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Abstract. The interaction of aerosol particles composed ently also influenced by volatilisation of NfNIO3, but not as
of the protein bovine serum albumin (BSA) and the in- much as for pure salt particles, i.e. the protein inhibited the
organic salts sodium chloride and ammonium nitrate withdecomposition of NHNO3 or the evaporation of the decom-
water vapor has been investigated by hygroscopicity tanposition products Ngland HNG;. The efflorescence thresh-
dem differential mobility analyzer (H-TDMA) experiments old of NaCI-BSA particles decreased with increasing BSA
complemented by transmission electron microscopy (TEM)dry mass fraction, i.e. the protein inhibited the formation of
and Kohler theory calculations (100-300 nm particle size salt crystals and enhanced the stability of supersaturated so-
range, 298K, 960 hPa). BSA was chosen as a well-definedution droplets.
model substance for proteins and other macromolecular com- The H-TDMA and TEM results indicate that the protein
pounds, which constitute a large fraction of the water-solublewas enriched at the surface of the mixed particles and formed
organic component of air particulate matter. an envelope, which inhibits the access of water vapor to the
Pure BSA particles exhibited deliquescence and effloresparticle core and leads to kinetic limitations of hygroscopic
cence transitions at35% relative humidity RH) and a hy-  growth, phase transitions, and microstructural rearrangement
groscopic diameter increase by up+d0% at 95%RH in processes.
good agreement with model calculations based on a simple The Kohler theory calculations performed with different
parameterisation of the osmotic coefficient. Pure NaCl parti-types of models demonstrate that the hygroscopic growth of
cles were converted from near-cubic to near-spherical shapgarticles composed of inorganic salts and proteins can be ef-
upon interaction with water vapor at relative humidities be- ficiently described with a simple volume additivity approach,
low the deliquescence threshold (partial surface dissolutiorprovided that the correct dry solute mass equivalent diame-
and recrystallisation), and the diameters of pureaNB3  ter and composition are known. A parameterisation for the
particles decreased by up to 10% due to chemical decomesmotic coefficient of macromolecular substances has been
position and evaporation. derived from an osmotic pressure virial equation. For its ap-
Mixed NaCl-BSA and NHNO3-BSA particles interact-  plication only the density and molar mass of the substance
ing with water vapor exhibited mobility equivalent diame- have to be known or estimated, and it is fully compatible
ter reductions of up to 20%, depending on particle generwith traditional volume additivity models for salt mixtures.
ation, conditioning, size, and chemical composition (BSA
dry mass fraction 10-90%). These observations can be ex-
plained by formation of porous agglomerates (envelope void )
fractions up to 50%) due to ion-protein interactions and elec-1  Introduction
tric charge effects on the one hand, and by compaction of the . ] ) .
agglomerate structure due to capillary condensation effectd he interaction of aerosol particles with water vapor and their

on the other. The size of N O3-BSA particles was appar- activation as cloud condensation nuclei (CCN) are among
the central issues of current research in atmospheric and cli-
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(ulrich.poeschl@ch.tum.de) fluence the formation of clouds and precipitation, and affect
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324 E. Mikhailov et al.: Interaction of aerosol particles composed of protein and salts with water vapor

the abundance of trace gases via heterogeneous chemical neact with trace gases like ozone and nitrogen oxides, and af-
actions and other multiphase processes (e.g. Andreae arfdct public health as allergens (Miguel et al., 1999; Franze et
Crutzen, 1997; Baker, 1997; Ravishankara, 1997; Seinal., 2001; Zhang and Anastasio, 2003; Franze et al., 2003a,
feld and Pandis, 1998; Finlayson-Pitts and Pitts, 2000; Ra2003b).

manathan et al., 2001; Ramaswamy et al., 2001; Austin et geyeral laboratory studies have shown that particles com-
al., 2003; Iziomon and Lohmann, 2003; Kulmala et al., 2003; ,osed of water-soluble organic compounds can take up water
and references therein). Moreover, they are of major impor\,apor and act as CCN (e.g. Cruz and Pandis, 1997; Corri-
tance with respect to air pollution control and can cause réSyan and Novakov, 1999; Prenni et al., 2001; Prenni et al.,
piratory and cardiovascular diseases when deposited in th8003: Kumar et al., 2003). Organic surfactants can decrease
human respiratory tract (e.g. Finlayson-Pitts and Pitts, 1997ine syrface tension of aqueous droplets, enhance hygroscopic
Seinfeld and Pandis, 1998; Finlayson-Pitts and Pitts, 2000growth, reduce the critical supersaturation for cloud droplet
Poschl, 2002; and references therein). formation, and enhance cloud albedo (Shulman et al., 1996;
The primary parameters which determine the optical prop-Facchini et al., 1999b). On the other hand, organic surface
erties, CCN activity, reactivity, and deposition of aerosol par-|ayers can inhibit the uptake of water vapor by liquid aerosol
ticles are their size and composition. Depending on theirfparticles and influence the wettability of solid aerosol parti-
sources and atmospheric processing (interaction with radip|eg (e.g. Gill etal., 1983; Niessner and Helsper, 1985; Niess-
ation, gases, and clouds), atmospheric particles consist of gar et al., 1989: Hansson et al., 199Carkeri et al., 1992:

complex mixture of organic and inorganic chemical compo- Andrews and Larson, 1993: Saxena et al., 1995: Xiong et al.,
nents. Water can be adsorbed on the surface or contained i9gg; Kotzick and Niessner, 1999).

the bulk of the particles in variable amounts determined by .
. . ) . To our knowledge, however, only a couple of experimen-
the physico-chemical properties of the other particle compo-

. - e tal studies investigating the effect of macromolecular organic
nents (wettability, water-solubility, hygroscopicity) and am- compounds on the hvaroscopicity of atmospheric particles
bient conditions (temperature, relative humidity). The inter- P Y9 picity b b

action of water-soluble inorganic salts and acids with Wa_have been published (Chan and Chan, 2003; Gysel et al.,

oo . 2004), and these were focused on humic-like substances. No
ter vapor is fairly well understood and considered to have a

) : . fexperimental data for proteins and néMder theory models
strong influence on atmospheric aerosol properties and ef:

fects (e.g. Pruppacher and Klett, 1997; Colberg et al., 20031;‘or this type of substances have been presented up to now.

Martin et al., 2004; Pszenny et al., 2004; and references Therefore, we have set out to investigate and charac-
therein). For example, the critical supersaturation for cloudterise the hygroscopic growth of aerosol particles in the 100~
droplet formation on ultrafine aerosol particles composed 0f200 N size range composed of the protein bovine serum al-
hygroscopic salts is much lower than for insoluble materials umin (BSA) and the inorganic salts sodium chioride and
and the scattering cross- sections of deliquesced ammoniu@Mmonium nitrate by laboratory experiments and model cal-
sulfate particles at 90% relative humidity exceed those of dryculations. BSA was chosen as a well-defined model sub-
particles by a factor of five or more (Tang, 1996; Malm and Stance for proteins and other macromolecular organic com-
Day, 2001). pounds. It is a globular protein with a molecular diameter
The understanding of the influence of organic compounds©n the order of~5nm and a molar mass 6f66.5 kg/mol,
however, is very limited (e.g. Pruppacher and Klett, 1997;composed of a polypeptide chain of 583 natur@minoacid
Ming and Russell, 2001; Russell et al., 2002; Tsigaridis andresidues (Tanford, 1961; NCBI database, www.ncbi.nlm.nih.
Kanakidou, 2003; Ciczco, 2003; Martin and Bertram, 2003; 90V, AAN17824).
Martin et al., 2004; Krcher, 2004; Gysel et al., 2004; and  The experimental investigations have been performed with
references therein). Depending on sampling location andx hygroscopicity tandem differential mobility analyzer (H-
season, organics account for up to 50% or more of the dryTDMA) and complemented by transmission electron mi-
mass of air particulate matter, but only a few percent of thecroscopy (TEM). The principles of TDMA experiments have
individual compounds have been identified on a molecularbeen described a couple of decades ago (Liu et al., 1978;
level (e.g. Rogge et al., 1993; Saxena and Hildemann, 1996Rader and McMurry, 1986), and a wide range of applications
Facchini et al., 1999a, Jacobson et al., 2000; Turpin et aland modifications of this technique have been reported since
2000; Matta et al., 2003;dchl, 2003; Sciare et al., 2003; then (e.g. Cruz et al., 2000;&theri, et al., 2000; Kmmer et
Schneider et al., 2004; and references therein). Large fracal., 2000; Joutsensaari et al., 2001; Weingartner et al., 2002;
tions of the water-soluble organic particulate matter (up toVakewa et al., 2002; Maliling et al., 2003). The instrumen-
~50%) have been attributed to macromolecular compoundstation and measurement procedures applied in this study are
including proteins and humic-like substances (Mukai anddescribed below. Moreover, different models fditder the-
Ambe, 1986; Havers et al., 1998; Zappoli et al., 1999; Dece-ory calculations of the hygroscopic growth of particles con-
sari et al., 2001). Proteins and protein derivatives accountaining inorganic salts and proteins or comparable organic
for up to~10% of water-soluble organic carbon in fog water macromolecules are outlined and tested against the experi-
and fine particulate matter (PM2.5), can act as surfactantanental results.
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Fig. 1. Experimental setup of the hygroscopicity tandem differential mobility analyzer (H-TDMA) system: RH - relative humidity sensor,
NL — aerosol neutralizer, SDD — silica gel diffusion dryer, RM — rotameter, DMA — differential mobility analyzer, PG — impactor and pressure
gauge, MFM — mass flow meter, F — filter, CPC — condensation particle counter, PC — personal computer, VP — vacuum pump.

2 Experimental Table 1. Molecular mass and density at 298 K for the investigated

o compounds (Weast, 1998; bovine serum albumin (BSA): Tanford,
Aerosols were generated by nebulisation of an agueous soto61).

lution of the investigated pure substance or substance mix-

ture _(mas_s fraction 0.1%_). The solutions were prepared H,0 NaCl NH;NO3 BSA

by dissolving the appropriate amounts of bovine serum al- —

bumin (BSA, fraction V,>96%, Sigma), sodium chloride, M (kgmol™7)  0.01802 0.05844  0.08004  66.5
o (kgm=3) 997.1 2165 1725 1362

and ammonium nitrate (NaCl, NfNIO3, >99.5%, Merck) in

250 mL of deionised water (18.2®1Icm, Milli Q plus 185,
Millipore). The molecular masses of the investigated com-
pounds and their densities at 298 K are summarised in Ta-
ble 1. The applied cross-flow nebuliser (glass, self-made) Two different operation modes were applied in the process
was operated with a nitrogen carrier gas flow of 3.0 L/min. of initial aerosol drying and neutralisation.

(99.999%, Messer-Griesheim) in a 500 mL three-neck glass Neutralisation mode AUsually the aerosol flow from the
flask containing the aqueous solution. 1.0 L/min of the genernebuliser flask was directly fed into a silica gel diffusion drier
ated aerosol flow was fed into the H-TDMA setup illustrated (SDD, self-made: fine steel mesh tube with 50 cm length and
in Fig. 1. Antistatic tubing (Tygon, Norton) was used for 1cm i.d. surrounded by dense packing of silica gel in glass
all aerosol and gas flows. The gas flow rates were measurejdcket with 10 cm i.d.), subsequently passed through a neu-
with rotameters (Rota Yokogawa) calibrated with a bubbletraliser €°Kr, 2 mCi, TSI, Model 3077), and introduced into
flow meter (Gillian Gilibrator 2, Sensidyne, accuraty %) the first differential mobility analyzer, DMA 1 (self-made,
and adjusted with needle valves (brass/steel, self-made) angimilar to TSI Model 3071). Neutralisation mode A was ap-
tube clips (Roth). All H-TDMA experiments were performed plied for all experiments reported below unless mentioned
at ambient temperature and pressure 288, 960 hPa). otherwise.

www.atmos-chem-phys.org/acp/4/323/ Atmos. Chem. Phys., 4, 323-350, 2004
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Neutralisation mode Bfor some test experiments the tion involving a full hysteresis cycle of deliquescence and
aerosol flow from the nebuliser flask was passed through &fflorescenceX Ho> R Hy).
neutraliser £Kr, 10 mCi TSI Model 3054) before entering The applicability of DMA 2 for both particle drying and
the SDD and DMA 1. To avoid water condensation inside sizing in the reported hydration & dehydration experiments
the neutraliser, the aerosol flow was slightly diluted by dry (H-TDMA mode 3) has been confirmed by test experiments
nitrogen ¢-0.2 L/min). The relative humidityR H, of the di- in which the aerosol flow was dried #®H><5% before en-
luted (excess) flow was kept at or below 85%. The capacitivetering DMA 2. These experiments yielded essentially the
humidity sensorsk H1 — R Hs, Ahlborn FH A646, accuracy same results and indicate near-instantaneous evaporation and
+2%RH, precision+0.5%) were also used to measure the efflorescence of solution droplets entering the DMA drift
temperature (accuracy0.1K) of gas and aerosol flows in  zone for electrostatic sizing in H-TDMA mode 3. Further in-
the H-TDMA system (Fig. 1). vestigations of phase transition kinetics and a detailed discus-

