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In an electrodynamic particle trap, experiments with single levitatg8ldNH3/H,O aerosol particles have

been performed under atmospheric conditions. Four analytical methods provide independent information on
the aerosol composition and structure (measurements of Mie scattering, Raman scattering, scattering fluctuations,
and of mass). The morphology of the aerosol particles and the water uptake and drying behavior are investigated
including the determination of deliquescence and efflorescence relative humidities. In general, the
thermodynamic data derived from our measurements are in good agreement with previous work. The observed
solid phase is mostly letovicite [(NjEH(SOy);] and sometimes ammonium sulfate [(WEEO], whereas
ammonium bisulfate [(NEHSO,] does not nucleate at temperatures between 260 and 270 K despite
supersaturation over periods of up to 1 day. This underlines the atmospheric importance of letovicite, which
has been ignored in most previous studies concentrating on ammonium sulfate. When the stoichiometry of
the aqueous solution in the droplets is chosen as neither that of ammonium sulfate nor letovicite, the particles
forming after efflorescence are mixed-phase particles (solid/liquid), representing the usual case in the natural
atmosphere. Upon crystallization these mixed-phase particles reveal a range of different morphologies with
a tendency to form complex crystalline structures with embedded liquid cavities, but there is no evidence for
the occurrence of crystalline material surrounded by the remaining liquid. This liquid possibly resides in
grain boundaries or triple junctions between single crystals or in small pores and shows little mobility upon
extensive drying, unless the shell-like surrounding solid cracks.

1. Introduction The physical state of aerosol particles is of substantial interest
Because of their scattering and absorbing properties, atmo-in particular with re_gard to the_ microphysical aerosol behav_io_r.
spheric aerosol particles affect the radiative balance of the Earth. The process in which dry solid crystals stay dry upon humidi-
Besides this direct climatic effect, aerosol particles contribute fication but take up water spontaneously above a certain relative
also indirectly as cloud precursors to the terrestrial radiation humidity (RH) to form an aqueous solution is called deliques-
budget. Neither the direct nor the indirect effects are quantita- cence, and the corresponding RH value thermodynamically
tively well characterized, leading to large uncertainties in the required for this to happen is called the deliquescence relative
global mean radiative forcing caused by aerosol particles, which humidity (DRH). The inverse process of solidification is called
may counteract the forcing by greenhouse gases to a largeefflorescence, which is, in contrast to deliquescence, not
degreé. In particular, the exact role of aerosols in the formation thermodynamically determined but a kinetic nucleation phe-
mechanisms of cirrus clouds is poorly understood, although nomenon requiring supersaturation. The RH value typically
about 30% of the Earth is covered with cirrus cloddhe net required for solidification is called the efflorescence relative
radiative effect of a cirrus cloud may be either to warm or cool humidity (ERH). The fact that ERH is not equal to the DRH
the Earth, depending on the altitude (and hence temperature)but is often considerably lower) is called the deliquescence/
and optical density of the cloud (the so-called greenhouse- efflorescence hysteresis. Recently, the first systematic global
versus-albedo effect$).It is important to understand the calculation of the physical state of atmospherically relevant
processes that control the cloudwater content, the crystal shapeH,SOy/NH3y/H,0 aerosol particles that takes this hysteresis fully
and the crystal size distribution, because the warming/cooling into account has been performed in a Lagrangian trajectory
balance depends strongly on such prope#ti€ansequently, study®
microphysical understanding of the mechanisms associated with  gocause in atmospheric particles the stoichiometry of the

mfr:;:_s ;Io;d Iolr:manon IS Irequ_|red tr? o_btalulil relllatéle e_stlma:jesd droplets is unlikely to correspond precisely to the crystallizing
? IS bu Qt’r? : ?fr e;<amfp & rrt].lcrop }(ﬁ'ca TOV\;efge IS Needed g5jiq, usually a liquid remains upon crystallization. Therefore,
0 assess the etiects of aviation In fhe context of Increases Inby far most of the atmospheric aerosol particles are not expected

: 4 .

cirrus cIou_d cov_ei*. Ex_penmen@al laboratory work can be_ to become totally dry and solid but rather to form a mixed phase,

applied to investigate microphysical aerosol processes, helping L . T .
containing a solid and a remaining liquid. The morphologies

to provide a basis for our understanding and for parametrizations fth ticl b | ddi Followina Wei
applied in cloud models and numerical weather prediction 0 ese_pa7r Icles may be complex and diverse. ollowing VVels

modelss and Ewing’ principal morphological structures are illustrated
in Figure 1, which displays a single crystal (I), an agglomerate

* Corresponding author: E-mail: christina.colberg@env.ethz.ch. of single crystals or a polycrystalline solid (l1), a polycrystalline
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Figure 1. Possible structures of aerosol particleBlorphological

differences are displayed: (1) single crystal; (II) agglomerate of single

crystals, respectively, a polycrystalline solid; (lll) polycrystalline

material with several open but liquid-filled cavities; (IV) solid poly-

crystalline shell with embedded liquid; (V) solid single-crystalline shell I
with embedded liquid; (VI) single crystal with surrounding liquid; (VII) bisulfate + liquid

sulfate + liquid

solid - liquid
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polycrystalline solid with surrounding liquid; (VIII) liquid aerosol

particle. It must be pointed out that the polycrystalline materials might | | I |

