSQ4 = 28%, (e)X(NHA)ZSO4 = 50%, and (f)X(NH4)2504 = 80%. The laser fluence was 0.6 J&m
Mean particle diameter was 3:8n. Each data point is the average of at least 30 spectra. The error bars indicate the standard error of the m

higher relative humidities. Although the trend of deliquescence experimentally. The data reported by Tanglicated that pure
is obvious, the thermodynamic analysis predicts that the peak NH4sNO; aerosols are more hygroscopic than deliquescent. ten
area ratio should not decrease when the relative humidity is Brink and Veefkind® observed the crystallization point of pure
lower than the MDRH, which is 60% for this system. The NH4NO; aerosol particles to be lower than 10%. The particles
difference between thermodynamic prediction and experimental may exist as metastable aqueous droplets instead of thermo:
data implies that some other factors contribute to the particle dynamically favored dry particles even at the lowest relative
water absorption. Even at a relative humidity lower than the humidity (around 10%) in this stucd. Neubauer et &l
MDRH, the particle absorbs water and exhibits hygroscopic employed a similar apparatus as this study and confirmed that
behavior. Similar observation has been reported by ten Brink NHsNO3; contains water, even at very low relative humidity.
and Veefkind®© They observed that NN O3 aerosols undergo a gradual phase
The deliquescence behavior of bhi%D; is difficult to observe transformation from dry to wet particles. ten Brink and
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Veefkind®® also investigated the deliqguescence behavior of at relative humidities somewhat lower than predicted by theory.
aerosols with 1:1 and 1:5 mixture of (NHASOJ/NH4NO3 and Cracks formed on the surface of dry particles during their
found that the 1:5 mixture did not show deliquescence or generation may contribute to this phenomenon.

crystallization and thus behaved MWOs-like. Therefore, the The results from the (NB,SOJ/NH4NOs mixture were more
particles withX,,sa, = 2% and 6% (see Figure 8b) were gisicyt to interpret. Most of the mixtures of different mole
more likely metastable aqueous droplets rather than dry particles, atios that we have investigated showed absorption of water at
even at the lowest relative hum|d|t|e§ studied. _ low relative humidities. Thermodynamics and surface morphol-
[N(F)Ig‘li;evzfsizorvglsa:ir\]/z F;\eu%(igirt)e/i‘(;ratlpoar?c[lgssﬁi[&(oz 1+ ogy alone are not sufficient to explain the data. The low
U 28% which is in the region B of Figure 6. The NpHé)gT(Qarea crystallization point of NHNOs may cause particles to exist as

! : metastable aqueous droplets at low relative humidities even

ratio generally does not change until the relative humidity : . .
reaches 60%, where the ratio drops suddenly. As the relativethough the solid crystal is the thermodynamically favored state.

humidity becomes higher than 68%, the curve flattens. The )
data show that significant phase change happened at relative Acknowledgment. This research was supported by grants
humidity of 60%. But the peak area ratio drops during from the National Science Foundation (ATM-9422993) and the
deliquescence rather than increases, contrary to what weEnvironmental Protection Agency (R82-2980-010). Also, we
expected from thermodynamic predictions. This may be due would like to thank NATO for supporting the development of
to known complications in the laser ablation process. NeubauerAIM2.
et al1”18reported that the effect of water on laser desorption/
ionization process may complicate the interpretation of experi- References and Notes
mental results. (1) Tang, I. N. InGeneration of Aerosols and Facilities for Exposure
As indicated by the data shown in Figure 8d for aerosols ExperimentsWilleke, K., Ed.; Ann Arbor Science Publishers: Ann Arbor,
; — 5q0 ; i MI, 1980.
Wlth_ T(Nngsﬁ“ thSA]’ the S_eC(I)lnd eultor_"C ﬁom%c_)s_ltlon, th.e (2) Tang, I. N.J. Aerosol Scil976 7, 361.
particles behave ygroscoplca y atrelative um' ities ranging (3) Tang, I. N.; Munkelwitz, H. R.; Davis, J. G. Aerosol Scil978
from 10% to 35%. The particles generally remained unchangedg, 505. _ ‘
as the relative humidity increased from 35% to 58%. Thenthe  (4) Tang, I. N.;Wong, W. T.; Munkelwitz, H. RAtmos. Emiron. 1981,

. L 15, 2463.
ratio drop_s gradually,_ indicating that more water has been (5) Cohen, M. D.; Flagan, R. C.; Seinfeld, J. H.Phys. Chem1987,
absorbed into the particles. 91, 4575.