DMA 1 was operated with a dry nitrogen sheath gassion of particle drying and sizing inside a DMA will be pre-
flow of 10L/min, and by electrostatic classification a dry sented in a separate publication. This follow-up publication
monodisperse aerosol with a geometric standard deviation oill also include analyses of size distribution standard devi-
o,<1.1 was selected. 0.3 L/min of the mondisperse aeroso@tions and broadening effects, which go beyond and are not
flow were passed through a conditioner tube (length, 170 cmiequired to support the conclusions of the present manuscript
i.d. 0.25cm) to adjust the relative humiditR &>) by ex-  (Mikhailov et al., 2003).
change of water vapor with a humidified nitrogen gas flow Up to RH~90% the relative humidity of the sheath flow
through a semi-permeable membrane (Nafion, Ansyco). ThéR H3) and exhaust of DMA 2R H,) agreed to within 2%.
residence time of the aerosol flow in the conditioner and inFor RH3>90%, R H4 was lower by up to 4% due to small
the subsequent line leading to DMA 2 was 11 s (conditioningtemperature gradients in the system (differences up to 0.5 K).
time). RHy is considered to be most representative for the effec-

The size distribution of the conditioned particles was mea-tlve overall relative humidity in DMA 2 was thus used for all

sured with a scanning mobility particle sizer SMPS (DMA plots and calculations involvin@ H unless mentioned oth-

2 TSI Model 3071: CPC TSI 3025: TSI AIM 4.3 software: €rwise. The modal diameters (local maxima) of the particle
aerosol inflow 0.3 L/min: pre—impéctor nozzle 0.0508 cm: NUMber size distributions measured with the SMPS system

size range 14.8-487 nm: upscan time 120 s; retrace time 15 bave been used for plots and calculations involving the parti-

delay time 10s; CPC flow 0.3 L/min and count time 0.15s). cle mobility equivalent diameteDy,. They were determined
DMA 2 was operated with a nitrogen sheath gas flow of flom B-Spline fits to the SMPS measurement data (Origin
3.0L/min with adjustable relative humidityR@Hs), which 7.0 software, CPC raw counts vs.. mqb|l|ty equivalent di-
was controlled by mixing of dry nitrogen with a nitrogen gas @Meter, 64 channels per decade; Mikhailov et al., 2003). The
flow saturated with water vapor. Two independent humidifier MOPility equivalent particle growth factogs, was calculated

units were used for the sheath gas flow of DMA 2 and for theas the ratio of the mobility equivalent diameter measured af-
conditioner flow. The residence time of the aerosol flow in (€7 conditioning (hydration, dehydration, or hydration & de-
DMA 2 was 7.5s. hydration) to the initial mobility equivalent diameter of the

fparticles selected by DMA 1Dy, i(go=Db/Dp,i). Dp,i was
measured ak Ho~R H3~R H4~0. The precision of parti-

cle diameter measurements was generally better
(relative standard deviation of repeated measurements). The
accuracy of particle sizing is estimated to $1#2%, which

is confirmed by the good agreement of the measurement re-
sults for pure NaCl particles with literature data and model

The experimental setup allowed to run the combination o
conditioner tube and DMA 2 in three different H-TDMA op-
eration modes and to investigate three different processes:

H-TDMA mode 1(*hydration”): In this modeR H3 was
varied from 0 to~95% with R H»~0.98R H3. KeepingR H>
lower thanR H3 allowed to study the hygroscopic growth, re-
structuring, and deliquescence of dry particles without hys-., |- 1ations.

teresis effects. In addition to the H-TDMA experiments with suspended
H-TDMA mode Z*dehydration”): In this mode&R H3was  particles, the morphology of deposited particles has been
varied from 0 to~95% with R Ho~85% for RH3<85% and  studied by transmission electron microscopy (TEM, EMMA-
RH>~RHj3 for RH3>85%. KeepingRH, above the del- 100). The TEM samples were prepared in a system anal-
iquescence threshold allowed to study the hysteresis effeGgous to the setup described above, but instead of sizing
and efflorescence of deliquesced droplets. with a DMA the aerosol particles were deposited with a
H-TDMA mode 3(*hydration & dehydration”): In this thermophoretic precipitator (self-made) on 3 mm nickel grids
mode R H, was varied from 0 to~95% with RH3~0 and  covered with formvar film. The particles were sampled either
RH1<10%. KeepingRH3~0 and RH4<10% allows to  at the output of the SDD witlk H~35%, or after passing
study and compare the restructuring effects of humidifica-through a glass conditioner tube (residence tina s) with
tion in the conditioner and drying in DMA 2 without droplet RH=70% and a second SDD. Immediately after deposition
formation (R H>< R Hg) or with intermediate droplet forma- the particles were transferred into a silica gel desiccator, and

Atmos. Chem. Phys., 4, 323-350, 2004 www.atmos-chem-phys.org/acp/4/323/
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Table 2. Polynomial coefficients for the empirical parameterisations of the density and water activity of aqueous solutions of NaCl and
NH4NO3 (Tang, 1996).

Solute c1 () c3 c4 dy do d3 dyg
NacCl —0.6366 0.8624 —11.58 15.18 0.741 -0.3741 2.252 -2.06
NH4NO3 —-0.365 —0.09155 -0.2826 0.405 -0.09

kept under dry conditions for 10 min before transfer into the described by the mass fraction or molality of the solute. So-
TEM high vacuum system. The relative humidity of the am- lute molality, s, mass fractiony,, and molar massy, are
bient air to which the particles were exposed in the course ofelated by:

the sampling and TEM analysis procedures was kept below

-1
32%. s = m - ((xi - 1) MS> . ®3)

3.1 Kohler theory and models of hygroscopic particle 3-1.1.1 Empirical parameterisationsayf, o, ando

growth . ) .
For some inorganic salts experimental data of the den-

According to Kohler theory, the relation between relative hu- sity and water activity of aqueous solution droplets have
midity and the size and composition of a spherical agueou$een determined with single-particle levitation techniques
solution droplet suspended in a gas under equilibrium condi{Tang, 2000, and references therein). Tang (1996) presented
tions can be described by (Pruppacher and Klett, 1997):  experimental values aef, andp as polynomial fit functions

of solute mass fraction;:

W= WP RT D) D aw=1+43 e, @
q
The water vapor saturation raty, is defined as the ratio of
the actual partial pressure of water vapor to the equilibriume = pw + qu xd. (5)
water vapor pressure over a flat surface of pure water at the q

gwen tempe(rja_ture. Thet n_:’l_lﬁtlve thu_;‘mdfﬁ t|s |(.je:1r:|cal Tot' ow is the density of pure water (997.1 kgrhat 298 K). The
w EXPrEsSed in percent. | he aclivity ot water in the Solu Ionpolynomial coefficientg, andd, for NaCl and NHNO; at

droplet, aw, is deflnef? ?s ﬂ}e ratlofo:heqwllbrlum Wallt'”:_r V& 298K are listed in Table 2. These polynomial fit functions
por pressures over flat surfaces of the aqueous solution ang[ '\ - i+ up to high salt supersaturations,dc=48% and

of |FUJ?<quter. The (taxpotn ential rtfrg' dOf eq; (12h's _the SO'xNH4N03:9O%, respectively). The increase of the surface
called Kelvin or curvature term, which describes the INCreasge ,qjqy of aqueous solution droplets with increasing concen-

of equilibrium water vapor pressure over a spherical dmplettration of inorganic salts can be described with the formula

with the surface tension and the inverse of the droplet dlam-proposed by Enel (1976). Test calculations, however, have

eteIrDm (geon;etnc; _m?r?s _zqwlvalent d'a';ne'f[eﬂ‘%o;s :Ee shown that the Kelvin term in Eqg. (1) can be approximated
molar mass of HO. R is the ideal gas constant, afids the with p=pw ando =ow=0.072 N nT 1 under the experimental

absolute temperatures and p are the surface tension and conditions of this study (298 KDm>100nm). For pure

density of_the agueous solu.t|on, respectively. . NacCl particles the relative errors introduced by this simplify-
The ratio of the droplgt dlameF@m, to the mass €UV ing assumption in the calculation &H from Eq. (1) were
alent diameter of a partlgle co_nsustlng of the dry solu_te (d's'less than 0.1%. Moreover, the increase of surface tension
solved substancelm.s, is deflned_as the mass equivalent by inorganic salts is counteracted by surfactants such as
growth factor of the dry solute particlg.s: proteins. In the FP model calculations which are based on
Dm < 05 >1/3 the above empirical parameterisations and presented below

gm’s = =
D5

2 for aqueous NaCl and NMNO, solution dropletsx, was
taken as the primary variable to calculatg and o from

xs is the mass fraction of the solute in the droplet, and  Egs. (4) and (5)p, ps, My, x5, and Dy s Were inserted into

is the density of the dry solute. Equations (1) and (2) canEq. (2) to obtainDy,, and finally Dy, aw, My, o =0y, and

be used to describe the hygroscopic growth of aerosol partip=p, were inserted in Eq. (1) to calculate the corresponding

cles (Dm as a function oDy s andR H), if aw, p, ando are equilibrium value ofRH.

known as a function of droplet composition which is usually

Xs P
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3.1.1.2 lon-interaction parameterisationsi@f 5% at very low and very high molalities<Q.1 molkg?,
>8molkg™).
According to Robinson and Stokes (1970) the water Clegg, Pitzer and co-workers have extended the semi-
activity of aqueous solutions of ionic compounds can beempirical parameterisations and developed a series of ion-
described by: interaction models for the calculation of the thermodynamic
roperties of highly concentrated aqueous solutions of inor-
dw = EXP(=vs Py s Muw). (6) gan?c salts relevant for the atmospﬂere (Aerosol Inorganics
vy is the stoichiometric dissociation number of the solute, Model, AIM; Clegg and Pitzer, 1992; Wexler and Clegg,
i.e. the number of ions per formula unif\aci=vNH,N0;=2). 2002) which are publicly available on the internet: http:
®d, is the molal or practical osmotic coefficient of the so- /iwww.hpcl.uea.ac.uke770/aim/aim.htm. In the FP model
lute in aqueous solution. It describes the non-ideality ofcalculations presented below for aqueoussNI3; droplets,
the solution, i.e. ion interactions and other effects leadingthe current online version of AIM Il (Clegg et al., 1998)
to deviations from Raoult’s lawd; jgea=1). Based on an has been used to obtajanH,no, for given values ofay.
ion-interaction approach, Pitzer (1973) derived semiempir-unq,n0, @and MnH,No; Were inserted into Eq. (3) to deter-
ical parameterisations, which descritbg as a function of  minexnn,n05, @and the other variables were calculated as de-
solute molalityus. The general form for strong electrolytes scribed above (Sect. 3.1.1.1).

dissociating into two types of ions is
3.1.2 Volume additivity (VA) models

b, =1 A —ﬁ
s=1-lazl{Ae 1+ bpir/T Under the assumption that the volume of the solution droplet
201 1 is given by the sum of the volumes of the dry solute and of the
+s 172 (ﬁo + B1 e*“ﬁ> water contained in the droplet (volume additivity), the molal-
Vs ity of the solute is given by (Pruppacher and Klett, 1997):
2 2 (Ul U2)3/2 3
+us——Co () mg ps D s Ps

— : . (8)

Vg s = =
" Mymw  Mspw (D3 - D3 Mpw(gd,— 1D

v1 and v, are the numbers of positive and negative ions
produced upon dissociation per formula unit of the so-m, andm, are the masses of solute and water contained in
lute (u;=v1+v7); z1 andzz are the numbers of elemen- the droplet, respectively. Combination of Egs. (1), (6), and
tary charges carried by the ions. At 298K the parame-(8) leads to a simplified version of thedkler equation:
tersa andbyit are 2 (kg/moly’? and 1.2 (kg/mofy?, respec-

. : P ; ; 4o My vy @5 My py

tively (Pitzer, 1973). The molal ionic strength is given by s, = exp — 3 ]
1=0.5(u1z5+p1223). Ag is the Debye-tickel coefficient pRT Dm M pw (gis — 1)

which equals 0.392 (kg/mdiy’ for water at 298K (Pitzer  Based on the molar volumes of dry solute and pure water,
and Mayorga, 1973). The coefficienis, f1 andCo depend v, —js, /5. andVy=Muy/pw, respectively, the activity of wa-
on the chemical composition of the solute and have beeRgr in the droplet can be approximated by

tabulated by Pitzer and Mayorga (1973) for over 200 com- .

pounds (1:1, 1:2, and 2:1 electrolytes). For NaCl and somén a,, = _:S—S_W_
other inorganic salts of atmospheric relevance the above co- (ms =D Vs

efficients and their temperature dependence have been sunyA model calculations can be performed with the above
marised by Gysel et al. (2002). For NaCl in® at 298K equations and the parameterisations for water activity and

©)

(10)

the parameters arlﬂi=v2=21=zz=l, B0=0.1017 kzg mot!,  osmotic coefficients presented in the preceding section or
p1=0.2769 kg mot!, andC4=—0.003227 k§mol~2 (Mok-  on simplified parameterisations, which are also based on the
bel et al., 1997). assumption of volume additivity.