contain different solids. 0 1.0 1.5 2.0
ASR

material With several open cavities fillgd \{vith liquid (III.), alsolid Figure 2. Thermodynamically expected pure solid particles, their
polycry_stalllne shgll with embed(_jed_ liquid (IV.)’ a solid smgl_e- internal mixtures, and mixtures of one of the solids together'with a
crystalline shell with embedded liquid (V), a single crystal with - emaining liquid at 260 K within the $50/NHy/H.O system (Courtesy
surrounding liquid (V1), a polycrystalline solid with surrounding  of K. Carslaw, University of Leeds, U.K.). The possibility of sulfuric
liquid (VII), and a totally liquid aerosol particle (VIII). Work  acid hydrate formation is not considered because it is known that these
using electron microscopy? indicates that atmospheric aerosol do not crystallize/®
particles indeed occur as complex aggregates with all kinds of
different morphologies. Mostly this is influenced by the fact Clegg et af® determined the composition and phases of the
that atmospheric aerosol particles may have complex composi-aerosol at a given RH and temperature of thesiE5Q/HNOy/
tions; however, there is evidence that complex morphologies H20 system at atmospheric temperatures. Because there is a
exist even in aerosol particles consisting of only two species. lack of low-temperature data of the NH>SO/HNO/H0
An IR spectroscopic flow tube stulyf solid NaCl aerosol ~ system, the AIM model of Clegg et &l.is mainly based on
particles effloresced from aqueous solutions shows that theyexperimental data obtained at room temperature.
still contain water. The liquid is most likely present in pockets  In a next step of simplification one may note that there is
or trapped by a solid shell. Shell formation has also been litle HNO3z in sulfate aerosol particles in the upper troposphere,
observed in similar electrodynamic balance experimédtsing largely because of the rather low mixing ratios of HNOField
the crystallization of NaCl solution droplets. measurements of continental aerosol particles show besides
Besides radiative effects, the morphology of aerosol particles many other particles (containing, e.g., organics) also almost pure
is also of interest with regard to heterogeneous chemistry. ammoniated sulfate particl8sTherefore, the present work
Although heterogeneous chemistry involving liquid aerosol investigates the FBOJ/NH3/H-O system as a reasonable first
particles is conceptually understood and a well-established approximation. However, even the ternary system is complex
framework for parametrizations does ex&the same does not  and difficult to investigate, restricting the laboratory data to
hold true for heterogeneous reactions on solid or mixed-phasesubsets of the system and to special temperature/pressure
aerosol surfaces (most prominently ice surfaces). In general,conditions. Phase transitions in the binary systen&®H,0?’
heterogeneous chemistry on solid atmospheric particles can beand (NHy)>SOs/H,0?82°have been studied extensively. Single-
influenced by liquid films on these particles. Thereby diffusion particle experiments at room temperatures have been performed
kinetics and solubility are influenced by the sample morphology, with (NH4),SOy/H-00-3and with NH/H,SOW/H,0%2*3aerosol
such as porosity, polycrystallinity, and impurities at grain particles. In addition, a recent flow tube stdtijnvestigated
boundaries or in veins or triple junctions (i.e., the locations the crystallization behavior of Ng#H>SO/HNOs/H,O aerosol
where three grains meet). particles at room temperature.
Ammonium, nitrate, and sulfate have been known for along  Data obtained with bulk samples of the HHESO,/H,O
time to be components of the atmospheric aerosol, and theirsysteni® 37 are in good agreement with the AIM modélYet,

importance is corroborated by recent studie$’ Moreover, single-particle levitation measurements of the JNISOy/H,O
theoretical studies show that ammoniated sulfate aerosols maysysteni® and the (NH),SOJ/H,O systeni® disagree with the

be important for cirrus cloud formatioi:*® Of course, tropo- model?®> A number of studie®*> deal with the supercooling
spheric aerosol particles are not just a mixture ofs8HSO/ properties of (NH).SOy/H,0 droplets, particularly with respect
HNO3/H,0 but may also contain sea salt, organic compounds, to homogeneous ice nucleation. Heterogeneous nucleation
elemental carbon, and,in traces, practically any elefferteir experiments of internally mixed (N§LSOW/H.O droplets and

composition varies widely with geographical location and mineral contaminatio&4’show that these contaminations may
altitude?* Recent aerosol time-of-flight mass spectrometric increase the efflorescence relative humidity significantly.
measurements of single atmospheric aerosol parfcies’ Figure 2 shows the thermodynamic compositions of solid and
highlight the importance of organics and elemental carbon partially solid particles within the $$0OJ/NH3/H,O system as
besides water soluble inorganic compounds. However, a largea function of the ammonia-to-sulfate ratio (ASR). Conceivable
fraction especially of the middle and upper tropospheric aerosolssolids are NHHSO, (ammonium bisulfate, ASR= 1),

can be described approximately as quaternary mixtures of the(NH,)3H(SOy), (letovicite, ASR= 1.5), and (NH),SO; (am-
NH3a/H,SO/HNO3/H,0 systen?* By means of a thermodynamic  monium sulfate, ASR= 2). Sulfuric acid hydrates are not
model, the so-called AIM (aerosol inorganic model) model, expected to form because their small nucleation probabilities
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ratio, using automatic mass flow controllers. A single-particle
generator (Hewlett-Packard 51633A ink jet cartridge) is used
to inject one liquid particle with a fixed ammonia-to-sulfate ratio

(ASR).

Four independent analytical tools provide information on the
particle: (i) mass from dc voltage, (i) radius from Mie phase
function analysis, (iii) composition from Raman spectroscopy,
and (iv) particle shape and morphology from intensity fluctua-
tion measurements. These techniques are applied as follows.
Figure 3. Experimental setup of the single-particle levitation apparatus. (i) Two collinear laser beams illuminate the levitated particle
from below (HeNe: 632.8 nm, 3 mW. Ar 488.0 nm, 400
mW). We use the video image of the particle on CCD 1 and an
automatic feedback loop to adjust the dc voltage for compensat-
ing the gravitational forcé! A change in dc voltage is a direct
measurement for the particles mass change and, if the gas phase
contains only water vapor, its concentration change.

prevent their crystallizatioff Even aerosol particles consisting
of only two components (e.g., NaClB) may crystallize in
complex morphologied!! The numerous combinations of
phases in the BO/NH3/H,0 system displayed in Figure 2
are expected to show complex morphologies as well.

In this paper, we use the technique of single-particle levitation . i .
to study the HSOY/NHs/H,0 aerosol system. The morphology, (i) The fringe pattern (measured with CCD 2) of the
DRH, and ERH, as well as the water uptake and loss are studieoelaSt'Ca"y scattered light of both lasers is compared with Mie

by storing particles with different ASR in an electrodynamic theory to deduce the radius (and refractive index) of a liquid
trap. particle®2 After a liquid-to-solid transition occurs, the fringe

pattern loses its regular, periodic structure (thus no meaningful
radius values can be obtained for solid particles, see Figure 4d).

