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Abstract. Interactions with water are crucial for the prop- (supramolecular networks) and undergo transitions between
erties, transformation and climate effects of atmosphericswollen and collapsed network structures.
aerosols. Here we present a conceptual framework for the (4) Organic gels or (semi-)solid amorphous shells (glassy,
interaction of amorphous aerosol particles with water vaporrubbery, ultra-viscous) with low molecular diffusivity can ki-
outlining characteristic features and differences in compari-netically limit the uptake and release of water and may influ-
son to crystalline particles. We used a hygroscopicity tandenence the hygroscopic growth and activation of aerosol parti-
differential mobility analyzer (H-TDMA) to characterize the cles as cloud condensation nuclei (CCN) and ice nuclei (IN).
hydration and dehydration of crystalline ammonium sulfate, Moreover, (semi-)solid amorphous phases may influence the
amorphous oxalic acid and amorphous levoglucosan partiuptake of gaseous photo-oxidants and the chemical transfor-
cles (diameter-100 nm, relative humidity 5-95% at 298 K). mation and aging of atmospheric aerosols.
The experimental data and accompanyirighker model cal- (5) The shape and porosity of amorphous and crys-
culations provide new insights into particle microstructure, talline particles formed upon dehydration of aqueous solu-
surface adsorption, bulk absorption, phase transitions and hytion droplets depend on chemical composition and drying
groscopic growth. The results of these and related investigaeonditions. The apparent volume void fractions of particles
tions lead to the following conclusions: with highly porous structures can range up~t60% or more
(1) Many organic substances, including carboxylic acids, (xerogels, aerogels).
carbohydrates and proteins, tend to form amorphous rather (6) For efficient description of water uptake and phase
than crystalline phases upon drying of aqueous solutioriransitions of aerosol particles, we propose not to limit the
droplets. Depending on viscosity and microstructure, theterms deliquescence and efflorescence to equilibrium phase
amorphous phases can be classified as glasses, rubbers, ggansitions of crystalline substances. Instead we propose gen-
or viscous liquids. eralized definitions according to which amorphous and crys-
(2) Amorphous organic substances tend to absorb watefalline components can undergo gradual or prompt, partial or
vapor and undergo gradual deliquescence and hygroscopiiéll deliquescence or efflorescence.
growth at lower relative humidity than their crystalline coun- ~ We suggest that (semi-)solid amorphous phases may be
terparts. important not only in the upper atmosphere as suggested
(3) In the course of hydration and dehydration, certainin récent studies of glass formation at low temperatures.

organic substances can form rubber- or gel-like structure®epending on relative humidity, (semi-)solid phases and
moisture-induced glass transitions may also play a role in

gas-particle interactions at ambient temperatures in the lower
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1 Introduction 2004; Moore and Raymond, 2008; Zardini et al., 2008) or
to the morphology or amorphous state of (quasi-)solid parti-
The interaction of aerosol particles with water vapor is acles (Cohen et al., 1987; Onasch et al., 2000; Peng and Chan,
central issue of research in atmospheric and climate sci2001; Marcolli et al., 2004; Liu et al., 2008).
ence (Martin, 2000; Kanakidou et al., 2005; Lohmann and Based on electron microscopy and infrared spectroscopy,
Feichter, 2005; &schl, 2005; McFiggans et al., 2006; Fuzzi Hoffman et al. (2004) concluded that the drying of aqueous
etal., 2006; Andreae and Rosenfeld, 2008; Rosenfeld et alNaNO; droplets yields solid amorphous particles that remain
2008; Wang et al., 2008a, b; Heintzenberg and Charlsonmetastable at very low relative humidity as well as under vac-
2009; and references therein). Numerous studies have inqum conditions and undergo continuous hygroscopic growth.
vestigated the hygroscopicity of aerosol particles, i.e. theirusing Raman spectroscopy, Tang and Fung (1997) found
ability to absorb water vapor, as a function of chemical com-that the drying of levitated aqueous droplets of CagiO
position and relative humidity (RH), and many researchersand Sr(NQ), yields solid amorphous microparticles that
have noted that the hygroscopic properties of aerosol partideliquesce at lower RH than their crystalline counterparts.
cles can substantially differ from those of the correspondingKrueger et al. (2003) found similar deliquescence behavior
bulk material. of Ca(NGs), formed by heterogeneous reaction of CaCO

For example, aerosol particles composed of certain waterparticles with gaseous nitric acid. By Raman-microscopy
soluble inorganic salts can reversibly take up water vaporLiu et al. (2008) observed that pure and mixed Cagi@nd
without the prompt deliquescence and efflorescence phas€a(NG;),/CaCQ microparticles exhibit reversible water up-
transitions and hysteresis effects typically observed for thetake and form amorphous hydrates below 7% RH. Roseno-
corresponding crystalline bulk material: Ca@nd MnSQ  ern et al. (2008) suggested that the hygroscopic properties
(Cohen at al., 1987); NHENOs (Tang, 1980; Dougle et of nanocrystalline aerosol particles may also deviate from
al.,, 1998; Cziczo and Abbatt, 2000; Lee and Hsu, 2000;those of crystalline bulk material, and several studies pointed
Mikhailov et al., 2004; Schlenker et al., 2004; Schlenker andout that the drying conditions have a strong influence on the
Martin, 2005; Svenningson et al., 2006), NSO (Tang  morphology of solid aerosol particles (e.g., Mikhailov et al.,
and Munkelwitz, 1994; Cziczo et al., 1997; Cziczo and Ab- 2004; Biskos et al., 2006; Rose et al., 2008; Rosenoern et al.,
batt, 2000, Lee and Hsu, 2000; Martin et al., 2003; Colberg2008).
etal., 2003, 2004; Schlenker et al., 2004; Schlenker and Mar- The formation of amorphous solid particles upon spray-
tin, 2005), NaNQ@ (Mcinnes et al., 1996; Lee and Hsu, 2000, drying of aqueous solutions of organic substances is a well-
Gysel et al., 2002; Hoffmann et al., 2004), Ca(©(Liu et known standard process in the food and pharmaceutical in-
al., 2008), and sea salt (Tang et al., 1997). dustries. It applies to organic compounds with a wide range