The FP model calculations for aqueous NaCl solution
droplets based on the semi-empirical parameterisation 08.1.2.1 Simplified ion-interaction parameterisatiorigf
dnac) by Eq. (7) and presented below were performed in
analogy to the FP model calculations based on the empiricarechtel and Kreidenweis (2000) presented a simpli-
parameterisations described above (Sect. 3.1.1.1). @nly fied ion-interaction parameterisation ob, based on
was calculated in a different way, namely by insertiRgci  H-TDMA experiments. For the experimental conditions of
andMnaciin EQ. (3),4naciin EQ. (7), andunact, PNach, and  their H-TDMA experiments (80% R H <95% and u;=1—
vnaci and in Eq. (6). 6 mol kg 1), they demonstrated that the parameterisation of

Figure 2a showsbnacy calculated with Eq. (7) and plot- ¢ by Pitzer and Mayorga (1973), Eq. (7), can be reduced to
ted againstunac) in comparison to the values which can

i iri isati - Ndi 2viv
_be obtained from the empirical parametensa_ltl(_)m@fus ®, =1—|z122| [ Ao " 1 2130. (11)
ing Egs. (3), (4), and (6). The relative deviation exceeds 1+bpitﬁ

S
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Fig. 2. Molal or practical osmotic coefficient of sodium chlori@® and bovine serum album(ib) in aqueous solution plotted against solute
molality and calculated from different parameterisations. NaCl: Mokbel et al. (1997), red solid; Tang (1996), blue dashed; Brechtel and
Kreidenweis (2000), green dotted. BSA: osmotic pressure parameterisation based on Carnahan and Starling (1969).

Furthermore, they defined a coefficient For VA model calculations based on the simplified
1 semi-empirical parameterisation df;, gm s was taken as

c= e 1 (12) the primary variable. Equations (12) and (13) were used to
pw(gms — D calculate®,, and Dr, was obtained by insertingm ; and

which can be calculated from H-TDMA measurement dataDp, ; in Eq. (2). FinallyDm, @, vs, My, =0, andp=pw

under the assumption that the mass equivalent growth facwere inserted in Eq. (9) to calculate the corresponding

tor equals the measured mobility equivalent growth factorequilibrium value ofR H.

(gm,s=gb,s). From Egs. (12) and (8) followg;=p; c/M;,

and combination with the above expression for molal ionic 3.1.2.2 Osmotic pressure parameterisatiom® pf

strength leads to a simplified version of Eq. (7):

Ao L2yl For solute molecules which can be regarded as rigid
O, =1— e N +2cBot ¥s. (13) spheres, Carnahan and Starling (1969) derived the following
V2 + byt /2 Yfl/ 2 ’ virial equation of osmotic pressurges:
Pos and Ys are the only two parameters in Eqg. (13) RT ¢, 1+¢S+¢S2_¢S3

which depend on chemical composition of the dry so- Pos= v e (14)
lute particle. Brechtel and Kreidenweis (2000) determined § $
these parameters for several salts by inserting Eq. (13) in, is the volume fraction of the solute in the solution. Os-
Eqg. (9), and fitting to H-TDMA measurement data in the motic pressure and water activity of aqueous solutions are
range of 80%RH <92%. The reported fit values are related by the basic equation (Atkins, 1982):
Bo.=0.018 kg mot and ¥;=77.4x 103 mol m~2 for NaCl,
andfo i=—0.004 kg mot ! and¥;=44.1x10"3molm=3for |, g = _ﬂpos- (15)
NH4NO3. RT

Brechtel and Kreidenweis (2000) have also tested the senghstituting Eq. (14) into (15) we obtain
sitivity of Kohler model calculations on the simplifying as-
sumptions made above. For NaCl, N#Ds, (NH4)2SOy, Vi s (L+ @5 + ¢2 — ¢2)
and several salt mixtures (average solute model, see belowbr,1 aw = A 1— ¢y)3
they found that folR H >75% the errors arising from the vol-
ume additivity assumption and simplified parameterisation ofFrom the volume additivity assumption follow :gr?]i,
@, were hardly larger than the uncertainties of more detailedand withv;=1 Eq. (10) can be transformed into
modeling approaches and the measurement uncertainties of

(16)

experimental investigations. INay = _Lﬂ‘ (17)
Figure 2a illustrates that for NaCl the differences between (1/¢s = 1) Vs

the full semi-empirical parameterisation (Eq. (7); Mokbel et compination of (16) and (17) yields

al., 1997) and the simplified semi-empirical parameterisation

(Eq. (13); Brechtel and Kreidenweis, 2000) exceed 10% only 1 o5 L+ ¢y + 92 — ¢2) s (3—¢2)

at high supersaturatiomaci>10 mol kg™1). @5 = (d); - 1) (1—¢)3 =1+ W (18)
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and by insertingbszgr;i we obtain and on the parameterisations presented above for aqueous so-
B lutions of pure solutesv; ®; was calculated from Eq. (22),
8 (3= gma) and Dy, was obtained by inserting, s and D s in Eq. (2).
Oy =1+—"""7—"—. (29) . i '
(1-gm )2 Finally, Dm, vs®g, My, ps, My, o=0ow, and p=p, were
inserted in Eq. (9) to obtain the corresponding equilibrium

Figure 2b shows the molal osmotic coefficient of BSA, \ 5 e ofRH.
®psa, calculated from Eq. (8) and (19) as a function of Obviously, the molalities of the individual components,

1Bsa. Ppsa increases from a lower limit of 1 at low 1y, have to be inserted fqr; in the ion-interaction param-
molalities (ideal dilute solution) to values of 100 and more ;o oo o presented above to calcutale To calculate

at pesa>0.1, which reflects the high molar volume of the @, from the osomotic pressure parameterisation, an effec-
protein. tive growth factor for the individual solute componest:, ,

has to be used instead of the overall mass equivalent growth
factor gm s in EQ. (19). geft,y is the mass equivalent growth
factor of a reference aqueous solution droplet which contains
component y with the same molality as the mixed solution
droplet,,, but as the only solute:

3.1.2.3 Average solute volume additivity (AS-VA) model for
multi-component particles

In order to apply Eqg. (9) for aerosol particles and agueous
droplets containing multiple solute components, the solute

mixture has to be regarded as a single compound (“aver- oy

age solute”). This approach has been used to model they = 3 o (25)
hygroscopic growth of particles composed of inorganic salt v Pw (Zeir,y — 1)
mixtures, and effective values dfl;, p;, andv,®,, have
been obtained by weighted averaging of the properties of the _ Py 3 141 3 26
individual solute components (Pruppacher and Klett, 1997): 8eff.y = Ds Xs @ms — D+ : (26)
sy
M, = X,y My, (20)
’ ; S Based on the volume additivity a:ssumptltgrjff can be
regarded as the volume fraction of the pure sobulle the
Xy -1 reference solution, and thygs , can be inserted fogm  in
ps=(>_ . , (21)  Eq. (19) to calculat@®,.
y y
Z y M 3.1.2.4 Separate solute volume additivity (SS-VA) model for
y Py tby multi-component particles
v, Oy = . (22)
Z My

Under the assumption that different solute components
contained in a multi-component particle do not interact with

X;.y andx;  are the mole and mass fractions of componentg e gther (“separate solutes”), Eq. (1) can be generalised in
y in the dry solute particle),, vy, p, are the molar mass, q form

stoichiometric dissociation number, and density of the pure
component, respectively:, is the molality of component 4o My
in the mixed aqueous solution droplet, abd is the osmotic W= l_[ aw.y eXp(m)
coefficient of a reference aqueous solution which contains

componenty with the same molality as the mixed solution s the activity of water in an aqueous solution droplet

(27)
y

droplet, iy, but as the only solute. contamlng only one specific solute component Based
For model calculations itis convenient to expréss, and  on the volume additivity assumption and in analogy to the
fy interms ofx; y: derivation of Eq. (9) from Eq. 1), Eq. (27) can be transformed
M. into
Xy, = /My 23)
Zy(xs,y/M)r) S exp( 4o MW MW Z Vy ch pyxs,y) (28)
w = - ’
' RT D 3 _ 1) & M,
by = ny _ Ps Xs,y . (24) 4 m ow(gh ) Y y

Mymy My pw (g3, — 1) . . . .
v ’ ms The SS-VA model calculations for mixed protein-salt parti-

In the AS-VA model calculations for mixed protein-salt cles presented below were performed in analogy to the AS-
particles presented belowm s and x, , were taken as the VA calculations described above (Sect. 3.1.2.3), except that
primary input variables. Equations (20), (21), and (23) werethe parameters describing the individual solute components
applied to calculatd/, andpy, respectivelyu, and®, were (M, py, xs,y, iy, vy®y) Were not averaged but directly in-
calculated for every individual component based on Eq. (24)serted in Eq. (28).
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3.2 Particle shape factors

3007 0 Hydration

The shape and microstructure of an aerosol particle can be 2807 < Dehydration
characterised by its dynamic shape fagtowhich is defined T %7
as the ratio of the drag force on the particle to the drag force £ 2407
on the particle’s mass equivalent sphere at the same velocity g 2201
(Fuchs, 1964) x relates the mobility equivalent diameter of g 200+
a particle to its mass equivalent diameter (Brockmann and % 180
Rader, 1990; Kelly and McMurry, 1992): o 160+

£ 140
% _ EC(Dm)’ (29) & 1204
Dy x C(Dp) 100-o odm%@%%@d%o 00000 000 CIO
the slip correction factor€ (Dy,) andC (Dyp) can be approx- 800 T 20 30 40 20 0 70 80 90 100

imated by the empirical relation
Relative humidity (%)

Fig. 3. Mobility equivalent diameters of NaCl particles with
Dy,,i=99 nm observed upon hydration (H-TDMA mode 1) and dehy-
into which the appropriate particle diameferand the mean  dration (H-TDMA mode 2) compared todfler theory calculations
free path of the gas moleculesre inserted(~70 nm for ni-  with the FP model based obpgac) from Mokbel (1997),0 from
trogen at 298 K and 960 hPa; Allen and Raabe, 1985; WillekeTang (1996), an®m ;=95 nm.
and Baron, 1993).

For compact spherical and cubic particles the dynamic

c(D)=1+ <2;> (1.142+ 0.558 exp<—o.999%>) ., (30)

shape factors argsphere=1.00 andycune=1.08, respectively. 1.024 o Hydration
For agglomerates and irregularly shaped partictesn- X % x X Dehydration
creases to values of 2 and more (Hinds, 1999; Brockmann 1.014 Xx %
and Rader, 1990; Willeke and Baron, 1993;aKrer et al., 5 X% *
2001). x can be split into a componertwhich describes e : .
the shape of the particle envelope and a compo#evitich ; 1.0010 o o
is related to the particle porosity and allows the calculation of 2 °©
. L . (] %o °© oo
the void fraction inside the particle envelopgé(Brockmann G 099
and Rader, 1990): °
© o o o o o
—— ﬂ (31) 0.98 + oco
C(8 D)’
, 0 10 20 30 40 50 60 70 80
f=@Q=57). (32) Relative humidity (%)
4 Results and discussion Fig. 4. Mobility equivalent growth factorsgp=Dp/Dy j, of non-
deliquesced NaCl particles withy, ;=99 nm observed upon hydra-

4.1 Pure sodium chloride particles tion (RH <R Hg) and dehydrationk H <R He).

4.1.1 Hygroscopic growth
mobility equivalent diameters exhibited a slight decrease to-

The experimental results obtained for pure NaCl particleswards the deliquescence threshold, where a minimum value
with Dpi=99nm in H-TDMA modes 1 (hydration) and 2 Dp hy,min=97 Nm was observed (average value for 60-75%
(dehydration) are summarised in Table 3 and illustrated inRH; see also Fig. 4). ARH>RH,y the measured diam-
Fig. 3, which shows the measured particle diameter plot-eters agree very well with &hler theory calculations per-
ted against relative humidity. Upon hydration, the deli- formed with the FP model based dryac) from Mokbel et
guescence transition, i.e. the transformation of the solid salal. (1997), onp from Tang (1996), and on the assumption
particle into a saturated solution droplet, was observed am,s=Dp,hy,min,hicor=95 Nm, which will be discussed below.

R Hy=(75£2)%, which is in good agreement with theoreti-  The hysteresis branch measured upon dehydration is due
cal predictions R Hy=75.3%; Tang and Munkelwitz, 1993) to the existence of solution droplets in a metastable state of
and experimental literature data (Tang et al., 19774rKer  NaCl supersaturationrRHe.<R H <R Hy). The efflorescence

et al., 2000; Gysel et al., 2002). RH <R Hq the measured transition, i.e. the formation of a salt crystal and evaporation
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Table 3. Phase transition and microstructural rearrangement parameters for pure NaCl particles and mixed NaCl-BSA particles with initial
diameterDp j=99 nm. RHy and R He are the relative humidities at which deliquescence and efflorescence were observed, respectively.
Ay 4Dp andAr e Dy are the relative changes of mobility equivalent diameter upon deliquescence and efflorescence, respectively, referring to
the diameters measured just before and after the phase trangiigfin andgde min are the minimum mobility equivalent growth factors
observed upon hydration and dehydration, respectively. The measurement precision was generally bet®tftarR H and+1% for

Dyp.