(iii) We apply Raman spectroscopy, using thetAaser as

2. Experimental Section

The experimental setup used in our experiments is described
in detail elsewheré? A schematic representation of the main o . . .
features of the apparatus is shown in Figure 3. An electrically an exgltatlon source in a 9"50"“?6““9 geometry W't,hOUt an
charged particle (typically 220 «m in diameter) is balanced analyzing polarlzer, tq identify solid phases (_)f the partlcles: Two
in an electrodynamic traf. The balance is hosted within a three- Nolographic notch filters are used to reject the elastically
wall glass chamber with a cooling agent flowing between the Scattered light of both lasers, and an optical fiber is employed
inner walls and an insulation vacuum between the outer walls. 0 deliver the Raman-shifted light to a 150 mm spectrograph
The temperature can be varied between 330 and 160 K with aWith & slow scan back-illuminated CCD (charge-coupled device)
stability better than 100 mK and an accuracy4of0.5 K. A array detector. Because Raman reference spectra are needed for
constant flow (typically 30 sccm) of a##H.0 mixture with a comparison, we used bulk samples which are held at an
controlled HO partial pressure is pumped continuously through adjustable temperature and also measured in°as@8ttering
the chamber at a constant total pressure adjustable between 20geometry with an identical detection setup as in our levitation
and 1000 mbar. During an experiment, the temperature is keptapparatus. For ammonium sulfate and ammonium bisulfate
constant and the relative humidity within the chamber is crystals we used commercial samples (Aldrich, purity

increased or decreased continuously by changing i, 99.999%). The letovicite crystals were generated from a
(i) (i) (i)
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Figure 4. Typical set of raw data for a deliquescence/efflorescence experiment with afo8IIH,O aerosol particle. Vertical panel (i) shows

the complete data set, whereas panels (ii) and (iii) zoom in on the deliquescence and the efflorescence points, respectively. The horizontal panels
show (a) temperature, (b) RH, (bl voltage, (d) particle radius, and (e) rms (root mean square deviation) of the scattering intensity fluctuation.
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saturated, equimolar solution of the aforementioned solids spherical droplets, whereas large values (Fn$) correspond
according to established crystallization meth&ds. to very aspherical particles. During this particular experiment

(iv) Finally, we use a photomultiplier with a relatively small & solid (NH;)>SO, aerosol particle is humidified. It deliquesces
conical detection angle (approximately ©.Ralf-angle) to  atti~ 11770 s (DRH= 79%) and takes up further water until
measure the scattering intensity af @@the incident beam and ~ the RH is kept constant at RH 80%. A mass change of 5%
feed this signal to an analogue lock-in amplifier to measure the already occurs at an RH 0.5% lower than the DRH. The fact
intensity fluctuations, that is, the root mean square deviation that a slight water uptake is detected before the actual DRH is
from the intensity mean. Because of its symmetry, a homoge- discussed in detail in section 3.2. In the experiment the RH
neous spherical particle will show a constant scattering intensity Was subsequently decreaseet(21 500 s) and water evaporates
and hence a very small fluctuation amplitude. A nonspherical continuously. Once the RH DRH (t > 22 700), the particle
particle will scatter light with different intensity in the detection ~ Starts being supersaturated and the hysteresis region is reached.
angle depending on its orientation relative to the incoming laser Eventually, the crystal efflorescets ¢ 50 800 s; ERH= 30.2%)
beam. (All particles perform Brownian rotational motion in an and loses all its remaining water spontaneously. Further decrease
electrodynamic balance.) We have used these intensity fluctua-in RH does not result in any further changes of dc voltage or
tion amplitudes previously to characterize liquid microdroplets 'Ms values. The maximum absolute errors in the temperature,
with a single solid inclusiofi*55There, we confirmed the power ~ fadius, andJyc are AT = 4 0.35 K, Ar = + 0.25um, and
law dependence of the fluctuation amplitudes with the area of AUdc = & 0.5 V, respectively. The errors of the RH determi-
the inclusions predicted by a modeling std@the same study ~ hation areARH = 4 2.5% for RH < 80% andARH = + 5%
showed that the intensity fluctuations can be used to measurefor RH > 80%.
the concentration of very small inclusions in a microdroplet. In ~ Depending on the ASR and therefore the chemical composi-
the following we will use this to identify the occurrence of phase tion of the investigated aerosol particle, different solids form

transitions and to characterize the morphology of complex upon crystallization within the pBOJ/NH3/H,O system. The
aerosol particles. deliquescence pathways may be different for ¢NBO,,

Within the HSO/NH4/H,0 system, aqueous solutions of the (NH2)sH(SQu)2, and NHHSQ, particles. As long as they are
solids (NH:)2SOs (ASR = 2), (NHs)sH(SOy), (ASR= 1.5), and purely crystalline without concomitant liquid, the crystals absorb
NH,HSO; (ASR = 1) were examined. Moreover, aerosol wa_ter spon_tan_eously and deliquesce very rapid_ly at the DRH.
particles with ASR values of 0.5, 0.3, and 0 (pursSEy) were This behawor |s.obs_erved during the (h)_bBOz; deliquescence
investigated. For each ASR, 1.25 wt % solutions were prepared ¢YCl€ displayed in Figure 5, corresponding to structures (1) and
by adding deionized water to stoichiometrically appropriately (I) of Figure 1. However, as soon as the aerosol particles are
mixed (NH:),SOs and NHHSO; crystals (Aldrich, purity> mixed and the liquid is in any contact with the_ gas phase
99.999%) and a 2.5 wt % solution 0680y (Aldrich, purity > (structures (ll1), (V1), and (VII) of Figure 1) the deliquescence
99.9%), respectively. After injection, the (NJiH,(SQs)/H,0 behavior differs. As the RH increases the remaining liquid takes

droplets equilibrate in a controlled atmosphere under atmo- UP Water and starts to dissolve the crystal. This leads to a
spheric conditions. continuous deliquescence process until the DRH is reached (the

Deliquescence and efflorescence experiments were performe H above Wh.'Ch .the solid particle is fully dissolved). An

- . : e xample for this kind of process would be an (NH(SOy)2
by increasing or dgcreasmg RH at constant temperature. Initially, particle, which grew from an NHHSQ; solution.
completely solid single-component particles deliquesce in a clear heref the deliquescence behavior is more complex if
step (at the DRH). In contrast, mixed-phase particles take up .T eretore, the a . P