Similar behaviour has been observed for certain organiaf molecular masses (e.g., mono-, di- and polysaccharides),
compounds such as carbohydrates, dicarboxylic acids andnd the amorphous state of spray-dried organic materials
multifunctional compounds: levoglucosan (Mochida andwas confirmed by X-ray diffraction, differential scanning
Kawamura, 2004; Chan et al., 2005; Svenningsson et al.calorimetry and dynamic vapor sorption methods (Corrigan,
2006), mannosan and galactosan (Chan et al., 2005), maleit984; Bhandari and Howes, 1999; Roberts and Debenedetti,
and malonic acid (Peng et al., 2001; Choi and Chan, 2002a2002; Price and Young, 2003; Burnett et al., 2004; Langrish
Brooks et al., 2003; Wise et al., 2003), malic and citric acid and Wang, 2006; and references therein).

(Peng et al., 2001; Choi and Chan, 2002a), fulvic acids and Recently, Murray (2008) and Zobrist et al. (2008) have

humic-like substances (HULIS, Gysel et al., 2004; Dinar atshown that emulsified and bulk samples of atmospherically
al., 2007), and protein macromolecules (Mikhailov et al., relevant agueous organic and multi-component solutions can
2004). form glasses at low temperatures and may influence the in-

Depending on the nature and proportion of substances interaction of aerosol particles with water in the upper tropo-
volved, the internal mixing of organic and inorganic aerosol sphere, in particular the nucleation and growth of ice crys-
components usually leads to a decrease of deliquescence atals. To our knowledge, however, the formation of solid
efflorescence RH (Brooks et al., 2002, 2003; Choi and Chanamorphous aerosol particles upon drying of agueous organic
2002Db; Marcolli et al., 2004; Mikhailov et al., 2004; Parson solution droplets of atmospheric relevance has not yet been
etal., 2004; Moore and Raymond, 2008; Zardini et al., 2008)positively identified, and the relations between the deliques-
or to gradual reversible water uptake starting at very low RHcence/efflorescence and the microstructure of amorphous or-
(Dick et al., 2000; Peng and Chan, 2001; Choi and Changanic particles have not been characterized in earlier stud-
2002Db; Brooks et al., 2003; Prenni et al., 2003; Svennings-ies investigating the hygroscopic properties of atmospheric
son et al., 2006; Zardini et al., 2008). aerosols.

Mechanistically, the ability for continuous and reversible In this study we present a conceptual framework for the
water uptake has been attributed to the presence of residateraction of amorphous aerosol particles with water vapor,
ual water in non-effloresced, (quasi-)liquid particles (Pengand we outline characteristic features and differences in com-
et al., 2001; Prenni et al., 2003; Mochida and Kawamura,parison to crystalline particles (Sect. 2). We have employed
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RH increase equivalent diameter) due to capillary effects or partial disso-
lution and recrystallization (Kimer et al., 2000; Mikhailov
et al., 2004; Biskos et al., 2006; Zardini et al., 2008). Bulk
Polycrystals absorption of water into the crystalline material may occur
H > . > in case of hydrate formation (uptake of crystal water), but
this appears not relevant for the inorganic salts that are most
Crystalline Restructuring Solution abundant in the atmosphere and it does normally not lead to
Crystal a major increase of particle diameter.
. N . At a substance-specific threshold relative humidity, pure
substances (particles) that are crystalline and water-soluble
undergo prompt deliquescence transitions, i.e., first-order

Prompt deliquescence

v

Surface adsorption Dissolution

Bulk absorption phase transitions in which the solid substances (particles)

are transformed into saturated aqueous solutions (liquid

‘ —_—> . - — droplets). Note, however, that crystalline multi-component
Glnss / Uttraviscous Liquid mixltures. can exhibit a stepwise onset of deliquescence (feu—

Amorphous Solution tonic point) followed by further gradual water uptake until

_ Restructuring complete dissolution. Upon dehydration (decrease of RH),

—_ the evaporation of water and crystallization of the solute

(efflorescence transition) typically occurs at a lower rela-

tive humidity than the deliquescence transition (hysteresis
Gradual deliquescence effect), which is due to the persistence of metastable aque-
ous solution droplets that are supersaturated with respect
to the corresponding crystalline phases. For most water-

Fig. 1. Water uptake by aerosol particles consisting of crystalline soluble crystalline substances of atmospheric relevance the

or amorphous (semi-)solid substances: characteristic structure§leliquescence .relatiVe humidity i$ higher than 50% (Martin,
phases and processes. 2000). Ammonium sulfate is a typical example for such sub-

stances, and the surface adsorption of water, microstructural
rearrangements and phase transitions of ammonium sulfate
aerosol particles will be illustrated below (Sect. 4.1).

Glass / Rubber / Gel

Solid / Semi-Solid Liquid

a hygroscopicity tandem differential mobility analyzer (H-
TDMA, Sect. 3) and various &hler models (Appendix A) to
investigate the water uptake and phase transitions of amoly 5 \nater uptake by amorphous substances
phous and crystalline aerosol particles in the size range of the

atmospheric aero_sol accu_m_ulation mode (dry particle diameyater uptake by amorphous substances typically proceeds in
ter~100 nm, relative humidityk5% to 95% at 298 K). Here 5 graqual way, and their transition from solid to liquid state

we present measurement and model results for pure Ievoglumay involve intermediate semi-solid stages. Amorphous

cosan, oxalic acid, and ammonium sulfate (Sects. 4.1-4.3qpstances have no long-range atomic order and are classi-
Appendix B). fied as solid glasses when their viscosity exceed$Ras
(Angell, 1995; Debenedetti and Stillinger, 2001). Semi-solid
amorphous substances like rubbers and gels have lower vis-
cosities but still tend to retain their envelope shape (Roberts
2.1 Water uptake by crystalline substances and Debenedetti, 2002).