BSA Dry Mass RHy RHe ArgDp AreDp  gbhymin  &bdemin
Fraction (%) (%) (%) (%) (%)

0 75 41 76 —-29 0.98 1.01
10 75 40 69 —29 0.93 0.94
25 73 38 89 —18 0.86 0.91
50 74 37 36 -13 0.89 0.88
50* 74 37 34 —-13 0.91 0.90
75 75 36 7 —6 0.97 0.84
90 0.94

*Neutralisation mode B

to diameter measurement precisioh1@) and can be at-

1.035 tributed to microstructural rearrangement processes, as de-
1.02 tailed below.

1.014

100, 4.1.2 Microstructural rearrangement

) ]

§0.99— Figure 5 illustrates the results obtained for pure NaCl

= 0.8 particles with Dy i=99 nm andDy ;=201 nm in H-TDMA

T mode 3 (hydration & dehydration), where the relative hu-

0 0.97- - . ; »

I} ] midity was varied only in the conditioner tuber f>)
0.96- D =99nm whereas DMA 2 was used not only as a particle sizer but
0.95 Db'f=201 am also as a dryerKHs=0, RH4<10%). At RHo<RHy the
0.941—— -m. R, particles with Dpi=99 nm exhibited essentially the same

0 10 20 30 40 50 60 70 80 90 100 small mobility equivalent diameter reduction as observed
Relative humidity (%) in operation mode 1, and the mobility equivalent growth

factor, g had=Db.nh&d/Du,i, decreased towards the deli-

Fig. 5. Mobility equivalent growth factors of NaCl particles with quescence threshold, where an average minimum value

Dy, =99 nm andDy, j=201 nm observed upon hydration & dehydra- of ghhedmin=0.99 was observed (ayerage value in the
tion (H-TDMA mode 3,R H>). RH range of 60-73%). At the deliguescence threshold

(RH4=75%), gn.ned Showed a step-wise increase to a near-

constant value of 1.02, i.e. a reproducible 3% increase of
of the liquid water content, was observedraie=(41+2)%. the dry particle mobility equivalent diameter occurred after
This is at the lower end of the range of efflorescence rela-deliquescence in the conditioner tube and efflorescence in
tive humidities reported in the literature, 3R Ho<50% DMA 2 (RH>>RHyg). Similar but more pronounced effects
(Martin, 2000; Tang, 2000; Krieger and Braun, 2001; andwere observed for the larger particles widlg ;=201 nm. For
references therein). Higher values are generally attributedhese particlegp hsad Was near unity up tak Ho~30% and
to heterogeneous nucleation on impurities (Lightstone et al.exhibited a near-linear decrease in the humidity range of
2000; Tang, 2000). After efflorescendel <R He), the mo-  30-55% and an average minimum valuegghed,min=0.96
bility equivalent diameters measured upon dehydration wereat 55%<R Hy<RHy. After a stepwise increase by 4% the
slightly larger than the initial diameter. growth factor observed ak Ho>RHy was close to unity

Figure 4 displays the mobility equivalent growth factors, again.

go=Dp/Dypj, calculated from the diameter measurement The different morphologies and microstructures reported
data displayed in Fig. 3 for the non-deliquesced particlesfor NaCl aerosol particles range from solid spheres or cubes
upon hydration R H <R Hy) and dehydration K H <R Hg). to fractal agglomerates, depending on the aerosol gener-
Their deviations from unity exceed the usual scatter relatechtion method and conditioning or physical aging of the
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investigated aerosol (lmer et al., 2000; and references 3. The microstructural rearrangement by partial dissolu-

therein). Assuming that the mass equivalent diamétgr tion of the crystal surface upon interaction with water
is practically constant for NaCl salt particles RH < R He, vapor is kinetically limited (interaction time and rela-
Eq. (29) can be rewritten as tive humidity).

Do _ xj C(Dp,) _ gbj

(33) Hypothesis 1 explains why the hydration & dehydration

Dok xx C(Dox)  8bk : > ) .
hereDr . D - and tand for th bilit _ experiments indicate near-cubic shape for both the particles

where °b.j» Vbks 8b.j» andgy,x stand for emo ll.yequw- .with Dpi=99nm and those wittDy =201 nm after efflo-

alent diameters and growth factors of the investigated parti- ‘ y

: : : rescence in DMA 2, regardless of their microstructure be-
cles observed in two arbitrary microstructural stafeand

p tively. | tina th . tal data in Ed. (29 fore deliquescence in the conditioner tube. Hypothesis 2
» respectively. Inserting the experimental data in £9. ( )explains the transformation from near-cubic or irregular to
and (30) yieldSxned.e/ xh&d.min=1.06 for Dy ;=99 nm and

R o Z ) near-spherical shape &H <R Hy. Hypothesis 3 explains
Xh&d.e/ Xhad,min=Xi/ Xh&d.min=1.07 for Dyp,=201nm, which oo sheerved differences between 100 nm and 200 nm parti-
is close to the theoretical value @tune/ xsphers1.08. xi,

' d the sh fact f the initiall cles and between particle drying in the SDD and in DMA 2
Xh&d,min N0 Xhgd,e are the shape tactors of the nitially Se- 0 4104 in H-TDMA modes 2 and 3.
lected particles, the minimum diameter particles, and the ef- ) , . o
In the SDD (residence time10s) the relative humidity

floresced particles observed in H-TDMA mode 3 (hydration
of the freshly generated aerosol flow was decreased from

& dehydration,R H>> R Hy), respectively. o i , or o
The simplest possible explanation for the above results ig~ 100% in the nebuliser to-38%, i.e. just below the exper-

that the NaCl particles wit, ;=99 nm selected by DMA 1 imental value ofR He. Thus the solid particles formed upon

had an irregular shaperdphere< i < Xcubd. Underwent trans- _effloresce_nce could inter_act with water vaporratf ~38%
formation to near-spherical shape upon interaction with wa-N the tubing and neutraliser between the SDD and DMA 1

ter vapor up to the deliquescence threshaktHg< R Hg), (residence time-10 s), before they were further dried by the

and recrystallisation to near-cubic shape upon efflorescencdY nitrogen's.heath gas and_ sizg selected. Apparently this
in DMA 2 (RH>RHg). The particles withDp, ;=201 nm relative humidity and interaction time were sufficient to con-

on the other hand, seem to have undergone a transformatioff't the 100nm salt particles to near-spherical shape. For
from initial near-cubic shapeR(H><30%) to near-spherical the 200 nm salt particles, however, higher relative humidities

shape (60% R Hp< R Hg) and back to near-cubic shape upon were required to reach near-spherical shafél >55% in
efflorescence in DMA 2R Hy> R Hy). the conditioner tube (residence timd.1s).

The irregular initial shape of the aerosol particles with  In DMA 2 operated in H-TDMA mode 3, particle drying
Dp,i=99 nm, the near-cubic initial shape of the aerosol par-proceeded much faster and more efficient than in the SDD.
ticles with Dy, =201 nm, and their transformation from near- By addition of the dry nitrogen sheath gas the relative hu-
cubic to near-spherical shape upon interaction with water vamidity was effectively decreased by a factor of ten within
por at RH <R Hy were confirmed by transmission electron a couple of seconds (flow channel width between outer steel
microscopy (TEM) of deposited particles, which have beencylinder and central electrode of DMA 2: 1.07 cm; root mean
prepared as described in Sect. 2. Figure 6 (A1) shows NacCsquare distance of diffusion of2® in air within 1 s at stan-
particles sampled at the output of the SDD WRIH ~35%. dard temperature and pressurd.6 cm (Atkins, 1982). The
The larger particles with diameters near 200 nm exhibit nearfesulting relative humidities 0k10% experienced by the
cubic shape, whereas the smaller particles with diameterarticles after efflorescence in DMA 2 (residence time 7.5s)
near 100 nm exhibit irregular shapes. Figure 6A2 showswere apparently too low to transform them from near-cubic
NaCl particles after humidificatiolRH~70%, 20s). Inthis  to near-spherical shape.
case only a large particle with a diameter-e500 nm ex- These humidity differences and the postulated kinetic lim-
hibits near-cubic shape with rounded corners, but all smalleitation can explain why the particles withy, ;=99 nm exhib-
particles exhibit near-spherical shape. ited a stronger increase of mobility equivalent diameter af-

Overall, the observations can be interpreted by the follow-ter efflorescence in H-TDMA mode 3 (Fig. & h&d.e=1.02;
ing hypotheses: RH>>RHy, RH3=0, RH4<10%) than after efflorescence

1. NaCl aerosol particles in the 100-200nm size range” H-TDMA mode 2 (Fig. 4; gb.ned.e=1.01; RHz>RHy,

freshly formed by efflorescence of aqueous NaCl squ-RH3%RH4<RHe)' '_I'he_ fact that the hydration &. dehy-
tion droplets are of (near-)cubic shape. dration experiments indicate a gradual transformation of the

particles withDp ;=201 nm from near-cubic to near-spherical
2. Upon interaction with water vapor &H <R Hy, sur-  shape upon interaction with water vapor at 30%H <R Hy
face adsorbed water partially dissolves the salt surfacén the conditioner tube (interaction timells) but not in
— preferentially at the corners and edges of the crystaldDMA 2 (decrease oR H from > R Hy to ~10% within~1 )
— and thus transforms the near-cubic into near-sphericalso supports a kinetic limitation of the microstructural rear-
particles. rangement process.
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Fig. 6. TEM micrographs of deposited aerosol particles composed of sodium chloride (NaCl, high contrast) and bovine serum albumin (BSA,
low contrast): pure NaCl particles before conditioning (A1) and after conditioni®y&t70% (A2); mixed BSA-NaCl particles with BSA
dry solute mass fractions of 25% (B1) and 50% (B2, B3); pure BSA particles (C1).

Moreover, the postulated kinetic limitation is in agreement  Another aspect to be investigated in further experiments
with the results of Weis and Ewing (1999), who investigatedis the potential influence of electric charges on the involved
the interaction of water vapor with NaCl aerosol particles processes (Pruppacher and Klett, 1997; Brodskaya et al.,
with a median diameter of 0i4m by optical spectroscopy. 2002). In this study all experiments reported for pure NaCl
They found that equilibration aR H=12—-44% was reached particles were performed in neutralisation mode A, i.e. the
after 3-6s, i.e. the same timescale of the H-TDMA experi-drying process in the SDD took place before the particles
ments. were neutralised and size selected. Thus the particles which

On the other hand, the apparent kinetic limitation does notcarried one elementary charge upon size-selection in DMA 1
exclude additional thermodynamic limitations, which might @nd determined the initial mobility equivalent diameiy;
govern the maximum extent of conversion from near-cubicmight have carried more than just one elementary charge

to near-spherical shape that can be reached at a given rel§pon efflorescence and crystallisation in the SDD. The parti-
tive humidity. Additional experiments with varying interac- cles measured after hydration and dehydration in H-TDMA

tion times will be required to find out whether the interme- Mode 3, however, can be assumed to have carried only one

diate stages of restructuring observed for the particles wittelementary charge upon efflorescence and crystallisation in
Dp,i=201 nm atR H< R Hy in H-TDMA mode 3 are thermo- DMA 2. Consequently different states of electrical charging
dynamically stable, or if all particles would be converted to May have contributed to the observed differences between

near-spherical shape after sufficiently long interaction timesparticle drying in the SDD and in DMA 2. On the other hand,
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electrical charge effects are neither required to explain the
observations, nor do they appear to be sufficient to replace 260'_ o Hydration
one of the effects and processes postulated in hypotheses 1- 549 x Dehydration
3. Therefore we suppose that charging effects might limit or
modify but hardly overthrow hypotheses 1-3.
Microstructural rearrangements of NaCl aerosol particles
in H-TDMA experiments atR H <R Hq have been reported
in a couple of earlier studies. Emer et al. (2000) found
that the mobility equivalent diameter of dry NaCl high-
temperature condensation aerosol particles in the 20-100 nmE
size range decreased by up to 50% upon interaction with wa- o 1404
ter vapor atR H <R Hy, which they attributed to a transfor- ] ,
mation of sparse branched-chain to more compact but still 120 : : : : — .
porous agglomerates. For NaCl aerosol particles generated 40 50 60 70 80 9 100
by nebulisation and drying of salt solution dropletsairer Relative humidity (%)
et al. (2000) observed no significant restructuring effects; the
results implied a non-porous compact particle structure bufig. 7. Mobility equivalent diameters of deliquesced NaCl particles
allowed no conclusive distinction between near-cubic andwith Dy ;=99 nm observed upon hydration (H-TDMA mode 1) and
near-spherical envelope shape. Gysel et al. (2002), on thdehydration (H-TDMA mode 2) compared tooKler theory cal-
other hand, found that the mobility equivalent diameter of culations with Dm Naci=Dhy,min,hicorr=95 NM (except black dot-
NaCl aerosol particles generated by nebulisation and dryinged ine with Dm nac=Dp,i=99 nm) and different models: VA with
of salt solution droplets decreased by up to 9% wRéhwas ~ ©Naci=1, red dash-dotted; VA witk>nac) from Brechtel and Krei-
. . denweis (2000), green dashed; FP wibljzc| from Mokbel et
increased from 20% t® Hy. They attributed these changes . i .
oL - . . e al. (1997) ang from Tang (1996), black solid and dotted; FP with
to thg ehmmaﬂoq of initial partlple shapellrregularlyes but aw and p from Tang (1996), blue solid.
provided no detailed structural interpretation of their obser-
vations.