. ) e mixed solid particles with an ASR not corresponding to one of

water gradually so that the unambiguous identification of the the crystals (ASR= 2, 1.5, or 1) are investigated. Multiple
DRH is less clear. For such patrticles, the DRH is given by the deliqu)éscence steps é\re'e;(pected in these cases-
RH above which the particle is completely liquid. Thus, the )
intensity fluctuation measurements are the ideal tool to determine
the DRH because the fluctuations are highly sensitive to the
presence of even small solid cores in a liquid droplet. We performed experiments with 33 different particles running

Figure 4 shows the time-dependent raw data of a typical multiple deliguescence/efflorescence cycles: we accomplished
experiment with an aerosol particle with precise @M3Oy/ 6 experiments for ASR= 2; 3 experiments for ASR= 1.5; 14
H,0 stoichiometry. Panel a shows the temperature as measuregxperiments for ASR= 1; 2 experiments for ASR= 0.5; 2
with sensors inside the trap, which is practically constant in experiments for ASR= 0.31; and 6 experiments for ASR 0.
this case. The gray curves show the temperatures of the coldest 3.1. Thermodynamic Investigation.Figure 5 shows deli-
and warmest locations in the chamber. The black curve is the quescence/efflorescence cycles for gM3O,/H,O (ASR= 2)
averaged temperature, which is used for comparison with theand (NH)3H(SOy)/H,O (ASR = 1.5) aerosol particles at
AIM model. Panel b shows the RH calculated from the flows T = 263.5 K. The gray lines represent AIM model resfilts
measured by the automatic mass flow controllers; panel c showsfor the deliquescence and efflorescence characteristics of
the dc voltage compensating the gravitational force; panel d (NH,4),SO, and (NHy)sH(SOy); crystals, respectively. The large
shows the particle radius, which is calculated with Mie phase gray circles show droplet concentrations as determined from
function analysi® for the two different laser wavelengths the radius data of the Mie phase function analysis and the small
(A = 633 nm andl = 488 nm). For aspherical, that is, solid or black circles show droplet concentrations as derived from the
mixed-phase particles, Mie phase function analysis provides change in particle mass from thgy. measurement. In these
random values (see scatter) with very distinct transitions from cases crystals formed which correspond to the investigated ASR
spherical to aspherical and back. Panel e shows the root mear((NH4).SO, and (NH,)3H(SOQy),, respectively). The crystals were
square deviation (rms) of the scattering intensity (intensity identified by Raman spectroscopyThe dry particles contained
fluctuation data in (d)), which qualitatively characterizes the no liquid, and a spontaneous deliquescence was observed. The
deviation from a perfect sphere and therefore the morphology radius as well as the mass data agree within the experimental
of an aerosol particle. Small values (rmg).05) correspond to  error with the AIM modeF®

3. Results and Discussion
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ERH RH / % DRH Figure 6. (a) AIM model results for an NFHSOJ/H,O (ASR = 1)
aerosol particle at = 260 K. Solid line: particle assumed to remain
Figure 5. Deliquescencelefflorescence cycles for 88O/H,0 (ASR liquid. Dashed line: solid (NBsH(SOy), assumed to precipitate
= 2) and (NH)3H(SOy)/H.0 (ASR = 1.5) aerosol particles at = surrounded by remaining liquid. Dashed-dotted line: a solid bt

263.5 K. To obtain the concentration scale the experimental data are(SQy), shell assumed to enclose the remaining liquid. Dotted line: liquid
normalized to the concentration of a liquid aerosol calculated by the droplet beyond the DRH. (b) Experimental deliquescence/efflorescence
AIM modeP® at the RH values right after the deliquescence is observed cycle data for an NbHSQy/H,O (ASR = 1) aerosol particle af =
(here, 82.2% and 73.2%, respectively). Gray lines: AIM météiray 260.5 K. To obtain the concentration scale the experimental data are
circles: droplet concentrations obtained from the radius data (Mie phasenormalized to the concentration of a liquid aerosol calculated by the
function analysis). Small black circles: concentrations derived from AIM model® at the RH values right after the deliquescence is observed
the mass data (dc measurements). A mass increase of 5% occurs alreadfrere, 69.4% RH). Gray lines: AIM mod&lLarge gray circles: droplet
at RH= DRH — 0.8% before reaching the deliquescence point of concentrations obtained from radius data. Small black circles: particle
the (NH;).SO/H,O system and at RH= DRH — 1.9% in the concentrations derived from mass data. Hatched area: region in which
(NH4)sH(SOy)2/H0 system. different deliquescences of (NHH(SQy) in the NHW(HSOQW/HO are
expected (compare text). A mass increase of 5% occurs already at
RH = DRH — 6.2% before reaching the deliquescence point of the
However, the deliquescence behavior is more complex for NHHSO/H,O system.

NH4HSOW/H,0 aerosol particles. If (NJsH(SOy), crystallizes

from a NHyHSQy/H,0 solution, which is predicted by the AIM Assuming f) that the solid (NH)sH(SQy). encloses the
model? a liquid remains. For such mixed-phase aerosol remaining liquid and therefore shields it from the ambient gas
particles different morphologies are conceivable (structures Ill, phase (structures IV or V in Figure 1), the crystalline particle
IV, V, VI, and VIl in Figure 1). These potential morphologies would behave as if (NBsH(SQy). had formed from a
could be classified into two groupsol) the remaining liquid ~ (NH4)sH(SQ)2/H20 solution (ASR= 1.5, DRH= 73%). This
surrounds the solid o) the remaining liquid is shielded by is plotted in Figure 6a as the dashed-dotted gray line.

the surrounding solid. Assumingy) that the crystal is sur- However, the deliqguescence pathway of aerosol particles with
rounded by the liquid (structures VI and VIl in Figure 1), ASR = 1 shows a behavior unexpected from these thermody-
thermodynamic considerations result in continuous dissolution namic considerations. As in Figure 5, the deliguescence and
of the crystal when the RH is increased. The concentration efflorescence cycles for ASR 1 are illustrated in Figure 6b.
characteristics for the humidifying/deliquescence (solid and Again for the drying process (efflorescence) the radius and mass
remaining liquid) and drying/efflorescence (supersaturated solu- data agree within the experimental error with the AIM moiel,
tion) processes are expected to be different. This is due to thewhereas the deliguescence data show a large deviation from
fact that upon crystallization the composition of the remaining the model curves described in Figure 6a.