The rubbery state usually occurs in polymeric substances,
Figure 1 outlines some basic processes and differences iim which the individual macromolecules are entangled or
the uptake of water vapor by aerosol particles consisting ofcross-linked by covalent or hydrogen bonds, van der Waals
crystalline or amorphous substances. The envelope shape &drces, or other types of interaction (Erman and Mark, 1997;
solid crystalline particles is often not spherical, and polycrys-Cowie and Arrighi, 2007; Sperling, 2006). In food sci-
talline materials and agglomerates may also be porous. Thence and pharmaceutical research, however, the term rubber
porosity of crystalline sub-micron aerosol particles generateds also used for semi-solid amorphous substances with low
by spray drying, however, is usually not very high (appar- molecular mass such as monosaccharides (Roos and Karel,
ent void fractions<20%; Kramer et al., 2000; DeCarlo et 1991, 1992; Roos et al., 1999; Hancock and Zografi, 1997;
al., 2004; Mikhailov et al., 2004). Upon hydration (increase Bhandari and Howes, 1999; Burnett et al., 2004).
of relative humidity), crystalline substances typically adsorb Gels are two-phase mixtures of liquids dispersed in
only a small amount of water at the surface, which may lead(semi-)solid amorphous matrices (supramolecular networks;
to microstructural rearrangements and compaction of the parFlory, 1974; Keller, 1995; Abdallah and Wise, 2000;
ticle (change of shape or porosity and decrease of mobilityYSangeetha and Maitra, 2005; He et al., 2007), and the uptake

2 Conceptual framework
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of water into a gel can involve gradual swelling as well For example, the glass transition temperature of spray-
as stepwise volume increases related to thermodynamicallgried lactose particles decreases with increasing relative hu-
well-defined phase transitions (Dusek and Patterson, 1968nidity from 373 K under dry conditions to 298 K at 30% RH
Tanaka, 1978; Erman and Mark, 1997). Upon drying, gels(Burnett et al., 2004). Accordingly, the increase of relative
can form highly porous structures (xerogels/aerogels; Kistlethumidity over glassy lactose at 298 K leads to a phase tran-
et al., 1935; McNaught and Wilkinson, 1997). sition (“moisture-induced glass transition”) that occurs at a

Ultra-viscous or highly viscous liquids exhibit viscosities “glass transition relative humidity” of Rt~ 30%. At RH,
that are close to the viscosity of glassesl("°Pas) or at the solid glass is transformed into a semi-solid state (rub-
least several orders of magnitude higher than the viscositypery, gel-like, ultra-viscous) that can absorb water and swell
of water at ambient conditions-(L0* Pas vs.~10-3Pas; accordingly. Continued absorption converts the (semi-)solid
Hecksher et al., 2008). Such liquids can also be regarded gzarticles into concentrated aqueous solution droplets that
semi-solids when they behave in a non-ergodic manner, i.emay be metastable (supersaturated/supercooled) with regard
when the relaxation times of relevant properties are comparato crystalline phases but are in equilibrium with the relative
ble to or longer than the time scales of imposed changes anHumidity of the surrounding gas.
observations, respectively (Lubchenko and Wolynes, 2007). Overall, the transformation of (semi-)solid amorphous
For example, highly viscous liquids may exhibit fluid behav- particles (glassy, rubbery, gel-like, or ultra-viscous) into lig-
ior such as viscous flow over long times scales. On shoruid aqueous solution droplets by uptake of water vapor (com-
time scales, however, they may not be able to respond tdined humidification and liquefaction) can be regarded as a
mechanical forces or changes of ambient conditions (temdeliquescence transition (“amorphous deliguescence”). Sim-
perature, humidity) and thus appear (semi-)solid rather tharlar to the glass transition (“amorphous melting”), the amor-
liquid (non-ergodic behavior due to kinetic limitations). phous deliquescence can be a non-equilibrium phase tran-

The transition from the glassy state to a semi-solid statesition when the particles are not in thermodynamic equilib-
(rubbery, gel-like or ultra-viscous liquid) is called glass tran- rium with the surrounding water partial pressure. Alterna-
sition and characterized by the glass transition temperaturejvely the amorphous deliquescence can also be an equilib-
Ty (Angell, 1995; Debenedetti and Stillinger, 2001; Robertsrium process when it is due to the transition between col-
and Debenedetti, 2002; Zobrist et al., 2008). At the glasdapsed and swollen gel-like structures (Dusek and Petterson,
transition, discontinuous changes can be observed in thert968; Tanaka, 1978; Erman and Mark, 1997), as detailed be-
modynamic properties such as molar volume, enthalpy olow in Sect. 4.2.2.
entropy, but dynamic properties such as viscosity and dif- Due to the high viscosities and low molecular diffusiv-
fusivity change only gradually. Thus, glass transitions areities of (semi-)solid amorphous substances, their deliques-
different from classical first-order phase transitions (crystal-cence is likely to be kinetically limited (non-ergodic) on short
to-liquid: melting or prompt deliquescence; liquid-to-crystal: time scales £minutes/hours for sub-micron and micron-
freezing or prompt efflorescence) or second-order phase trarsized particles). In analogy to the dependencé&ypbn the
sitions (solid-to-solid: crystal lattice transformation). This is rate of temperature change, Rli$ expected to depend on
most evident by the fact that the glass transition temperaturéhe rate of humidity change, whereby higher rates of RH
depends on the history of the glass formation process: largéncrease should lead to higher RMalues. For example,
cooling rates usually result in highgy values than small  Burnett et al. (2004) observed an increase ofyRH30% at
cooling rates (Debenedetti and Stillinger, 2001; Zobrist etdRH/dt =2% ! to RHg ~ 40% atdRH/dt=10% ! for
al., 2008). spray-dried lactose at 298 K.