160

cle diameter (nm)
- N N
© o N
o o o
1 1 1

D Naci= Db, hy, min, hicor=95 Nm inserted in the FP models
basedsy andp from Tang (1996) and o ygac) from Mok-

. ) bel et al. (1997) ang from Tang (1996), respectively. The
For accurate model calculations of hygroscopic growth, thediameters calculated with these models generally deviated

mass equivalent diameter of the dry solute particleg,s, by less thant2% from each other and from the measure-
has to be known. The H-TDMA results and TEM pictures . \ont data. AbOVER Hy also the VA model based oBinaci
described above indicate near-spherical shape for the Paky Brechtel and Kreidenweis (2000) agreed well with the
ticles conditioned at relative humidities of 70-75%, which FP models. For supersaturated solution droplets, however
implies that the minimum mobility equivalent diameter val- the VA model diameters were systematically higher by up to
ges qbserved under thesg condlthbs,min, should ,be near- +7% (R H=40%), which reflects the deviations of the differ-
identical to the mass equivalent diameter of the investigated, ¢ parameterisations f@aci at high®naci (Fig. 2a). Ac-
particles. On the ot_her hand, the .O.bserVEd rnICrOStr“Ct“ra}:ordingly, VA model calculations based on the assumption
rearrangements indicate tha_t significant amounfcs of wateps \oorideal solute properties withyaci=1 were up to 10%
can be adsorbed on the particle surface (*hydration layer’)qyer than the FP model calculations. The influence of dry
Foster and Ewing (1999) have |nvest|gaFed_the adsorpuorgmme mass equivalent diameter is illustrated by FP model
of water on the surface of NaCl (100) with infrared spec- ., 1ations ®naci from Mokbel et al. (1997)p from Tang

troscopy, and foR H ~65% (303 K) they found that the sur- (1996)) With Dy naci=Dp,i=99 nm. The resulting diameters

face was covered by about 3 monolayers of water, Whichare 4% higher throughout the investigatd range, and

ccr)]rresponhds o a _Imwd(—jhk;z film Ofl ZbOUt Il nm thickness. jomonstrate that deviations due to incorrect estimation of the
Thus we have estimated the actual dry solute mass equivagy, gojyte mass equivalent diameter can easily exceed devi-

Ignt diameter of the par.tlgles W'tvai,z,gg nm _by subtrgc- ations due to different modeling approaches, in particular at
tion of 2nm from the minimum mobility equivalent diam- high relative humidities

eter observed upon hydratiomy hy min (Figs. 4 and 5):
D NaC* Db, hy,min,hicorr=95 nm. 4.2 Pure ammonium nitrate particles
In Fig. 7 the measurement data from the upper branch
of the hysteresis curve in Fig. 2 (hydration, dehy-4.2.1 Hygroscopic growth
dration, RH>40%) are compared with calculations us-
ing different models and dry solute mass equivalentThe experimental results obtained for pure M3 par-
diameters. The best agreement was achieved withicles with Dpi=99nm in HTDMA modes 1 and 2 are

4.1.3 Model calculations
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Fig. 8. Mobility equivalent diameters of deliquesced NWO3 Fig. 9. Mobility equivalent growth factors of NfNOg3 particles

particles with Dy ;=99 nm observed upon hydration (H-TDMA with Dy, j=99 nm observed upon hydration (H-TDMA mode 1) and

mode 1) and dehydration (H-TDMA mode 2) compared fihier dehydration (H-TDMA mode 2) ak H <50%.

theory calculations withDm NH,NO;=Db, had,min=89 hm and dif-

ferent models: VA with®yy,no,=1, red dash-dotted; VA with

®NH4NO, from Brechtel and Kreidenweis (2000), green dashed; Instead, the differences have to be explained by other pro-

VA with ay from Clegg et al. (1998), black dotted; VA with cesses which depend on particle pre- conditioning and lead

®NH,4No; from Brechtel and Kreidenweis (2000), green dashed; g gifferences in particle mass (total content ofGHand

FP.W'lthaW from Clegg et al. (1998) and from Tang (1996), black 14, NOZ) or chemical structure (crystalline or liquid-like

solid; FP withay, andy from Tang (1996), blue solid. modifications of the condensed phase), as will be discussed
below.

illustrated in Fig. 8, which shows the measured particle di-
ameter plotted against relative humidity.

No distinct deliquescence or efflorescence transitions Wer%igure 9 displays the mobility equivalent growth factors
observed, which is most probably due to a liquid-like state Ofgb:Db/Db . calculated from the diameter measurement dat’a
the particl_es select_ed by DMA 1. In s_ingle Par“C'e levita- displayed ln Fig. 8 foR H <50%, i.e. for the range of rela-
tion experiments with pure NENO3 part|cles., .nghtstone el tive humidities where no hygroscopic growth but significant
al. (2000) observed a deliquescence transitioR Ht=(61.8 diameter reductions were observed. Upon hydratig,
+0.3)% at 298 K, which is in a good agreement with theo- was near unity up tk H~10%, decreased by3% in ih)é

retical predictions of 62% (Tang, 2000) and 61.5% (CIeggRH range of 10-20%, and exhibited a minimum value of
et al., 1998). On the other hand, they observed no efflores- y.min=0.97 atRH=20-30%. In theRH range of 30—

cence, which is consistent with earlier observations oflqu|d—40%’ gbny re-increased to unity, and fok H >40% it in-

I|_kle alnhydrpus NHNC.)3 paructl)esF?tRhH ZO% n s:jng|;_l|§ ;;)]ar- creased further as illustrated in Fig. 8. Upon dehydration
ticle levitation experiments by Richardson and Hig towergb’de was slightly below unity in theR & range of 20-40%
(1987). Thus we assume that the M#D3 particles selected With gb,de min=0.99
by DMA 1 were not solid crystals but supersaturated liquid Figu’re 10 illustrates the results obtained for pure;NBs
droplets, which underwent no deliquescence or ef'florescencsarticles with D =99 nm andDp=100nm in H-TDMA

1= N -

transitions. ; .
. . . ode 3 (hydration & dehydration). In analogy to modes 1
Nevertheless, the mobility equivalent diameters observe . : :
upon dehydration in th B range of 40-80%, i.e. below (!;nd 2 the mobility equivalent growth factor in mode 3 was

. . near unity up toR H»~10%, but at higher relative humidit
and above the theoretical deliquescence threshold, were u y up 2 ° g Y

1 o 0
0 10% higher than the ones observed upon hydration. Du ® exhibited a much more pronounced decrease by up to 10%,

X . ; 2 . ?eaching a minimum value ¢fy hed min=0.90 atR H,=60—
to the above considerations, the different mobility equwalentm%, followed by a re-increase to unity REH,~95%.

ol paricles and hquid droplets or eattangement of soid.DePending on temperatre, pressure, humidiy, and pu-

particle microstructure (shape and porosity) as described for.lty’ ammonium mtra@e can existin sevgral solid and liquid-
ike modifications with different chemical structures and

NaCl. densities (Clegg et al., 1998; Martin, 2000). Thus some
of the effects described above could be due to transitions

4.2.2 Chemical decomposition and evaporation

Atmos. Chem. Phys., 4, 323-350, 2004 www.atmos-chem-phys.org/acp/4/323/



E. Mikhailov et al.: Interaction of aerosol particles composed of protein and salts with water vapor 337

between different chemical structures of solid or liquid-like 1022

ammonium nitrate (“chemical restructuring”). On the other ]
hand, NHHNO3 can also undergo chemical decomposition 1.00]
and evaporation in the form of Nf-and HNG;, leading to a 1
loss of particle mass and reduction of dry solute mass equiv- 5 0'98'_
alent diameter. ‘g 0.96
Lightstone et al. (2000) reported a significant loss of par- :_é 1
ticle mass after a cycle of hydration and dehydration in g 0'94'_
their single particle levitation experiments with micrometer- ¢ .92
sized NHNO3 particles. They found that the volatilisa- . D =99 nm
tion of NH4NOs proceeded most efficiently in supersaturated 0901 ¥ loonm
droplets atRH <40%. Richardson and Hightower (1987) o8l
reported that the rate of decomposition and evaporation of 0 10 20 30 40 50 60 70 80 90 100
NH4NOs in liquid-like particles was about 20 times higher Relative humidity (%)

than for solid particles.

Our H-TDMA measurement results do not allow an un- Fig. 10. Mobility equivalent growth factors of NJNOgz particles
ambiguous discrimination between the potential contribu-with Dy ;=99 nm andDy, ;=100 nm observed upon hydration & de-
tions of possible chemical restructuring or decompositionhydration (H-TDMA mode 3R Hp).
and evaporation to the mobility equivalent diameter decrease
observed upon interaction of the investigated ammonium ni-
trate particles with water vapor. They demonstrate, howeverof Chan et al. (1992). The latter were used in the semi-
that substantial effects and changes can occur on the multe€mpirical ion-interaction model of Clegg et al. (1998).
second time-scale of the H-TDMA experiments. The VA model calculations based o@nH N0, from

The fact that near-unity growth factors at very low and Brechtel and Kreidenweis (2000) are in good agreement with
very high relative humidity with a pronounced minimum the FP model results fok H>85%. At lowerRH the cal-
in between were observed in H-TDMA mode 3 (Fig. 10), culated diameters were just slightly lower than our hydra-

which comprises a complete cycle of hydration and dehydralion measurement data but up-td.0% lower than our dehy-
tion, clearly indicates that the restructuring or volatilisation dration measurement data and the FP model results. These

was kinetically limited and most efficient at medium rela- findings indicate that the H-TDMA experiments from which
tive humidities. The most probable explanation for the re-Brechteland Kreidenweis (2000) derived the coefficigits
sults of H-TDMA mode 3 is chemical decomposition and @ndY: for their semi-empirical parameterisation®fi,Nos
evaporation of NHNOsz with a maximum rate in supersatu- M&Y have been affected by similar volatilisation or restruc-
rated aqueous droplets (mediuti) and much lower rates  turing effects as our hydration measurements.

in anhydrous NHNO; (low RH) and dilute aqueous solu- VA model calculations based omy from Clegg et
tion droplets (highk H). This explanation is also consistent @l- (1998) confirm that the errors introduced by the assump-
with the larger diameters observed in H-TDMA mode 2 rela- tion of volume additivity are small for dilute solutions and
tive to mode 1 at 40-80% H (Fig. 8), since the particles in high relative humidities R H >85%). For highly supersatu-

mode 2 are mostly kept at highH (R Ho>85%) and expe- 'ated droplets ak H~30%, however, the VA model diam-
rience mediunk H values only in DMA 2. eters were~6% lower than the FP model which was based

on the same water activity values but more realistic solution
density values. On the other hand, VA model calculations
based on the assumption of near-ideal solute properties with
dnH4NO,=1 Were up to 10% higher than the FP model calcu-
lations.