liquid changes compared to the supersaturated solution. This Therefore, we studied the deliquescence behavior.8Cy
yields to a change of the water activity and therefore water vapor NH3/H,O aerosol particles with ASR: 1 in more detail. With
pressure of the solution. However, according to the AIM m&del the Raman spectra shown in Figure 7, the solid particle is
this effect is rather small and the concentration characteristicsidentified as (NH)3:H(SQy),, Therefore, a liquid remains after
are nearly identical for the humidifying and drying cycles. Both the crystallization, and morphology classeand/3 need to be
processes are plotted in Figure 6a as a dashed black line for theconsidered (see above). We see a distinct difference between
mixed-phase particle and as a solid gray line for the supersatu-the humidifying and drying processes which disagrees with the
rated particle. described scenaria. Moreover, we find a DRH substantially
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500 1000 1500 2000 2500 3000 3500 4000 crystallize at all. Within the investigated temperature interval
' ' ' it serosal parlticle ' ' (T = 260-270 K) the values show no systematic temperature
ASR=1,RH=10% @ dependence. For ASR 1 the variation in DRH is caused by
the different morphologies of the crystals rather than by the
3 different temperatures (as supported by the light-scattering
5 (NH,HSO,), () measurement). However, the humidifying and drying charac-
%‘ teristics for these experiments are in overall good agreement
& NH SO, © with the AIM model?®
= Table 2 draws a comparison of our measurements with the
available literature data of the,HO/NH3/H,O system. The
(NH,),S0, (d) limited low-temperature ERH and DRH data available in the
; x x = = : ; literature are restricted to the (MHSQOy/H,0 system (ASR=
500 1000 1500 2000 2500 3000 3500 4000 2).4041Taking into account the scattering and the error bars of
v/em these measuremerf&*their ERH data and our measurements

Figure 7. (2) Raman spectrum of a solid aerosol particle originating - are in good agreement. The fact that our values are at the lower
from a solution droplet with ASR= 1 andr ~ 10 4m at RH= 10%. bound of all values shows that we probably do not face the

(b—d) Raman spectra of bulk reference samples: (b) letovicite, (c) . . f
ammonium bisulfate, (d) ammonium sulfate. Comparison allows one problem of heterogeneous nucleation, in particular because our

to identify the solid aerosol particle as letovicite. For all spectra, the Scatter of ERH in different experiments is small. For the
v1(SQ?¥") bands (they,(HSO,) band for NHHSQ,) are normalized. (NH2)3H(SOy)2/H20 system (ASR= 1.5) a comparison is not
The detailed band assignment in the Raman spectra and a descriptiorpossible due to the lack of data. Data for the JNISO/H,O

of further reference and aerosol spectra will be given elsewlieib. system (ASR= 1) is contradictory at first. Tang and Munkel-
spectra are taken at= 260 K. witz33 observe between 5% and 22% RH MBSO, crystal-
TABLE 1: Measured ERH and DRH Values from lization at room temperature. Because of the scatter of their data,
Single-Aerosol Particle Experiments in the Electrodynamic we assume that they detected heterogeneous nucleation. The
Particle Trap? crystallization we observe for ASR 1 andT = 260 K is in
ASR ERH/%homogeneous DRH /% TI/K solid phase contradiction to a flow tube stucif,where crystallization was
> 30.8 81 263.5 (NESQ, not observed for temperatures between 298 and 238 K. This
28.5 815 260 (Nt>SO might be due to residence times in the flow reactor of
15 275 728 263.5 (NBEH(SQ) approximately 30 s, which might be too short to allow nucleation
' ' ' ' 2 and crystallization to be observed. Also, the spectroscopic
ig’ ;8:;2 %2 g“&%:gg% detection of crystallization is based on changes in the water
15 66-73 260 (NH)BH 2 band of the aerosol. This detection suffers if the aerosol is
3H(SQy)2 Lo . -
05 -1 263.5 no nucleation very dry, that is, it loses only marginal water during ef-
: ' _ florescence. In contrast to these observations we propose that
0.31 <1 263.5 no nucleation (NH4)sH(SQy), indeed forms through homogeneous nucleation
0 <1 258-290 no nucleation at ERH = 16% + 2.5%, since we identified it during 18

aEach ERH and DRH value is an average of up to seven independent efflorescence cycles as the crystallization product.
experiments. Measurements are performed at constant temperatures! Nis is supported by the observation that we have obviously
Errors are+ 2.5% in RH. For ASR= 1, due to morphological no problem in avoiding heterogeneous nucleation in our
differences of the crystals after efflorescence, DRH is not one constant electrodynamic particle trap, as both (W5, 4°and NaCH
value, but intervals are specified. nucleate exactly at the accepted homogeneous ERH values,

lower than that expected by the model. We do not see the which are reported in the literatufé.