Due to the very low molecular diffusivity of glasses, the  The absorption of water vapor or other gas molecules into
uptake of water vapor by glassy aerosol particles may ofthe bulk of particles and droplets can be kinetically limited
ten be limited to surface adsorption — at least on the timeby surface processes (mass accommodation or surface ac-
scales that are most relevant for the processing of particlesommodation and surface-bulk transfer, respectively) or by
suspended in the atmosphere or in laboratory experimentdiffusion in the particle bulk (Seinfeld and Pandis, 2006;
(seconds to hours; Parker and Ring, 1995; Burnett et al.Taraniuk at al., 2007; #&schl et al., 2007). In case of highly
2004; He et al., 2006). In contrast, amorphous particles inviscous substances, the uptake of water is likely to be limited
a rubbery, gel-like or viscous liquid stat& ¢ Ty) can effi- by bulk diffusion, leading to kinetically limited, gradual deli-
ciently absorb water into the particle bulk (Slade and Levine,quescence transitions. The uptake of water into particles con-
1991; Hancock, 1993; Mackin et al., 2002; Price and Young,sisting of molecules with higher molecular mass will gener-
2003; Burnett, 2004; Dawson et al., 2009). Moreover waterally lead to a decrease of viscosity and increase of diffusivity.
can act as a plasticizer and reduce the glass transition tenFhus, the process should be self-accelerating and may lead to
perature of amorphous solids (Slade and Levine, 1991; Rootemporary formation of core-shell structures with higher dif-
and Karel, 1991; Hancock and Zografi, 1997; Lourdin at al.,fusivity in the outer shell, because water uptake begins at the
1997; Zobrist et al., 2008). surface (Zobrist et al., 2008).
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Structural defects such as veins and pores in the partiwater vapor. Instead we propose the following generalized
cle bulk can accelerate the water uptake and reduce or atdefinitions:
rogate diffusion-related kinetic limitations of deliquescence
(Sjorgen et al., 2007; Zardini et al., 2008). On the other 1. Deliquescence is the transformation of a (semi-)solid
hand, some organic substances (“gelators”, including car-  substance into a liquid aqueous solution, whereby
bohydrates and proteins) are able to form gel-like structures ~ water is absorbed from the gas phase (‘liquefac-
(supramolecular networks) that may inhibit molecular diffu- tion/liguescence upon humidification/hydration”).

sion in the particle bulk and reinforce kinetic
limitations of deliquescence (Farhat et al., 1997; Abdal- 2. Efflorescence is the transformation of a substance from

lah and Weiss, 2000; Estroff and Hamilton, 2004; He etal., @ liquid aqueous solution into a (semi-)solid phase,
2007). Moreover, the filling or formation of aqueous pock- whereby water is evaporated (“solidification upon dry-
ets in gel-like structures can lead to stepwise swelling in  ing/dehydration”).

the course of hydration and gradual deliquescence of amor-

phous aerosol particles (see results reported below and pfccording to these definitions, individual components as
Mikhailov et al., 2004). well as entire aerosol particles can undergo gradual or

While multicomponent mixtures may be thermodynami- _prpmpt, partial or full deliquescence or efflorescgnce, which
cally stable in an amorphous state (Marcolli et al., 2004;1S indeed the case not only fora.mor'phous organic substances
Cappa et al., 2008), amorphous (semi-)solids consisting oput glso for mlxtyres of crystalline inorganic substances. If
pure compounds or mixtures of a small number of com-required, the a_ttnbutes gradual/prompt, partlaI/fuIIa_md amor-
ponents are usually metastable (supercooled/supersaturatdgfjous/crystalline should enable a clear and unambiguous dis-
with regard to corresponding crystalline phases. The ratedction between the various types of deliquescence and ef-
at which amorphous and dissolved organic substances CrygLorgscence tranS|t|on§ that may occur upon humidification or
tallize are generally low and depend strongly on the pres-drying of aerosol particles.
ence of seed materials for crystal nucleation (e.g., Hilfiker, When dealing with crystalline substances — as assumed
2006). At room temperature and relative humidities of 50—in Most earlier atmospheric studies — deliquescence can be
70% the crystallization of spray-dried lactose and other sug'egarded as a classical equilibrium phase transition with a
ars was found to proceed on time scales of hours (Burnett efell-defined deliquescence point. When dealing with amor-
al., 2004; Wang and Langrish, 2007), and no crystallisationphous solids (glasses) or other (semi-)solid substances (gels,
was observed for micron-sized lactose particles of high pufubbers, etc.), deliquescence can be regarded as a non-
rity (Price and Young, 2003). Accordingly, crystallization of €quilibrium phase transition like the glass transition. Stud-
organic compounds is not likely to occur in nanometer-sized€S explicitly discriminating different forms of deliquescence
aerosol particles unless they contain suitable seeds. can simply add appropriate adjectives or nouns: crystal(line)

Upon dehydration of deliquesced organic particles (aqued€liquescence, amorphous deliquescence, glass(y) deliques-
ous droplets) on time scales of seconds to minutes, continu€eNCce, rubber(y) deliquescence, gel deliquescence; etc.
ous desorption of water vapor is expected to gradually con- Thus, we consider the broad definitions proposed above
vert the aqueous solution droplets into (semi-)solid amor-more useful and suitable for aerosol and atmospheric re-
phous particles (“amorphous efflorescence”). The desorpsearch than alternative approaches that might restrict the
tion of water and gradual efflorescence transition can be kiferms deliquescence and efflorescence exclusively to prompt
netically limited by the formation of gel-like structures or dissolution or formation of crystalline substances, respec-
core-shell structures with low diffusivity in the outer shell tively. Note that earlier studies have already used the term
(glassy, rubbery, ultra-viscous) where equilibration with the deliquescence in ways that go beyond classical equilibrium
gas phase begins (Zobrist et al., 2008). Limitations of masdghase transitions and deliquescence points — see discussions
transport and charge effects may also lead to the formation off pre-deliquescence and non-prompt, nucleated or other
porous structures and irregular envelope shape, which can Jeathways of deliquescence (e.g., Cantrell et al., 2002; Biskos
particularly pronounced in case of organic substances mixe&t al-, 2006; Zardini et al., 2008; McGraw and Lewis, 2009,

with inorganic salts (Mikhailov et al., 2004). and references therein).
The broad definitions of deliquescence and efflorescence