4.2.3 Model calculations

In Fig. 8 the measurement data obtained for,NI®s parti-
cles with Dy ;=99 nm in H-TDMA modes 1 and 2 are com-
pare_d to quel calculations based on the dry solu_te Masg 3 pyre bovine serum albumin particles
equivalent diametePm NH,N0;=Db had,min=89 Nm obtained
in mode 3 (Fig. 10). 4.3.1 Hygroscopic growth and microstructure

The FP model calculations based g andp from Tang
(1996) and omy, from Clegg et al. (1998) and from Tang  The experimental results obtained for pure BSA particles
(1996) agreed fairly well with each other (diameter devia- with Dy ;=98 nm in H-TDMA modes 1 and 2 are illustrated
tions <2%) and with the measurement data observed upornn Fig. 11. No significant differences between the diameters
dehydration (diameter deviations5%), respectively. The measured upon hydration and dehydration were observed,
agreement reflects the consistency of our H-TDMA resultsand the hygroscopic growth was much less pronounced than
with the single particle levitation results of Tang (1996) and for inorganic salts. D, was near constant ak H <30%
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Fig. 12. Mobility equivalent growth factors of BSA particles with
Fig. 11. Mobility equivalent diameters of pure BSA particles with Dy, ;=100 nm observed upon hydration & dehydration (H-TDMA
Dy, =98 nm observed upon hydration (H-TDMA mode 1) and dehy- mode 3,R H>).
dration (H-TDMA mode 2) compared todler theory calculations
with Dy gsa=Dp =98 nm and the VA model based drgsa from
osmotic pressure parameterisation: Kelvin term withoy, black

solid: Kelvin term witho =0, dashed green. differences are, however, smaller than the measurement un-

certainty.

and exhibited a stepwise increase-b$% atR H=30-45%, 4.4 Mixed NaCIl-BSA and NENO3-BSA particles
which seems to indicate a sort of deliquescence transition,

i.e. the transformation of the dry protein particle into a sat-4 4.1 Hygroscopic growth of NaCI-BSA particles
urated aqueous solution or gel-like droplet. The further

X o X
hygroscoplc ngth. aRH.>45/° was in good agreement The experimental results obtained for mixed NaCIl-BSA par-
with model calculations discussed below and led to a max-

imum increase oDy, by ~10% atR H=95%. The mobility :lrgteesdvi\/rl]tfllil)b’ifsQQ nm in H-TDMA modes 1 and 2 are illus-
equivalent growth factors observed for BSA particles with g N i _

Dpi=100nm in H-TDMA mode 3 are displayed in Fig. 12 Upon hydration of the particles with 10-75% BSA mass
and exhibit no significant deviations from unity throughout fraction in the dry solute mixtures; sa, the measured mo-
the investigatedR H range. These results indicate that the bility equivalent diameter exhibited a significant decrease as

BSA particles selected by DMA 1 were compact spheres adhe relative humidity approached the deliquescence thresh-
confirmed by electron microscopy (Fig. 6C1). old, RHy. The most pronounced diameter reduction upon

hydration was observed for the particles with 25% BSA
4.3.2 Model calculations (gb,hy,min=0.86; Table 3), indicating substantial microstruc-
tural rearrangements as will be discussed below. The deli-
The Kohler theory calculations illustrated in Fig. 11 were quescence transitions were observed at similar relative hu-
performed with a VA model based on the osmotic pressuramidities as for the pure NaCl particle Hy=(75+2)%;
parameterisation of;®,, which has been derived from the again the most pronounced deviation was observed for the
osmotic pressure virial equation by Carnahan and Starlingparticles with 25% BSA R Hy=73%). The relative mobility
(1969) and is illustrated in Fig. 2b. equivalent diameter increase observed upon deliquescence
At RH>45%, i.e. above the apparent deliquescence tranexhibited a near-linear decrease with increasing BSA mass
sition, the deviations between modeled and measured dianfraction (A;qDp, Table 3). Upon hydration of the parti-
eters were less than 1%. Proteins act as surfactants and reles with 90% BSA no sharp deliquescence transition was
duce the surface tension of aqueous solutions, but we couldbserved. At 20—-30% and 60—7084¢{ small stepwise in-
not find a suitable parameterisationcofor concentrated so- creases oy, by 3-5% were observed, followed by a steep
lutions of BSA. To test the effect of surfactant activity, the increase aiR H>80%. At 75—-90%R H the diameters mea-
Kelvin term in Eq. (9) has been neglected in one set of modekured upon hydration were up t65% lower than the ones
calculations. This corresponds to the assumptiarnre® and  measured upon dehydration, indicating a kinetic limitation
led to a decrease of the calculated equilibri® values  of the hygroscopic growth of the deliquescent particles due
by about 2%, which seems to improve the agreement beto the high content of BSA which inhibits the uptake and re-
tween modeled and measured diameters at ®igh The lease of water vapor as will be discussed below.
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Fig. 13. Mobility equivalent diameters observed upon hydration (H-TDMA mode 1) and dehydration (H-TDMA mode 2) of mixed NacCl-
BSA particles withDp, j=99 nm and BSA dry mass fractions of 1q&j, 25%(b), 50%(c), 75%(d), and 90%e) compared to Khler theory
calculations with different VA modelsi{yac| from Mokbel et al., 19979 gsa from osmotic pressure parameterisation) and dry solute mass
equivalent diameters: AS-VA, green; SS-VA, bladkn s=Dp hy,min, dotted (a, b);Dm,s=Dp demin, dashed (c, d, €)Dm,s=Dm hy,min,

solid (a, b);Dm,s=Dp h&d,min, S0lid (C).

Upon dehydration of the particles with 10-75% BSA massupon efflorescence also decreased with increasing BSA mass
fraction, efflorescence transitions were observed at relativdraction, from—29% for x; gsa=0 to —6% for x; ssa=75%
humidities which decreased with increasinggsa, from (Ar.eDp, Table 3). For particles with 90% BSA no pro-

R He=41% for x; gsa=0 to R He=37% for x; gsa=75% (Ta- nounced efflorescence transition was observed. Instead, both
ble 3). Apparently the protein inhibited the nucleation of salt the particles with 75% and with 90% BSA exhibited several
crystals, leading to higher stability of the supersaturated salsmall stepwise decreasesBjf in the R H range of 35—-70%
solution. The relative mobility equivalent diameter changeand 10-90%, respectively (Fig. 13d and e). The results of
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Fig. 14. Particle number size distributions measured at relative humidities close to the deliquescence threshold upon hydration of pure NaCl
particles(a) and of mixed NaCl-BSA particles with 10% BSA dry mass fractibpwith Dy, ;=99 nm.

the hydration and dehydration experiments indicate a gel-likemodes 1 and 2 generally occurred right at the entrance into

microstructure with embedded NacCl crystallites for the par-the drift zone of DMA 2 and proceeded near-instantaneously,

ticles with high BSA content at mediuRH, which is con-  i.e. on time scale of one second or less.

sistent with the TEM micrographs of deposited particles in  In contrast to the pure NaCl particles, the mixed parti-

Fig. 6 (B2 and B3) and will be discussed below. cles with 10% BSA mass fraction exhibited only monomodal
Figure 14 shows the particle number size distributionssize distributions with a gradual increase from particles with

measured at relative humidities close to the dequuescencé)_'C’%91 nhm 1o deliquesced droplets wifl,~155nm. The

threshold upon hydration of pure NaCl particles and mixedSiZ€ distributions measured for particles with higher BSA
NaCl-BSA particles with 10% BSA mass fraction and content atR Hy and R He also exhibited intermediate modes

D =99 in between the diameters of solid particles and deliquesced

b.i=99 Nm. . . i

' droplets, respectively (Fig. 13). These observations support
For the pure NaCl particles bimodal size distributions that the deliquescence and efflorescence transitions of NaCl

with a sharp stepwise transition from dry particles with at RHy and R He, repectively, were kinetically limited by

Dp hy, min~98 nm to saturated aqueous solution droplets withBSA and proceeded on a time scale of seconds. The fact that

Dp hy,~176 nm were observed. Only a&@H=75.0% a the inhibition occurred already at low mass and mole frac-

small particle mode was observed at an intermediate size ofions of BSA (10% and 0.01%, respectively) suggests that

Dp hy~160nm. The most plausible explanation for the ob- it is a surface effect. Most probably a BSA coating lim-

servation of this intermediate mode is that it occurred exactlyits the access of water vapor to the particle core composed

at the deliquescence threshold, and that most of the particlesf NaCl, which is consistent with the TEM micrographs of

did not deliquesce immediately at the inlet of DMA 2 but mixed NaCI-BSA particles shown in Figs. 6 (B1-B3) and

only after having been exposed to the increased relative hudiscussed below.

midity inside DMA 2 (R H3> R H,) for a period on the order

of one to a few seconds. Thus the electrostatic sizing of thet.4.2 Microstructural rearrangement and electric charge ef-

particles had already proceeded to a significant extent before fects

their diameter increased to that of a saturated salt solution

droplet. As a consequence, the mobility equivalent diame-The minimum mobility equivalent growth factors observed

ter determined by the overall process of electrostatic parti-upon hydration and dehydration of the mixed NaCI-BSA par-

cle sizing in DMA 2 (duratiom~7.5s) was a superposition ticles (g hy,min: gb,demin; Table 3) correspond to mobility

of the diameters of the dry particle and of the deliguescedequivalent diameter and volume reductions of up to 16% and

droplet. For pure NaCl intermediate particle modes were ob40%, respectively, which indicates highly irregular shape or

served only in very few measurementsidily andR He, and  high porosity of the initially selected particles and substan-

the obtained mobility equivalent diameters were close to thetial microstructural rearrangement (compaction) upon inter-

diameters of the fully deliquesced or effloresced patrticles, reaction with water vapor.

spectively (Fig. 3). This implies that the deliquescence and Strong particle shrinking upon interaction with water va-

efflorescence transitions of pure NaCl particles in H-TDMA por has been observed in earlier H-TDMA and microscopy
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Table 4. Minimum mobility equivalent growth factors of NaCI-BSA and )WNO3-BSA particles observed in H-TDMA operation modes
1-3 (gb,hy, mins &b,de min: &b,h&d,min) for different initial diameters and neutralisation modes (measurement pregisfa).

Salt BSADryMass Dpji gbhymin &bdemin  &bh&d,min
Fraction (%) (nm)
NaCl 0 99 0.98 1.01 0.99
0 201 0.96
50 99 0.89 0.88 0.83
50* 99 0.91 0.90
50 146 0.86 0.85
50 201 0.86 0.83 0.81
NHzNO3 0 99 0.97 0.99 0.90
50 99 0.84 0.80
50* 99 0.92 0.87

* Neutralisation mode B

experiments with soot and NaCl high-temperature conden{gp nhed.min=0.81), and exhibited a stronger increaser &y
sation aerosols, and it was attributed to the compaction o{+10%).
fractal agglomerate structures by capillary condensation ef- The stepwise increase of mobility equivalent diameters
fects (Weingartner et al., 1997; Mikhailov et al., 1997; and growth factors aR Hy in the hydration & dehydration
Kollensperger et al., 1999; Emer et al., 2000; Mikhailov  experiments (H-TDMA mode 3) with NaCIl-BSA particles
et al., 2001). For fractal agglomerates, an enhancement af6—10%; Fig. 15) is more pronounced but comparable to
capillary restructuring is expected with increasing agglomer-the analogous experiments with pure NaCl particles (3—5%;
ate size (Weingartner et al., 1997, Mikhailov et al., 1997). Fig. 5). Thus we suppose that this increase reflects a trans-
Indeed NaCIl-BSA particles with 50% BSA mass fraction formation of NaCl crystallites inside the mixed NaCI-BSA
and initial diameters of 99-201 nm exhibited a significant de-particles from irregular to near-cubic shape. The variations
crease of minimum mobility equivalent growth factors with Of ghned at RHz>RHy are probably due to additional mi-
increasing particle sizegg hy,min, gb,demin, gb,h&d,min; Ta- crostructural rearrangements of the NaCl crystallites and the
ble 4). The TEM investigations showed that particles with BSA matrix. The differences observed between the particles
xsBsa>50% have a near-spherical envelope shape with avith Dpi=99 nm andDyp ;=201 nm are fully consistent with
dendritic or fractal-like core of NaCl (Figs. 6, B2 and B3). the kinetic limitation of the shape transformation of NaCl
Such dendritic or fractal-like structures are characteristic forcrystallites and with the fractal-like structure of the NaCl
diffusion limited growth processes (Feder, 1988). Appar-core of the particles discussed above.
ently the BSA matrix inhibits the diffusion of NaClin the ef- ~ Figure 13c shows that the mobility equivalent diameters
florescent droplets and the formation of compact NaCl crys-of effloresced NaCI-BSA particles with 50% BSA mass frac-
tals, which occurs upon efflorescence of droplets containingion and Dy, =99 nm were essentially the same in H-TDMA
little or no BSA (Figs. Al, A2, B1). modes 2 and 3Ry dee~ Db nhed e=87 nm). Apparently the
Figure 15a illustrates the experimental results obtainedNaCl crystallites in effloresced NaCI-BSA particles retained
for particles with 50% BSA andD, ;=99 nm in HTDMA their near-cubic shape also in mode 2, which indicates that
mode 3. Upon hydration & dehydration without droplet for- BSA inhibits the transformation of the crystallites from near-
mation (R Ho<RHqg) no significant size changes were ob- cubic to near-spherical shape. The higher stability of the
served up toRH>~30%. In the relative humidity range near-cubic shape of small NaCl crystallites in mixed NaCl-
30%< R Hz< R Hy the mobility equivalent growth factor ex- BSA particles was confirmed by TEM micrographs. Figure 6
hibited a near-exponential decrease WRli, reaching a  (B1) shows that 100 nm and smaller NaCl crystallites in par-
minimum valuegp, hed. min=0.83 just below the deliquescence ticles generated from a NaCIl-BSA solution with 25% BSA
threshold. AtR Hy the growth factor increased from 0.83 to Mass fraction exhibit sharper corners than those generated
0.88, i.e. a 6% increase of the dry particle mobility equiva- from a pure NaCl solution in Fig. 6 (A1).
lent diameter occurred upon deliquescence in the conditioner The crystallites from the mixture appear to be covered
tube and efflorescence in DMA 2. RH,<RHgqonly small by @ BSA layer, which inhibits the transformation to near-
variations ofgp hed.e Were observed. Similar results were Spherical shape by interaction with water vapor (diffusion
obtained for particles withDp, =201 nm (Fig. 15b). In this barrier). This is in agreement with the observation that
case the near-exponential decrease of the mobility equivaBSA kinetically limits the deliquescence and efflorescence
lent growth factor started only at higher relative humidity of NaClin mixed particles as outlined above.
(RH>~50%), was steeper, reached a lower minimum value
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Fig. 15. Mobility equivalent growth factors of NaCl-BSA particles with 50% BSA dry mas fractidg;=99 nm(a) and Dy, =201 nm(b)
observed upon hydration & dehydration (H-TDMA modeR3>).