behavior of scenarif as if (NHy)sH(SQi), had formed from a 3._2. Morphqloglcal _In_vestlgatl_on. The deliquescence be-
(NH4)sH(S0Q)2/H-0 solution (ASR= 1.5, DRH= 73%). Figure havior of solld-contaln_lng particles of th_e NHSOyYH,O
6b shows that the real deliquescence behavior falls between thd ASR = 1) system for different aerosol particles as well as for
two extreme cases. This region is illustrated in Figure 6 as the repeatlng.(jellquescences Wlt.h one specific particle is qwerse
hatched area. At this point it needs to be mentioned that only @nd surprisingly complex. Deliquescences of @H(SQy)2 in
one observed deliquescence pathway is displayed in Figure 6bthe NHiHSQ/H,O system are observed in an interval of
The morphological differences of the investigated crystals in 66% < RH < 76%. Additionally, a three-step deliquescence
26 deliquescence and efflorescence experiments with 14 indi-Process is observed occasionally and. is explained in detail in
vidual NH;HSOy/H,O aerosol particles result in a large variety e!sewhere‘i”.9 The featurgs of each deliqguescence process are
of deliquescence pathways, indicating different morphologies. different. We characterize it by the amount of water uptake
This interpretation is fully supported by the light-scattering data, Pefore the deliquescence, the change of the spherical properties
which give direct evidence of the asphericity of the mixed-phase during the whole deliquescence cycle, and by the DRH value
particles (see below in section 3.2.). itself. This is definitely not an artifact of the instrument because
To summarize all our data the ERH and DRH values are such differences do not depend on the rate of changing RH
shown in Table 1. The identification of the solid phases is (dRH/d) and are not observed in other systems, for example,
performed by means of Raman spectroscopy. Efflorescence ofthe (NHi)sH(SQs)2/H20 and (NH)2SOy/H-O systems. More-
solid NH;HSO, is not observed in the electrodynamic particle OVer, it is obvious that the different water uptake characteristics
trap in the given temperature range on the time scale of daysare connected to the fact that the aerosol particle is only partially
(our longest experiments took 7 days). For ASRL, Table 1~ solid and a liquid remains.
gives a DRH range within deliquescences were observed. This Asillustrated in Figure 6a, two extreme cases are theoretically
is due to morphological differences of the investigated solids. conceivable: ¢) The crystalline (NH)3sH(SOy), is surrounded
Supersaturated droplets with ASRs of 0.5, 0.31, and 0 do not by the remaining liquid. The aerosol particle behaves similarly
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TABLE 2: Comparison of Measurements of This Work with Available ERH and DRH Data of the H,SO,/NH3/H,O Systent

ASR ERH/% DRH/% T/IK reference method solid phase
2 38.846.2 234 40 FTS (NB)2SOy
42+ 6 238 41 FTS
36.5+£6.2 244 40 FTS
36.2+ 6.2 249 40 FTS
35.3£6.2 253 40 FTS
42+ 4 253 41 FTS
83+ 4 254 41 FTS
82.3+2 258 40 FTS
28.5+£25 81.5 260 this study EDB
329+ 25 82.6+ 2 263 40 FTS
82+ 3 263 41 FTS
30.8+ 2.5 81 263.5 this study EDB
32.8+£25 269 40 FTS
30.5+ 25 81.1+1.5 273 40 FTS
37+3 82+ 2 273 41 FTS
8142 283 41 FTS
79.7+ 1.5 284 [40] FTS
48 81 293 67, 68 EDB
31.8+25 2935 40 FTS
325+£25 79+ 1.5 295 40 FTS
36 79.5 298 31 EDB
35 80 298 32 EDB
33+2 79+ 1 298 41 FTS
2742 7942 298 46 FTS
27+ 2 79+1 298 63 FTS
15 275+ 2.5 72.8+ 2.5 263.5 this study EDB (NP6H(SQu)2
35-44 69 298 31 EDB
31 71 298 32 EDB
1 164+ 2.5 66-76+25 260-270 this study EDB (NB)sH(SOy)2
no nucleation 238298 58 FTS
5-22 40 298 31 EDB NEHSO,
no nucleation 298 63 FTS

aEDB: electrodynamic balance. FTS: flow tube study.

as a supersaturated liquid. The water uptake is then ratherdeliquescence cycle, leads to the conclusion that in this case
continuous as calculated by the AIM mode() The crystalline the crystalline (NH)sH(SOy). encloses the remaining liquid
(NH4)3sH(SOy)2 encloses the remaining liquid and therefore nearly completely. The liquid is shielded from the ambient
shields it from the ambient gas phase. The crystal would behavegas phase, and the crystal deliquesces like the pure salt
as if (NHy)3sH(SOy), had formed from a (NbB)sH(SOy)2/H0O (NHg)3H(SOy)2.

solution. The deliquescence and therefore the water uptake is The deliquescence characteristic in panel 3 is the most

spontaneous and takes place at the value for an)dRKSQOy)2 continuous deliquescence which was measured in th¢iSBy/
crystal (ASR= 1.5) corresponding to a DRH of 73%. H,O (ASR = 1) system. The particle mass increases signifi-

However, a whole variety of deliquescence pathways have cantly, and the particle becomes clearly more spherical before
been observed. This is illustrated on the basis of three exampleghe deliquescence at DRHE 68%. A 5% mass increase is
in Figure 8. The most extreme cases, which were observedobserved already at 37.4% in RH before the DRH. The particle
during all experiments, are shown in panels 1 and 3, respectively,mass at the beginning of a deliquescence cycle is just slightly
whereas panel 2 represents a case which could be described darger (2%) than the dry mass, which shows that the remaining
a mixture of both. In all three cases the observed solid is liquid is equilibrated. However, the water uptake characteristic
(NH4)3H(SQy)2, which is verified by Raman spectroscopy. does not correspond to the AIM modélwhich predicts a more
Normalized mass data (lejtaxis) are plotted as black solid continuous and less abrupt water uptake. Taking into account
circles, and rms deviation of the intensity (righaxis) is plotted these findings, we assume that the crystalline {NH(SOy),
as black crosses as a function of RH. The particle’s dry mass isshields the remaining liquid partially from the ambient gas
normalized to 1. Whenever the remaining liquid is trapped by phase. The small amount of remaining liquid which interacts
the crystal during the nucleation process, water cannot evaporatewith the gas phase provides the water uptake prior to deliques-
and the remaining liquid is not in equilibrium with the coexisting cence. The morphology of the solid-containing aerosol particle
crystal. At the beginning of a deliquescence cycle the particle could be explained as an inclusion particle with embedded liquid
mass is therefore occasionally larger than the dry mass (panelsavities, for example, the liquid could be located between grain
1 and 2). boundaries of single crystals or at pores with concave surfaces,

The deliquescence characteristic in panel 1 is the steepestather than by a remaining liquid, which is totally surrounded
deliqguescence step which was measured in theH8®,/H,0 by the crystal. This is strengthened by the fact that the Raman
(ASR = 1) system. Neither does the particle mass increase spectra shows the features of solid (NdH(SOy)..
significantly nor does the particle become more spherical, as The deliquescence characteristic in panel 2 represents a case
seen from the change in the fluctuation data, before the which could be described as a mixture of the behaviors displayed
deliquescence at DRH 71% (recall that the DRH of pure in panels 1 and 3. Although the particle mass does not increase
letovicite would be 73%). This, and the fact that the particle significantly, the particle becomes clearly more spherical before
mass is 15% larger than the dry mass at the beginning of thisthe deliguescence at DRHE 69%. A 5% mass change is
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0 20 40 60 80 interacts with the ambient gas phase, the smaller the observed
3.0 ' 110 DRH values and the particle masses are at the beginning of the
deliquescence cycle.