For aerosols wittn,),so, = 50%, which is in the region C (6) Cohen, M. D.; Flagan, R. C.; Seinfeld, J. H.Phys. Chen987,

i ; ; 91, 4583.
of Figure 6, the peak area ratio data (see Figure 8e) are (7) Wexler, A. S.; Seinfeld, J. HAtmos. Emiron. 1991, 25A 2731.

particularly interesting. The curve goes up at relative humidity (8) Chan, C. K. Flagan, R. C.; Seinfeld, J. Atmos. Eniron. 1992
of 40% and then drops gradually until the relative humidity 26A 1661.

reaches 60%. The curve flattens at higher relative humidities. (1(8)) *;g'tﬂllifg#'\/sak%s&;?ﬁogg}n '\g-sjgglilr%rl]gi‘é ;56391-1 663
The data indicate that the particle surface absorbed substantial (1) Potukuchi. S.. Wexler. A. SAtmos. Emiron. 1995 29, 3357,

amounts of water at relative humidities much lower than the  (12) Ge, z.; Wexler, A. S.; Johnston, M. \J. Colloid Interface Sci.
corresponding relative humidity at the eutonic point I, which 1996 183 &8.

; 0 N i — ano (13) Clegg, S. L.; Pitzer, K. Sl. Phys. Chem1992 96, 9470.
is around 66%. The data in Figure 8{{n,.so, = 80%) show (14) Johnston, M. V.. Wexler, A. SAnal. Chem1995 67, 721A.

similar trends. o ) _ (15) Carson, P. G.; Neubauer, K. R.; Johnston, M. V.; Wexler, AL S.
Thermodynamic equilibrium alone cannot explain the deli- Aerosol Scil1995 26, 535.

quescence behavior that we have observed for the mixtures of _(16) Carson, P. G.; Neubauer, K. R.; Johnston, M. V.; Wexler, A. S.
NH4)>,SO/NH4NO3. As we have proposed, the low crystal- Aerosol Sci. Technoll997 26, 291,
(NHa)2 4NQs. prop , y (17) Neubauer, K. R.; Johnston, M. V.; Wexler, A. Bt. J. Mass

lization point of NH;NO3; may cause the particles at relative Spectrom. lon Processd997 163 29. .
humidities lower than the MDRH to exist as metastable aqueous  (18) Neubatuer, fK-_R-:IJOhnStOF;- M-tVE\éVnexleE A.S. HUTE'd!RI gffeCtS

. N mass spectra or single aerosol partic 0S. E@miron., submitted.
droplets. Thus, the (Np,SQ/NHJNOs mixture aerosols may (19) Zhang, J.-Y.; Nagra, D. S.; Li, lAnal. Chem.1993 65, 2812.
exhibit both hygroscopic and deliquescent behavior simulta-  (20) Mansoori, B. A.; Johnston, M. V.; Wexler, A. Snal. Chem1994
neously. Other factors, such as the complexity of laser 66, 3681.

inn/innizati ; ; it (21) Vogt, R.; Finlayson-Pitts, B. J. Phys. Cheml1994 98, 3747.
desorption/ionization mechanism, may contribute to uncertainties (22) Barraclough, P. B.; Hall, P. GSurf. Sci1974 46, 393,

interpreting the experimental dalta.3233 (23) Dai, D. J.; Peters, S. J.: Ewing, G. E.Phys. Chem1995 99,
10299.
Conclusion (24) Mallina, R. V.; Wexler, A. S.; Johnston, M. \J. Aerosol Sci1997,
28, 223.
The deliquescence behavior of three multicomponent aerosols, (25) Leong, K. H.J. Aerosol Sci1981 12, 417.
NaCl/KCl, NaCl/NaNQ@, and (NH;);SOy/NH4NOs, has been (26) Leong, K. H.J. Aerosol Sci1987, 18, 525.

. . . 27) P her, H. R.; Klett, J. DMicrophysics of Clouds and
studied theoretically and experimentally. The results of the two Pre(cigitat[gﬁ"sgideeﬁ: Dordrechte 1980. Icroprysics ot ~louds an

relatively simple systems, NaClI/KCI and NaCl/Nap@on- (28) Pandis, S. N.; Wexler, A. S.; Seinfeld, J. HPhys. Cheml995
firmed the thermodynamic analysis and were consistent with 99, 9646. _ _ _
observations reported by other researchers. As the ambientre((:%?])oj'\gggfg;c”%'gﬁ' M.; Thomson, D. S.; Murphy, D. Merosol Sci.
relative humidity reaches the theoretical deliquescence point of  (30) ten Brink, H. M.; Veefkind, J. PJ. Aerosol Sci1995 26, S553.
that system, the chemical composition of the solution on the lgé%i%;ogg,?M. J.; Shaw, M. A; Larson, T. V.; Covert, D. Sature
partl_clfe surface cha_nges gradually with increasing relative (32) Thomson, D. S.: Murphy, D. MAppl. Opt. 1993 32, 6818

humidity until the particle completes the transition to an aqueous  (33) Thomson, D. S.; Middlebrook, A. M.: Murphy, D. Merosol Sci.

droplet. The deliquescence observed for both systems begarTechnol 1997, 26, 544.