2.3 Generalized definitions of deliquescence and efflo- proposed above are also consistent with the definition pro-
rescence posed by IUPAC [ttp://goldbook.iupac.org/D01582.html
and the various definitions used throughout chem-
For efficient description of water uptake and phase transitionsstry,  biology and medicine, which are usu-
of amorphous and crystalline organic and inorganic aerosoblly not restricted to crystalline substances (e.g.:
particles and particle components, we propose not to limit thehttp://www.merriam-webster.com/dictionary/deliquescence
terms deliquescence and efflorescence to equilibrium phaskttp://www.biology-online.org/dictionary/Deliquescence
transitions of crystalline substances (salts) interacting withhttp://medical.merriam-webster.com/medical/deliquesce
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http://chemistry.about.com/od/chemistryglossary/a/ Then the bottle was closed with a plastic lid, dipped into a
deliquescencedf.htnetc.). water bath kept at (298:20.2) K, and equilibrated over sev-

Note that the proposed general definition of deliquescenceral hours to days (until the measured RH was constant over
does not include gradual hygroscopic growth and water upseveral hours). The constant saturation RH measured over
take (dilution) of liquid aqueous solution droplets, becausethe bulk samples (Rgh) was taken as the bulk deliguescence
the latter does not involve the liquefaction of (semi-)solid RH of the investigated crystalline substances §BH
phases. As shown below and in earlier studies, the hygro- The humidity sensors used in the bulk sample and
scopic growth of liquid aqueous droplets (fully deliquesced aerosol experiments (H-TDMA) were calibrated over
particles) usually leads to a smooth continuous change ofhe range of 11-94% RH using saturated aqueous
particle size with relative humidity. In contrast, the onset, solutions/slurries of LIiCl (11.30.3%), CHCOOK
transformation of intermediate stages (semi-solid gel or shel(22.0+ 0.3%), MgCpb (32.8+ 0.2%), KkCOs3 (43.24+ 0.3%),
structures) and completion of the deliquescence and effloredMg(NOz)2 (52.9+ 0.2%), NaCl (75.3: 0.1%), (NH;)2SOy
cence transitions of (semi-)solid amorphous substances ar@1.0+0.3%), KNG (93.6£0.6%) as standards
usually related to discontinuities in the variation of aerosol (Greenspan, 1977) in the same setup as for the deter-
particle size with relative humidity (distinct changes in the mination of RHp. The uncertainty of the calibration was
slope and curvature aby, gn, op, and Ny plotted against  of the order of~1% RH (standard deviation of linear
RH; see below). In this regard and in general, the aboveregressions).
definitions are also consistent with the definitions given by
Martin (2000) in a review of phase transitions in atmospheric3.2 H-TDMA setup and modes of operation
aerosols, including the deliquescence and efflorescence of
(crystalline) salt particles. The hygroscopicity tandem differential mobility analyzer (H-

In the following we present experimental investigations TDMA) system and experimental procedures were essen-
and model calculations on the uptake and release of wateli@lly the same as described by Mikhailov et al. (2004), ex-
by crystalline and amorphous aerosol particles. In particularcept for a few modifications aimed at minimizing experimen-
we relate the size changes observed in H-TDMA experimentdal uncertainties (Fig. 2). Aerosols were generated by nebu-

to structural rearrangements and phase changes according #gation of aqueous solutions of the investigated substances
the conceptual framework outlined above. in deionised water (solute mass fraction 0.1%). The solu-

tion droplets generated by nebulisation were dried using a
couple of silica gel diffusion dryers (SDD) with an overall
3 Experimental methods aerosol residence time 6f30 s; the residual relative humid-
ity was <5% throughout all experiments (RH1, Fig. 2). All
3.1 Substances and deliquescence relative humidity of H-TDMA experiments were performed at ambient tempera-
bulk samples ture and pressure (2982 K, ~960 hPa).
The dry polydisperse aerosol was passed through a neu-
The following substances were used to prepare theralizer 8°Kr, TSI, 2mCi, Model 3077), and a monodisperse
investigated aerosols and bulk samples (provider, pu-aerosol with the desired initial dry particle diameter was se-
rity, molar mass and density at 298K): crystalline lected by the first differential mobility analyzer (DMA1).
ammonium sulfate ((NH4B5Oy, Fluka, >99.5%, The size-selected particles were then passed through a con-
132.16gmott, 1769kgnt3), crystalline oxalic acid ditioner (Nafion, Ansyco) with a residence time of 13 s (con-
dihydrate ((COOHy-2H,0O, Fluka, >96%, 126.07 g mol, ditioner and subsequent lines leading to DMA2). The size
1653 kgnt3), crystalline levoglucosan (1,6-anhydgeb- distribution of the conditioned particles was measured with a
glucopyranose, §H100s, Fluka, >98%, 162.14gmoll, scanning mobility particle sizer (SMPS) consisting of DMA2
1600kgn3), crystalline glutaric acid (COOH-(CHis- (TSI Model 3071), a condensation particle counter (CPC,
COOH, Fluka,>96%, 132.12gmol%, 1429kgnT3), and TSI 3025), and a computer (TSI AIM 4.3 software).
deionised water (Millipore — Milli Q plus 185, 18.2ficm, The mass flow meters used to control the sheath and ex-
18.02gmot?, 997.1 kg mot?t). cess flows of DMA 2 (TSI Model 2011B) were calibrated
To determine the deliqguescence relative humidity of bulkusing a film flow meter (Gilian Gilibrator 2, standard flow
samples, 7-8 g of the crystalline substances were placed ineell, accuracy 0.2%). At the beginning, middle and end of
plastic bottle (polyethylene, 3.5cm i.d., 8.5 cm height), andevery experiment the film calibrator was used to check the
liquid water was added to prepare a thoroughly mixed aquesheath and aerosol flow rates, which were generally very
ous slurry with a thin liquid solution layer~2 mm) cov-  stable (variations<0.5%). The relative humidity and the
ering the solid sample substance (Wexler and Brombachetemperature of aerosol and sheath inflow and exhaust out-
1951). A capacitive humidity sensor (Ahlborn A646, preci- flow of DMA2 were measured with capacitive humidity sen-
sion +£0.5% RH, accuracy: 2% RH and+ 0.1 K) was po-  sors (Ahlborn A646) calibrated as described above. A fan
sitioned in the center of the bottle over the liquid surface.was used to ventilate air through the housing of DMA2 to
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Aerosol