These three examples show the variety of deliquescence
pathways of crystalline (NsH(SOs), with a remaining liquid
formed out of an NEHHSOW/H,O solution. There might be
10.1 hybrids of the two proposed extreme structures with the
tendency that inclusion particles with embedded liquid cavities
are being formed. Of course these differences and the actual
observed deliquescence characteristics cannot be predicted by
thermodynamics alone.

The experiments performed during this study show that, in
110 the ternary HSQW/NH3/H,O system, preferentially polycrystal-

line solids with several open and liquid-filled cavities (structure

Il in Figure 1) or solids with a polycrystalline shell with an

embedded liquid (structure IV in Figure 1) are being formed.
2 Hybrids of these two structures are also being observed. The
@ reverse case, namely, that the crystal is totally surrounded by
1 the remaining liquid (structures VI and VII in Figure 1), is not
observed in any of the experiments.

Finally, two cases should be distinguished.

(i) The stoichiometry of the formed solid does not correspond
to the ASR of the liquid droplet, and therefore, a liquid remains
after crystallization. In natural aerosol particles this will almost
always be the significant process. As explained above, the results
of this study show that during the crystallization process the
remaining liquid is trapped in the crystal. The liquid is either
totally shielded (structure 1V in Figure 1) or stored in several
open cavities, which means that, for example, the liquid could
0.1 be located between grain boundaries of single crystals or at pores
with concave surfaces (structure Il in Figure 1). The exact
morphology, that is, the degree of how much the remaining
liquid is shielded by the solid, differs not only from aerosol
particle to aerosol particle but also from nucleation process to
Figure 8. Different deliquescence pathways for the IM$Q/H,O nucleatipp process. Moreqve_r, the amount pf liquid and th.erefore
(ASR = 1) system. Black solid line: normalized mass data ffedkis, the partitioning between liquid and solid differs. Depending on
starting from approximately 1). Black open circles: rms deviation of the shielding degree water uptake can take place prior to
the intensity fluctuations (right-axis, starting between 1 and 10). Gray  deliquescence as characterized in Figure 8.
normalized 1o he concentration of a i aarosol caisulated by the. , (1) The stoichiometry of the formed solid corresponds to the
AIM model® at the RH values right after the deliquescence is observed. ASR (_)f the liquid d_roplet and therefore crystallizes totally. This
A mass increase of 5% occurs already at RHDRH — 4.4% in the case is atmospherically by far not as relevant as the above one
particle in panel 1, at RH= DRH — 8.8% in the particle in panel 2, but of high microphysical interest. A detailed inspection of the
and at RH= DRH — 37.4% in the particle in panel 3. Data gaps are presented deliquescence curves in Figure 5 shows that ap-
caused by technical reasons, e.g., recording Raman spectra. proximately 2-3% in RH before the actual DRH a slight water

uptake is being observed. Quantitatively speaking, this means
observed 8.8% in RH before the DRH. At the beginning of the that for the (NH),SO, aerosol particle the 5% mass increase is
deliquescence cycle the particle mass exceeds the dry mass bgompleted 0.8% and for the (N}H(SQy), aerosol particle the
11%; this shows that in this case the crystalline gNH(SOy)» 5% mass increase is completed 1.9% in RH before the DRH is
encloses large parts of the remaining liquid. The liquid is reached. We call this predeliquescence, and its reason is most
shielded mostly from the ambient gas phase. However, somelikely that small amounts of water are trapped during the
water uptake takes place, which results in a more spherical shapducleation process. As discussed above also, here the liquid
of the solid-containing aerosol particle before deliquescence, could be located between grain boundaries of single crystals or
although the water uptake cannot be detected with a massat pores with concave surfaces. This predeliquescence is the
increase. This supports the finding that only a small part of the object of another study. Such predeliquescence has been also
remaining liquid interacts with the ambient gas phase. This observed in TDMA investigatiorf$:t
accounts for the water uptake prior to deliquescence, which is  The occurrence of structures Il and IV of Figure 1 are in
detected by the intensity fluctuation method. Again, the accordance with literature results. Pure solid ammoniated sulfate
morphology of the solid-containing aerosol particle could be particles, 0.1+1 um in size, which are collected at a continental
explained as inclusion particles with embedded liquid cavities, German site and analyzed by high-resolution scanning electron
for example, the liquid could be located between grain microscopy, tend to form agglomerates of primary ammoniated
boundaries of single crystals or at pores with concave surfaces.sulfate particle$.In a theoretical stud§ where the morphologi-

The relative position of the DRH values and the relative cal control of particles generated from the evaporation of
values of the particle masses at the beginning of the deliques-solution droplets is investigated, it is proposed that structure
cence cycle are self-consistent. The more the remaining liquid IV of Figure 1 is most likely to occur, because water evaporation
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0.0 05 1.0 15 2.0 4. Conclusions and Atmospheric Implications

: In general the thermodynamic data, DRH values and char-

80 - \ 80 2 :

of® : acteristics of water uptake and release, measured in the present

work are in good agreement with the AIM moéfeas well as
60 - ' ' g0 with other experimental data. Beyond thermodynamic data also
' kinetic aspects like ERH values and morphological properties
i o were determined in the present study. The observed solid phases
ToJ40 are letovicite and ammonium sulfate, which often exist as mixed-

RH/%

40 -
phase (solid/liquid) particles. These mixed particles were found
to crystallize in different morphologies, which differ not only

20+ e . 12 from particle to particle but also from nucleation to nucleation
it = ik — in deliqguescence/efflorescence cycles of the same particle. The
{ — : mixed-phase particles tend to form liquid inclusions, that is,
o : : : : : N : 190 the remaining liquid appears to be shielded against the gas phase.
0.0 05 08 10 1.5 2.0 For example, the liquid could be located between grain
ASR boundaries or in veins or pores with concave surfaces.