Obviously the transformation of NaCl crystallites from beek (DLVO) theory (Derjaguin, et al., 1987; Verwey, and
near-cubic to near-spherical shape (v.v.) and its kinetic limi-Overbeek, 1948), which is based on the balancing of van
tation influence the microstructural rearrangements observeder Waals attraction and electrostatic repulsion (coulomb
for mixed NaCI-BSA particles. These effects alone, how-forces). According to basic DLVO theory, electrostatic re-
ever, are not sufficient to explain the differences betweerpulsion between protein molecules should decrease upon ad-
the mobility diameters of the initially selected particles and dition of salts because of charge neutralisation by counte-
the effloresced particles, especially the large deviations obrions, which has been confirmed in experiments with low
served for 25-75% BSA mass fractiogy y,min, &b,demin salt concentrations and ion strengths. In solutions with high
gb,had,min; Tables 3 and 4). salt concentrations and ion strengths, however, repulsion was

The most probable reason for the very different proper-found to be enhanced (Paunov et al., 1996). This so-called
ties of the mixed NaCI-BSA particles upon size selection "on-DLVO behavior is characteristic for globular protein so-
by DMA 1 after nebulisation and drying (efflorescence in lutions, and can be attributed to hydration effects, i.e. to the
SDD or DMA 1) and the particles analyzed by DMA 2 af- repulsive interaction of hydration shells formed around salt
ter conditioning (hydration and/or dehydration with or with- 10ns adsorbed on the protein surface (Petsev et al., 2000).

out deliquescence and efflorescence in the conditioner tubBloreover, repulsion can be enhanced by excess electric
or DMA 2) are electric charge effects. charges, i.e. when solution droplets and particles carry net
BSA and other albumins are characterised by a high Con_charges due to uncompensated anion_s or cations. Mainel_is
tent of amino acid residues with ionogenic functional groupset al. (2001) reported that aerosol particles composed of bi-

(arginine, lysine, aspartic and glutamic acid, etc.; Brown ological materials and generated by nebulisation of aqueous

i . . . . solutions or suspensions retained excess electric charges of
1975, NCBI protein database, http'//WWW'anI'nlm'mh'gOV)’.ﬁhe nebulised droplets upon drying. They found that bacterial

. o cells and spores (Pseudomanas fluorescens, Bacillus subtilis
agueous solution. The actual number of positive and nega- P (

tive elementary charges and the resulting net charge of thea" niger) with a mean diameter Q:fn carried net electric

molecule depend primarily on the pH and ionic strength Ofpharges of up to 0elementary charges or more, depend-

the solution. The isoelectric point, i.e. the pH value at which "9 °n the dispersion method. Moreover, Gu and Li (1998)

a protein has zero net charge, is 4.5-5.0 for BSA Undelhave shown that the net charging of droplets generated by
o ' e .. nebulisation of agueous solutions is generally increased with

I R7), BSA molecul . oL .

neutral conditions (pk¢7), BSA molecules carry a negative ncreasing ionic strength. Thus the nebulised NaCI-BSA so-

t electric ch f t 10 el t h Pet . ) X )
e g ol SoOuL 10 ementans e (et i aroplets may have cated igh et clectic chargs,
tion ' leading to enhanced electrostatic repulsion (Coulomb forces

_ i ) between the excess charges) and to a reduced packing density
Molecular interactions of globular proteins are usually de- ¢ protein molecules in the dried particles.

scribed in terms of Derjaguin, Landau, Verwey, and Over-
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To test the influence of electric charge effects, some exper- 140 -

iments have been performed in aerosol neutralisation mode | Hydration (RH,)
B (Fig. 1), in which the aerosol flow from the nebuliser 430 © neutralisation mode A
was passed through a neutraliser (10 #7&r) before par- z * neutralisation mode B
ticle drying in the SDD. For the particles with 50% BSA £ 120+ Hydration & Dehydration (RH,)
mass fraction an@p ;=99 nm, the particle diameter decrease % neutralisation mode A
due to microstructural rearrangement upon hydration and de- g 110+ neutralisation mode B
hydration in neutralisation mode B was significantly less & 1 ,
pronounced than in neutralisation mode A, where a neu- g '007 eveswmanrseomonnas,, -
traliser was applied only after particle drying in the SDD Té 0. %Cb% S
(2b.ny,min=0.91 vs. 0.89¢h demin=0.90 vs. 0.88; Table 3). 5 ] S, &
L o 0o
A similar but more pronounced effect of neutralisation 804
mode B was observed for mixed NNO3BSA particles with E—————
50% BSA dry mass fraction anbl, ;=99 nm. As illustrated 0O 10 20 30 40 50 60 70 80 90 100
in Fig. 16, the decrease of mobility equivalent diameters with Relative humidity (%)

increasingR H observed in H-TDMA operation modes 1 and
3 was strongly reduced in neutralisation mode B relative tofjg. 16. Mobility equivalent diameters observed in H-TDMA
mode A @gp hy,min=0.92 vs. 0.84gp hed min=0.87 vs. 0.80; modes 1 and 3 and neutralisation modes A and B for mixed
Table 4). NH4NO3-BSA particles withDp, ;=99 nm and 50% BSA dry mass

In contrast, the results of test experiments performed withfraction compared to hler theory calculations using the SS-VA
pure NH;NO3 particles andDy, ;=99 nm in neutralisation model with different parameterisations and dry solute mass equiva-

mode B (H-TDMA modes 1 and 3) were practically identi- €Nt diametersay from Clegg et al. (1998), blackbn,nog from
cal to the results obtained in neutralisation mode A which areErechte! and Kreidenweis (2000), gredn,s=Db, hy, min. dashed;
displayed in Figs. 9, 10, and 11. These test experiments ang™s=Pb.had,min. solid.
the results obtained with pure BSA particles, which exhibited
no restructuring upon interaction with water vapor (Fig. 12),
confirm that the influence of charge effects was specific for
protein-salt mixtures and did not significantly affect the ex-
periments with pure solutes. The influence of mixed solute

composition on the effect of excess charge neutralisation in 4 Upon interaction with water vapor the agglomerate

3. The dried particles retained their porous agglomer-
ate structure upon neutralisation and size selection by
DMA 1.

mode B (stronger effect for NiNOs-BSA than for NaCl- structure of the single-charged particles selected by
BSA) may be due to different ion-interactions or to different DMA 1 was efficiently compacted by capillary con-
size distributions of the droplets generated by nebulisation  yensation RH<RHy) or deliquescence and efflores-
and passed through the neutraliser. cence RH<RHg), involving the transformation of

Based on the experimental results and considerations out-  NaCl crystallites between near-cubic and near-spherical
lined above, we propose the following hypotheses to explain shape.
the apparent microstructural differences between the parti-
cles selected by DMA 1 after nebulisation and drying (ef- 5. The porosity or void fraction of the agglomerates and
florescence in SDD or DMA 1) and the particles analyzed the corresponding extent of restructuring upon interac-

by DMA 2 after conditioning (hydration and/or dehydration tion with water vapor were determined by the chemical
with or without deliquescence and efflorescence in the con-  composition and electric charge of the nebulised solu-
ditioner tube or DMA 2): tion droplets, as will be detailed below (Table 5).

1. The aqueous NaCIl-BSA solution droplets generated4.4.3 Model calculations for NaCIl-BSA particles
by nebulisation carried excess electric charges which
enhanced electrostatic repulsion between the proteirKohler theory calculations for the hygroscopic growth of
molecules and led to the formation of porous agglom-mixed NaCl-BSA particles have been performed using the
erates upon efflorescence of the solution droplets in theéAS- and SS-VA models outlined in Sects. 3.1.2.3 and 3.1.2.4
SDD or DMA 1. with ®naci and gsa from Egs. (7), (24), (19), and (26),
respectively. In Fig. 13 the model results obtained with
2. The electric charging of aqueous solution droplets gen-different values ofc; gsa and D s are compared to the H-
erated by nebulisation was strongly enhanced by the in-TDMA measurement data.
teraction of salt ions and proteins (adsorption), because For the particles with 10 and 25% BSA mass fraction in
no significant charge effects had been observed for puréhe dry solute mixture (Figs. 14a and b), the AS- and SS-
NaCl and pure BSA patrticles. VA models agreed to withirc2% (AS>SS). The diameters
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Table 5. Dynamic shape factory() and envelope void fractionf) of NaCI-BSA particles with initial diameteby, ;=99 nm based on dry
mass equivalent diameterBf, s, meant standard deviation of 8 data points) derived from SS-VA model calculations.

Initial Particles Restructured Particles

BSA Dry Mass Fraction Dm,s Xi fi Dymin  Xmin  fmin
(%) (%) (nm) (%)
10 85.8:0.4 1.28 25 98 111 5
25 82.7:0.6 1.37 33 8¢ 110 3
50 79.2:0.4 1.49 49 g 119 25
50 79.200.4 1.49 49 8 105 8
75 84.0:0.4 1.33 39 88 1.02 4
90 95.4:0.8 1.07 11 o8 097 -5

8 Dpy hy.min: ® Db, demin: ¢ Db had,min

calculated with the minimum diameter observed upon hy- Thus the SS-VA model was used to calculate dynamic
dration Dm s =Dp hy,min Were~5% higher than the measure- shape factors and void fractions for the characterisation of
ment data £15% with Dy, =Dy ). Since the TEM investi-  different microstructural states of the non-deliquesced NaCl-
gations indicated near-cubic shape for the mixed NaCI-BSABSA particles: after size selection in DMA Df, ;) and at
particles, we calculated an envelope shape corrected diaméhe minimum diameters observed in the different H-TDMA
ter Dm hy,min DY inserting Dp hy min @and the dynamic shape modes of operation, i.e. after exposure to water vapor with-
factor for cubic particlegcune=1.08 in Eq. (29). The model out deliqguescence in modes Dy hy,min) OF 3 (Db h&d,min),
results obtained with the SS-VA model afgh ;=D hy,min or after efflorescence in mode B de min)-
were in good agreement with the measurement data. To minimise statistical errors, the droplet diameters mea-
At x;Bsa=50% the results of the AS-VA model were sured in the relative humidity range of 75-94% (89-94%
~5% higher than those of the SS-VA model (Fig. 13c). Thefor x; gsa=0.9) were least-squares fitted with a third-order
diameters calculated with the minimum diameter observecpbolynome. From the given interval and polynomial fit eight
upon dehydrationDm =Dy demin Were ~10% higher than data pairs of relative humidity and droplet diamet®&,
the measurement data25% with Dy, =Dy j). The results  Dy=D,) were taken to calculate the corresponding values
obtained with the SS-VA model and the minimum diameterof gy, ; through iterative solving of Eq. (9) witbnac) and
observed in operation mode B, s=Dp nhed,min) Were infair -~ dgga given by Egs. (24), (7), (26), and (19), respectively.
agreement with the measurement data (differenrce%). The pairs of Dy, and gm s obtained from this proce-
For the particles with higher BSA mass fractions (Fig. 14d dure were inserted in Eq. (2), and the arithmetic mean and
and e), similar agreement was achieved with the SS-VAstandard deviation of the resultingny, ; values are listed
model and the minimum diameter observed upon dehydrain Table 5. Dp and the mobility equivalent diameter
tion Dm s=Dp demin. FOr x; 8sa=90% andRH >90% the  corresponding to the investigated microstructural state of
model results practically coincide with the measurementthe non-deliquesced particl®g i, Dy, hy,min, Db h&d,min, OF
data. At 70-90%RH, however, the diameters measured Dy, gemin) Were inserted in Egs. (29) and (30) to obtain the
upon hydration were significantly lower than the calculated corresponding dynamic shape facjarFinally x and an ap-
diameters whereas the diameters measured upon dehydratigiopriate envelope shape factor(1.08 for the near-cubic
were significantly higher. These findings confirm that the particles atx; gsa<25%; 1.00 for the near-spherical parti-
protein at high concentration inhibits the uptake and releasgles atx, gsa>25%) were inserted in Egs. (31) and (32) to
of water vapor and leads to a kinetic limitation of hydration calculate the envelope void fractigh
and dehydration on the time-scale of the H-TDMA experi-  The maximum void fraction calculated for the initial parti-
ments. cles size selected by DMA 1 was almost 50% for the particles
In any case, the correct determination/af s turned out  with x, gsa=0.5. The initial void fraction decreased towards
to be critical for Kohler theory calculations of the hygro- |ower and higher BSA mass fractions, which confirms that
scopic growth of particles with complex composition and the formation of porous agglomerate structures was due to
microstructure. Moreover, the SS-VA approach appears tGpecific ion-protein interactions.
be fairly well suited for the modeling of particles containing  For the particles restructured by interaction with water va-
organic macromolecules, whereas the AS-VA approach usupor or deliquescence and efflorescence the calculated void
ally applied for inorganic salt mixtures turned out to be lessfraction was mostly less than 5%, which is at the edge
suitable. of measurement and modeling precision, as outlined above
and confirmed by the negative value of 5% for effloresced
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particles withx; gsa=0.9 in H-TDMA mode 2. Only for 3. BSA apparently inhibits the volatilisation of NNOg,

the particles withy; gsa=0.5 significant void fractions were because no significant diameter reductions were ob-
calculated after restructuring: 25% after deliquescence and  served aiR H <30% for mixed NHNO3-BSA particles
efflorescence in H-TDMA mode 2 and 8% after interaction in contrast to pure NENOg3 particles. Most probably

with water vapor without deliquescence and efflorescence in  the saltis embedded in a protein matrix, which limits the
H-TDMA mode 3. This is consistent with the mechanisms access of water vapor as found for the mixed NaCI-BSA
and kinetic limitations of the restructuring process discussed particles. Moreover, the protein may influence both the

above. chemical decomposition of the salt and the evaporation
of the decomposition products (Cruz et al., 2000). In