NL humidifier

Nebulizer —| |

DMA1 DMA2 CPC
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Fig. 2. Experimental setup of the hygroscopicity tandem differential mobility analyzer (H-TDMA) system: RH — relative humidity sensor,
SDD - silica gel diffusion dryer, NL — aerosol neutralizer, DMA — differential mobility analyzer, CPC — condensation particle counter.

SDD 1

DMA2

Sheath flow—s| humidifier

Table 1. Sequence of relative humidities (“RH history”) experienced by the investigated aerosol particles in the key elements of the H-
TDMA system (DMAL, conditioner, DMA2) during different types of H-TDMA experiments (modes of operation, Sect. 2.2). For each type
of experimentX represents the independent variable, i.e., the RH value taken for plotting and further analysis of the measurement results.

H-TDMA experiment DMA 1 Conditioner DMA 2
(operation mode) (size selection)  (humidification)  (size measurement)
RH1 (%) RH2 (%) RH3 (%) RH4 (%)
hydration (1) <5 X X X
dehydration (2) <5 RHs p+5% <5 X
hydration&dehydration (h&d, 3) <5 X <5 <10°

@ In dehydration experiments (mode 2) RH2 was kept 5% higher than the relevant crystalline bulk deliquescence relative hugydity RH
(Table 2). For oxalic acid particles, RH2 was kept at 95%.
bin h&d experiments (mode 3) the increase of RH2 frelo to 95% led to an increase of RH4 froab% to~0.1x RH2.

equilibrate the temperature and relative humidity of sheath 3. H-TDMA mode 3 (“hydration & dehydration”, “h&d")

flow and excess flow (agreement of RH3 and RH4 gener-
ally better thant2% RH). Note that the uncertainties of hu-
midity control in the H-TDMA system (up t6-2% RH) was
generally larger than the uncertainty of measuring diameter
changes and growth factors, respectivety) (4%).

Based on Mikhailov et al. (2004), the H-TDMA system
was used in three different modes of operation. These cor-
respond to different sequences of humidification and drying
(“RH histories”) of the aerosol particles as outlined in Table 1
and enable efficient investigation of different phenomena.

1. H-TDMA mode 1 (“hydration”) provides informa-
tion about structural rearrangements and deliques-
cence phase transitions of dry particles and the hy-

provides information about structural changes and/or
partial evaporation of particles as a function of the
maximum relative humidity experienced during a cy-
cle of humidification and drying (variabl& ~ RH2;
RH3 < 5%; 5%< RH4 < 12%). The minimum mobil-

ity diameter observed in mode 3 can be used to approx-
imate the actual mass equivalent diameter of dry parti-
cles, which is a prerequisite for accuratélfer model
calculations, and differences between the mobility di-
ameters observed in modes 1 and 3 (hydration and h&d
experiments) can provide information about the surface
adsorption of water on dry aerosol particles, as dis-
cussed below and in Mikhailov et al. (2004).

groscopic growth of deliquesced particles (aqueousNOte that in most other H-TDMA studies a pre-dryer has

solution droplets) as a function of relative humid- P€en applied before DMA2 when performing dehydration

ity upon particle sizing and conditioning (variable ©F h&d experiments. For the experiments presented in this
X~ RH2~ RH3~ RH4). manuscript, however, we have intentionally not used a pre-

dryer before DMA2 in order to obtain information about ki-

. H-TDMA mode 2 (“dehydration”) provides informa- netic limitations of dehydration processes. In our dehydra-
tion about the efflorescence transition of deliqguescedtion and h&d experiments with dry sheath air (R&E%),
particles and the hysteresis loop between deliquesthe average relative humidity in DMA2 obtained by equili-
cence and efflorescence transitions as a function obration of aerosol and sheath flow through diffusion of wa-
relative humidity upon particle sizing after condition- ter vapor was in the range ef5% to~10% (0.1 x RH2).
ing and deliguescence at high RH (varialex RH4; Model calculations solving the convective-diffusion equa-
RH2~ RHsp+5%; max. 95%). In this mode as well tion with a finite element software package (FEMLAB &
as in mode 3, DMAZ2 serves not only for particle siz- Matlab) for the applied DMA and operating conditions (TSI
ing but also for particle drying (residence tim&.5s; Model 3071; aerosol flow 0.31/min; sheath flow 31/min)
Mikhailov et al., 2004). show that the maximum radial deviations from the average
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Fig. 3. Measurement precision and dry particle stability characterized by test measurements of particle mobility diagheteer(time:

(@) Initial mobility diameter Oy, ;) as selected with DMA1 and measured with DMA2 for ammonium sulfate particles over the full duration of

an H-TDMA experiment{7 h). Symbols and error bars represent the arithmetic mtessandard deviation of five repeated measurements;
open symbols indicate warm-up time. The slope of the linear fit indicates a drift of 0.018}hi(:0.2%). (b) Mobility diameter of

oxalic acid, glutaric acid, and ammonium sulfate particles under dry conditions plotted against residence time between DMA1 and DMA2
(conditioner and tubing). The slope of the linear fit indicates an evaporation rate &f (225 nm s'L for glutaric acid particles, whereas no
significant evaporation was observed for oxalic acid and ammonium sufatégnms1).