] ) ) ] ] These results should be applicable to the atmospheric
Figure 9. Schematic of possible physical states and morphologies of H,SOJ/NHy/H,O aerosol particles. Often, however, the

H,SO/NH3/H,O aerosol particles as a function of ASR and RHTat . . - .
= 260 K, whereas the temperature dependency is only small). DRH H2SQ/NHy/H20 solution will also contain other species, such

curve: AIM modets confirmed by our experimental data. ERH curve: @S Organics, and it is not known at present how this will affect
calculated by subtracting a constant 50% RH from the DRH curve. the morphological behavior of aerosols. Moreover, it needs to
This procedurgis in good agreement with our experimental data. be taken into account that the aerosol particles investigated are

Vertical shading: purely liquid droplets. Horizontal shading: Purely typically between 2 and 20m in size, whereas atmospheric
solid single-component or two-component particles. Checkered: Hys- particles are substantially smaller.

teresis region with either completely or partially solid or liquid particles, P
depending on the direction from which the hysteresis region was For purely liquid droplets the water uptake and release

entered. (Note: ammonium bisulfate is not shown because homoge-characteristics, which are parametrized by the AIM m8ueid
neous efflorescence did not occur in the experiments and is expectedconfirmed with our measurements, can be integrated into global
to be unlikely. The solid phase for 08 ASR < 1.8 is most likely radiation models or cloud-resolving models.
letovicite. For ASRz 1.8 ammonium sulfate is expected.) With the presented homogeneous ERH values the hysteresis
region is determined as well. However, the water uptake
characteristics of mixed-phase particles containing letovicite are
generates a concentration profile with a higher concentration influenced by the morphology. To parametrize the morphology-
at the surface. Therefore, nucleation primarily starts at the dependent water uptake characteristics, further systematic
surface and a solid shell could trap the remaining liquid. laboratory studies are needed. The breakup of shells surrounding
Laboratory experiments of NaCl in an electrodynamic balince a liquid would be of particular interest. In addition, field
indicate the process of shell formation. Two FTIR spectroscopic measurements, which explicitly analyze the morphology of the
flow tube experiments*® of submicrometer solid NaCl particles  collected aerosol particles, would be desirable.
(mean diameter.d = 400 nm) prove® that for RH < 4% a Although heterogeneous nuclei occur quite frequently in the
small amount of water is embedded in the crystals, which is atmosphere, their influence on atmospheric nucleation processes
rather physically trapped than adsorbed. Weis and Efwing is still uncertain. However, a stuéfywhich investigated the
confirm this result and report that for RK 50% an unexpected  heterogeneous freezing of agueous particles with solid ammo-
high amount of water is observed in the crystals. They suggesthiated sulfate nuclei suggests that the heterogeneous freezing
that water is trapped during the crystallization process and thattémperature depends on the morphology of the solid. Therefore,
the water is present in either open or shielded pockets. This further laboratory experiments are neeglgd to improve our
results in similar structures like structures 11l and IV of Figure knowledge about the potential role of letovicite acting as a CCN
1. Scanning electron photomicrographiisplay that sea salt ~ during cirrus cloud formation. - . o
particles which are nucleated from seawater form hollow Heterogeneous chemistry involving fully liquid aerosol

crystals, independent of whether they are from laboratory Particles is well understood conceptuatitowever, the same
experiments or from samples of real particles in the field. does not hold true for heterogeneous reactions on solid aerosol

. . surfaces or ice surfaces. In these cases, diffusion kinetics and
This arguments lead to the scheme of physical states and

solubility are influenced by the sample morphology, such as
morphologies in Figure 9 if only homogeneous crystallization y y P P 9y

. . o > polycrystallinity, impurities at grain boundaries or at the
is considered. For ASR 0.8 only liquid aerosol particles are  ;nctions where three grains meet, and porosity. For instance,

expected because a homogeneous efflorescence point does N@feterogeneous chemistry on solid NaCl particles can be
exist. Because of the hysteresis effect, the physical state ofinfuenced by liquid films on these particlésTherefore, the

aerosol particles depends for ERH RH < DRH on the influence of morphology on heterogeneous reactions of gaseous
direction from which this hysteresis region was entéred. gpecies with solid surfaces, in particular letovicite, should be
Controlled by this hysteresis for ASR.5 and ASR-2, studied in more detail. Concentration profiles at the surface of

pure solids of letovicite and ammonium sulfate, respectively, aerosol particles might be of interest as well. lon-enhanced

or liquid droplets are anticipated. For all other ASR regions interactions with gases at aqueous interfaces may play a more
(0.8 < ASR < 1.5and 1.5< ASR < 2) solids with a remaining generalized and important role in the chemistry of concentrated

liquid or liquid droplets, also depending on the RH, are expected. inorganic salt solutions than was previously recogni#ed.

The morphologies of these particles are complex, and a tendency Concerning climatic issues the question is how mixed-phase

to shield the remaining liquid is being observed. aerosol particles and the different morphological structures
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influence radiative forcing. The effect of these particles on the
scattering properties of visible light and therefore the direct

J. Phys. Chem. A, Vol. 108, No. 14, 2002709

(27) Gable, C. M.; Betz, H. F.; Maron, S. H. Am. Chem. Sod95Q
72, 1445.
(28) Seidell, A.Solubilities of Inorganic and Organic Compounds

aerosol effect has not been discussed so far. On the basis of th@orstrand: New York, 1940

present study we recommend that the optical properties (size,

shape, and refractive index) of letovicite and the morphology
of mixed-phase particles containing letovicite and a remaining

(29) Wexler, A. S.; Seinfeld, J. FAtmos. Emiron. 1991, 25A 2731~
2748.

(30) Richardson, C. B.; Spann J.F.Aerosol Sci1984 15,563-571.

(31) Tang, I. N.; Munkelwitz H. R.; Davis, J. Q. Aerosol Sci1978

liquid should be investigated in order to understand the influence g 505-511.

of these mixtures on the radiative balance.

As a final conclusion of the present work and the global
aerosol physical state modeling stidyree major implications
result: (i) Crystalline ammoniated sulfate particles, especially
letovicite, are very likely to occur throughout the whole

atmosphere. (ii) These aerosols are not expected to be pure solid&°

but mixtures of one or more solids and a remaining liquid. (iii)

The morphologies of these aerosols are probably very diverse

and complex and, hence, not easily predictable.
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