4.4.4 Hygroscopic growth, restructuring, volatilisation, any case it can affect the atmospheric abundance and
and model calculations for NHNO3-BSA particles measurement of particulate ammonium nitrate (Bergin

etal., 1997; Ten Brink et al., 1997; Moya et al., 2002).
The experimental results obtained for N¥O3-BSA parti-

cles with D ;=99 nm andk, gsa=50% in H-TDMA modes 1 The Kohler theory calculations illustrated by green lines

and 3 are illustrated in Fig. 16. As for pure NNO; par- in Fig. 16 have been performed using the SS-VA model

ticles no pronounced deliquescence transition was observe‘tqgrr:] CEBSA(Gf)r 0;]1 dEgTé (196),[ aaTd (gg)s)anriswggi’\\'/g‘l"\‘o3 The
upon hydration (H-TDMA mode 1). In neutralisation mode diametgr.s calculated svgi]th) :.D " \?vere iny;‘air
Athe measured mobility equivalent diameters were near con- m,s="~b,h&d,min,A

agreement with the measurement values from neutralisation
stant up toR H~30%, followed by a pronounced decrease to 0 - 0
a minimum atR H~70-75% gp ny.min.4=0.84), and a sub- mode A atRH>90% (deviations<5%). At lower RH and

) Lo S for Dm s=D inA the calculated diameters were 5-15%
sequent steep increase. In neutralisation mode B similar efz =M ~~b.hy.minA

. . higher than the measurement data. The humidity depen-
fects were observed, but the diameter reduction started On%ence of the deviations between model and measurement
at R H~30% and was less pronounceg fy,min,5=0.92). In

H-TDMA mode 3 the measured diameters were almost thedata seems to reflect the humidity dependence of chemical

same as in H-TDMA mode 1 up t® H~65%. In neu- decompostion. - With®np,no, from Eq. (13) the diame-

- - . ters calculated witlDp, =D in.A were~5% |lower and
tralisation mode A minimum diameters were observed at m,s = 'b,h&d, min, A

. _ _ o hi i
RH~T0-75% g min=0.80), and ar H~95% the di- 1 o= bymn B8y e B P OREE Lot e 0o
ameter reincreased to the same value which was observed Sr the small mass equivalent arowth factors at_lowefr. rel-
a minimum in H-TDMA mode 1. Again neutralisation mode N 9

B showed similar effects but a less pronounced minimum atat|ve humidities the parameterisation by Brechtel and Krei-

. . o _ denweis (2000) is not applicable. Moreover, its derivation
. = ~ 0,
h|gher. relative humldltygb’h&d’r.m”’B 0'87’EH 85%). from H-TDMA experiments may have been affected by sim-
In view of the results described and discussed above fo

flar chemical decompostion or restructuring effects as ob-
mixed NaCl-BSA and NBNO3 particles, the most plausible . . : :
. . rved in our experiments with pure NNO3 particles. Nev-
explanation for the NFNO3-BSA results is: served in our experiments with pure HNO; particles. Ne

ertheless, the fair agreement of modelling and measurement

. results at highRH confirms the suitability of the SS-VA
1. Porous agglomerates are formed upon particle genera-

tion by nebulisation and drying due to ion-protein inter- modelling approach and the applicability of the parameter-

actions and electric charge effects. isation for ®gsa.

2. The diameter reductions upon interaction with waters Summary and conclusions
vapor is due to a combination of restructring (com-
paction) of the porous agglomerates and volatilisationIn this study the H-TDMA technigue and transmission elec-
of NH4NO3: The 7-8% difference between the mini- tron microscopy have been used to investigate the hygro-
mum diameters observed in neutralisation modes A andscopic growth and microstructural rearrangement of aerosol
B (gb,hy.min,A — &b,hy,min,B; &b,h&d,min,A — &b,h&d,min,B) particles composed of the protein BSA and the inorganic salts
can be attributed to different porosities of the initially NaCl and NHNOgz upon interaction with water vapor.
selected particles due to different electric charge effects. To characterise the hygroscopic growth, microstructural
The 5-6% difference between the minimum diametersrearrangements, and phase transitions (deliqguescence, efflo-
observed in H-TDMA modes 1 and 2dhy,mina — rescence) of pure and mixed protein and salt particles, their
gb.h&d,min,A; &b,hy,min,B — &b.h&d,min,B) appears to be mobility equivalent diameters were measured as a function
largely due to volatilisation of NEFNOs3, because the of relative humidity R H=0-95%) in the two standard modes
minimum diameter observed in mode 1 is essentially theof H-TDMA operation, i.e. upon hydration (increasi®g?)
same as the diameters observed in modeRFat-95% or dehydration (decreasingH). In an additional third op-
where volatilisation was found to be negligible for pure eration mode the size selected particles were conditioned at
NH4NOs. relative humidities of 0—95% but dried again upon particle
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sizing in the second DMA. This mode comprises a full cycle culations taking these effects into account were in fair agree-
of hydration & dehydration and provides complementary in- ment with the hygroscopic growth observedrat >35% for
formation about microstructural rearrangement processes dlaCl-BSA and atR H>90% for NH;NO3-BSA. The efflo-
chemical decomposition and volatilisation of the investigatedrescence threshold of NaCI-BSA particles decreased with in-
particles upon surface interaction with water vapor, dropletcreasing BSA dry mass fraction (up to 5% reductio®éfe),
formation and evaporation. i.e. the protein inhibited the formation of salt crystals and en-
The measurement results have been compared®tdek  hanced the stability of supersaturated solution droplets.
theory calculations of hygroscopic particle growth using dif- The measurement and modeling results obtained for mixed
ferent types of models. In the applied full parameterisa-protein-salt particles lead to the following general conclu-
tion (FP) models both the water activity and density of the sions:
agueous solution were calculated with empirical or semi- Depending on their origin and conditioning, aerosol parti-
empirical parameterisations. In the alternative volume ad-cles containing inorganic salts and proteins or comparable or-
ditivity (VA) models only the water activity was calculated ganic macromolecules can have complex and highly porous
with parameterisations while the density of the mixture wasmicrostructures, which are influenced by electric charge ef-
assumed to be additively determined by the densities of thdéects and interaction with water vapor. The proteins tend
pure components (water, salt, protein). to be enriched at the particle surface and form an envelope
For pure NaCl patrticles, a transformation from near-cubicwhich inhibits the access of water vapor to the particle core
or irregular to near-spherical shape was observed upon inteland leads to kinetic limitations of hygroscopic growth, phase
action with water vapor at relative humidities below the del- transition, and microstructural rearrangement processes. Be-
iquescence threshold. The conversion was found to be kinetsides these surface and kinetic effects, proteins and compara-
ically limited on the second time-scale of the H-TDMA ex- ble organic macromolecules may also influence the thermo-
periments and attributed to partial dissolution and recrystalli-dynamic properties of the aqueous bulk solution (solubilities,
sation of the salt surface. Deliquescence and efflorescenceapor pressures, and chemical equilibria, e.g. for the decom-
transitions and the hygroscopic growth of aqueous NaCl soposition and evaporation of NN Os).
lution droplets were in good agreement with literature data These effects should be taken into account in the analysis
and Kbhler theory calculations. of data from laboratory experiments and field measurements
Pure NHNOs particles exhibited no pronounced deli- and in the modelling of aerosol processes involving parti-
quescence or efflorescene transitions. Nevertheless, a hysles with complex composition. They can strongly influence
teresis between hydration and dehydration was observed arttie outcome of experiments performed on multi-second time
attributed to decomposition and evaporation of /NiD3 in scales, and depending on ambient conditions they may also
highly supersaturated aqueous droplets. This process wagday a significant role in the atmosphere (deliquescence, ef-
negligible at very low and very high relative humidities. At florescence, droplet growth, and CCN activation). In fact,
R H=50-80%, however, it led to particle mobility diameter irregular hygroscopic growth curves with local minima and
reductions of up to 10%. #&hler theory calculations taking maxima similar to the ones observed in this study, have re-
these effects into account were in fair agreement with the hycently been reported by Gysel et al. (2004) from H-TDMA
groscopic growth observed &tH >80%. experiments with water-soluble organics extracted from real
Pure BSA particles exhibited deliquescence and effloresair particulate matter and with humic-like substances. Never-
cence transitions at35% R H and a hygroscopic diameter theless, the hygroscopic growth of particles composed of in-
increase by up te-10% at 95%R H in good agreement with  organic salts and proteins or comparable organic substances
model calculations based on a simple parameterisation of that high relative humidities can be efficiently described with
osmotic coefficient derived from an osmotic pressure virial simple volume additivity models, provided that the correct
equation. dry solute mass equivalent diameter and composition are
Mixed NaCl-BSA and NHNO3-BSA particles interacting  known. A simple parameterisation of the osmotic coefficient
with water vapor exhibited mobility diameter reductions of has been derived from the osmotic pressure virial equation by
up to 20%, depending on particle generation, conditioning,Carnahan and Starling (1969) and appears to be well-suited
size, and chemical composition (BSA dry mass fraction 10—for proteins and comparable substances. It is fully compat-
90%). These observations can be explained by the formatioible with traditional volume additivity models for salt mix-
of porous agglomerates due to ion-protein interactions andures, and for its application only the density and molar mass
electric charge effects on the one hand, and by compactionf the substance have to be known or estimated.
of the agglomerate structure due to capillary condensation First results from ongoing investigations with additional
effects on the other. The size of NNO3-BSA particles was chemical components like ammonium sulfate and humic-
apparently also influenced by volatilisation of lkO3, but like substances confirm the above conclusions. We consider
not as much as for pure salt particles, i.e. the protein inhib-the observed effects (microstructural rearrangements, kinetic
ited the decomposition of NHNOg3 or the evaporation of the limitations, electric charge effects) and their mechanistic un-
decomposition products NdHand HNG;. Kohler theory cal-  derstanding highly relevant for the interpretation and analysis
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of laboratory and field measurement data of aerosol particle
interacting with water vapor — especially but not only for H-
TDMA experiments. Moreover, we think that the presented
Kohler theory calculations provide a basis for efficient mod-
eling of the influence of macromolecular organics on the hy-
groscopic growth and CCN activation of atmospheric parti-
cles.

6 Notation

Symbols

water activity

Debeye-Hickel coefficient
ion-interaction parameter
polynomial coefficient (water activity)
slip correction (Cunningham factor)
ion-interaction parameter
polynomial coefficient (solution density)
particle diameter

envelope void fraction

growth factor

ionic strength

microstructural states

mass

molar mass

amount-of-substance (number of moles)
osmotic pressure

counting variable

gas constant

relative humidity

water vapor saturation ratio

solute (dissolved substance, consisting of one or
more chemical

compounds)

absolute temperature

molar volume

mass fraction

mole fraction

individual component of a solute mixture
ion-interaction parameter

charge number

ion-interaction parameters

envelope porosity factor

envelope shape factor

mean free path

dynamic shape factor

volume fraction

practical osmotic coefficient

molality

stoichiometric dissociation number
density

surface tension

geometric standard deviation

aw
Ag
bpit

c
C(D)
Co

d
D
f
g
1

k

~

5

AD T T H/HEX A PR N N R <N
=

S
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s Additional subscripts

b mobility equivalent

m mass equivalent

i initial value (after DMA 1)

d deliquescence

e efflorescence

de dehydration (H-TDMA mode 2)
hy hydration (H-TDMA mode 1)
hicorr  corrected for hydration layer
h&d hydration & dehydration (H-TDMA mode 3)
min minimum

w water
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