relative humidity in DMA2 were reduced t030% after0.1s  decade; TSI AIM 3.4 and Origin 7.5 software), and the modal
(<5% after 0.5 s) and should have negligible influence on thediameter D) and geometric standard deviatiany( of the
experimental results. Only at high RH in the h&d experi- fit function were used for further data analysis and plotting.
ments, the enhanced RH of the aerosol flow (up89% for ~ The initial dry particle diameterf§y;), i.e. the modal diame-
~0.1s) may have had a significant influence on the measureter of unconditioned monodisperse aerosol size-selected with
mobility diameter, causing deviations uptd.% or~1nm, DMA1, was generally kept at (99:60.2) nm. Mobility-
respectively, according to the DMA model calculations de- equivalent particle growth factorgy, were calculated rela-
scribed below. tive to the minimum mobility diameter observed in H-TDMA
To characterize the effects of combined drying and siz-operation mode 3 (h&d)gp = Dp/ Db h&d.min-

ing of aerosol particles in DMA2, i.e., the influence of  The precision of repeated mobility diameter measure-
dehydration-related particle mobility changes inside DMA2, ments was generally abot0.1% (relative standard devia-
we performed DMA model calculations for aerosol particles tion of five repeated measurements), the variability over the
undergoing size changes in the range of 200nm to 100NM.4 h needed to perform a complete experiment in one of
(Wang and Flagan, 1990; Endo et al., 1997). The modeknhe H-TDMA operation modes (preceded &8 h warm-up
results have the following implications: (1) If the dehydra- time) was generally less thah0.2%, and the drift was less
tion processes (efflorescence, restructuring, or desorptionghan 0.2% (Fig. 3a)Dp; was checked at the beginning, mid-
inside DMA2 are completed within-0.1s, then the result-  gle and end of every experiment. The measurement data were
ing changes in particle mobility diameter should be fully ot corrected for drifts oDy, but the experiment was dis-

captured with deviations:1%. (2) Kinetically limited dehy-  carded and repeated if the drift exceeded 0.2%.
dration processes that lead to progressive changes of particle

mobility on a time scale 0f~0.1-10s should significantly
influence the particle sizing (deviationsl%) and lead to a
broadening of the measured size distributions (increase of g
ometric standard deviatiowg). (3) Dehydration processes
progressing on time scalesl0s should have no effect on
particle sizing (no change of mobility diameter and no broad-
ening of size distribution).

Accordingly, the uncertainty of relative changedip and

the uncertainty ofgp were less than 0.4%. The statistical
uncertainty ofog was around 0.3% (relative standard devia-
Sion of five repeated measurements). Potential effects of RH
changes on particle mobility sizing with the SMPS, i.e., ef-
fects of changes in mean free path and viscosity on electri-
cal mobility, were estimated using the empirical formulas re-
ported by Weingartner et al. (1997). Overall these effects
should influence the observed growth factors by less than
~0.3%. As this is within the specified uncertainties, we have
The particle size distributions measured with the SMPS sys£hosen not to correct the measurement data.

tem (DMA2) were fitted with a log-normal distribution func- High precision and accuracy of the measured and cal-
tion (CPC raw counts on a linear scale vs. mobility equiv- culated values o, and gp, respectively, were confirmed
alent diameter on a logarithmic scale with 64 channels peby good agreement of the measurement results for pure

3.3 H-TDMA measurement data analysis and precision

Atmos. Chem. Phys., 9, 9493522 2009 www.atmos-chem-phys.net/9/9491/2009/



E. Mikhailov et al.: Amorphous and crystalline aerosol particles interacting with water vapor 9499

ammonium sulfate particles with a referencétter model  4.1.2 Microstructure and surface adsorption
(mean relative deviatior1%; Sect. B1).
Figure 3b shows the results of test experiments in whichUpon hydration from~20% to ~50% RH, the mobility
the residence time of the aerosol between the two DMAs upequivalent diameter of the investigated ammonium sulfate
to 30's under dry conditions, to check if investigated organicaerosol particles decreased b$%, which can be attributed
aerosol components evaporated on the time scale of the rdo the transformation of porous or irregularly shaped particles
ported experiments. No evaporative losses were detected fanto compact near-spherical particles @dver et al., 2000;
levoglucosan and oxalic acid, whereas glutaric acid particle$sysel et al., 2004; Brooks et al., 2004; Mikhailov et al.,
evaporated rapidly at a rate of 2.5 nnigslope of linear fit). ~ 2004). The difference between the mobility diameters of dry
AS particles (RH<20%) observed in the hydration and in the

] ] . dehydration experiments, respectively, can be explained by
4 Experimental results and discussion differences in the drying process before and after size selec-
. .. tion in the H-TDMA system (Mikhailov et al., 2004; Biskos
In Sect. 4.1 we present results from high precision H-TDMA et al., 2006). Most likely the AS particles generated by neb-

eﬁpe:mentti Wl')th 'cryéstallme ?mm(:.nlum sulfgte pafrtlcles, ulization carried excess electric charges and formed slightly
which are he basis for a systematic comparison o amor'porous or irregularly shaped structures upon drying (appar-
phous and crystalline particle behavior and comprise a ne

i ) Vent volume void fraction~4%, Table 2; Weis and Ewing,
approach of measuring surface adsorption of water Vapor1999). As pointed out before (Mikhailov et al., 2004; Biskos

However, readers interested only in amorphous particle be'et al., 2006; Rose et al., 2008), not only the charge state but

havior might want to skip 'Sect.. 4.1 and proceed to Sec'ts. 4'2(1Iso the exact conditions and rate of drying are important for
and 4.3 (amorphous oxalic acid and levoglucosan partlcles)the microstructure of aerosol particles generated by nebuliza-
tion of aqueous solutions. In test experiments with increased
residual relative humidity in the diffusion dryer (less dry sil-
4.1.1 Phase transitions and hygroscopic growth ica gel), the mobility diameter reduction upon hydration de-
creased to~2% at RH1=9% and to~1% at RH1=15%,
Figure 4a shows the mobility equivalent growth factors ob-respectively. Similarly, Gysel et al. (2002) and Biskos et
served for pure ammonium sulfate (AS) particles as a func-al. (2006) had reported mobility diameter reductions of 1-
tion of relative humidity (RH) in the H-TDMA operation 2% upon hydration of AS particles.
modes of hydration and dehydration, respectively (Table 1, On the other hand, the AS particles formed upon dehydra-
Sect. 3.2). It illustrates the typical behavior of crystalline tion and efflorescence of size selected particles (mostly car-
inorganic salt aerosol particles interacting with water vaporrying only a single elementary charge) appear to have been
(Martin, 2000). compact and spherical. The mobility diameter of dry par-
Upon hydration, a steep increase of particle diameter dudicles in the dehydration experimenbg h min) was nearly
to a prompt deliquescence transition was observedsa%s  the same as the minimum mobility diameter observed in
RH in good agreement with bulk measurements and literaturghe hydration&dehydration (h&d) experimenDyg h min ~
data of RHj for crystalline AS (Table 2). The hysteresis loop Dy, had,min, Table 2), and khler model calculations based
observed upon dehydration is characteristic for crystallineon Dy hed,min @s the mass equivalent dry particle diame-
salt particles; it is due to the persistence of metastable aquéer (Dm s) are in excellent agreement with the observed hy-
ous solution droplets which are supersaturated with respeayroscopic growth curve. These findings confirm the com-
to crystalline AS (Martin, 2000). The efflorescence transi- pactness and spherical shape of dry particles viih~
tion resulting in the formation of salt crystals and the evap- Dp hmin & Db h&d,min (Sect. B1).
oration of liquid water was observed a80% RH in good The higher geometric standard deviation of the particles
agreement with literature data of RIfbr submicron ammo-  observed at RH: 50% in the dehydration experimenig(~
nium sulfate particles (Table 2). Both the deliquescence and.08) compared to the hydration experimeit, ¢~ 1.06,
efflorescence transitions are also reflected by a broadeningig. 4b) can be explained by the size selection of particles
of the measured particle size distributions (increase of geowith the same mobility but different porosity or shape in the
metric standard deviation, Fig. 4b) which can be attributedfirst mobility analyzer of the H-TDMA (DMA1). Upon con-
to non-uniformity of the size-selected particles and experi-ditioning and deliqguescence/efflorescence in the H-TDMA
mental conditions (Weingartner et al., 2002; Mikhailov et al., the particles become more compact/spherical, and the orig-
2004; Biskos et al., 2006). Fordkler model calculations of inal differences in porosity/shape are converted into differ-
the hygroscopic growth see Appendix B (Sect. B1). ences in size (mass conservation). Particles that were more
porous/irregular prior to conditioning are expected to exhibit
smaller mobility diameters after conditioning, leading to a
spread of the size distribution measured with the second mo-
bility analyzer (DMA2).

4.1 Ammonium sulfate
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Table 2. Parameters characterizing the microstructural rearrangement and phase transitions of the investigated aerosol particles/substance
minimum mobility diameters observed in hydration, dehydration and h&d experimBgts in, Db, d,min» Pb.had,min; Figs. 4 and 5);

apparent volume void fraction of particles upon initial size-selectiny & Dg,i/Dg.h&d,min —1, Dy j =99.5nm); relative humidities of
deliquescence and efflorescence as observed in the H-TDMA experiments of this stugyRR&); relative humidity measured over
saturated aqueous bulk samples in this study{RERHq ); deliquescence relative humidities reported in earlier studieg (RH

Substance Dphmin  Dbdmin  Dbh&dmin fvi RHg RHe RHgp RHq it
(nm) (nm) (nm) (%) () (%) (%) (%)
Ammonium sulfate (AS) 96.5 95.7 95.7 4 80 30 79.4  fo@.2, 8CF,
8cd, 79.%, 79
Oxalic acid (OA, dihydrate) 92.3 89.0 89.0 40 45-80 20-80 96.7 bQEZB(?,
97.3, 99
Levoglucosan (LG) 99.5 103.8 99.5 0 30-60<14  81.9 80.0 81.5¢

@ Robinson and Stokes (1970), bulk solution measuremBtsrcolli et al. (2004), bulk solution measuremerit§ysel et al. (2002), HT-
DMA measurementsd Tang and Munkelwitz (1993), electrodynamic balance measurenfeMsasch et al. (1999), FTIR spectroscopy
measurements’, Biskos et al. (2006), HTDMA measurements;Brooks et al. (2002), bulk solution measurements®@4h Peng et
al. (2001), bulk solution measurements,°25 ' Prenni et al. (2001), thermodynamic modeMochida and Kawamura (2004), bulk so-
lution measurements at 2C; X Parson (2006), optical microscope coupled to a flow cell.

As illustrated in Fig. 5a and b, the difference betweenbe less thant1 ML. As illustrated in Fig. 5b, we obtained
the mobility diameters observed in the hydration experi-a near constant surface coveraget®ML of water for the
ments and in the h&d experiments provide information aboutRH range of 50—70% and an apparent increase oML
the amount of water adsorbed on the surface of crystallinever the range of 70-77% RH.

aerosol particles prior to deliquescence. Upon hydration, 1he findings are consistent with earlier H-TDMA stud-
DMAZ is operated under humidified conditions and mea-joq of water adsorption on AS particles. Romakkaniemi
sures mobility diameter of particles with adsorbed waterq; 4 (2001) found 0.5-1.5ML of water on AS particles
(Don), whereas the h&d mode enables the measurement Qfjit 15nm diameter in fair agreement with theoretical cal-
dry particle size Dpned) at RH<5% t0 12%. AtRH45%  ojations considering the Kelvin effects and various types
the differences between the hydratio