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Abstract.  The tandem differential mobility analyzer and Abbatt, 1997), and cloud condensation nuclei (CCN) ac-
(TDMA) has been widely utilized to measure the hygroscop-tivity (Bilde and Svenningsson, 2004; Hartz et al., 2505
icity of laboratory-generated and atmospheric submicrome- The hygroscopicity of aerosol particles is commonly re-
ter particles. An important concern in investigating the hy- ported in terms of particle size (or mass) changes as a func-
groscopicity of the particles is if the particles have attainedtion of RH under saturation conditions. The aerosol wa-
equilibrium state in the measurements. We present a literater content is obtained by comparing the wet and dry par-
ture survey to investigate the mass transfer effects in hygroticle sizes (or masses). When deliquescence (solid to liquid)
scopicity measurements. In most TDMA studies, a residencer crystallization (liquid to solid) phase transitions occur, a
time in the order of seconds is used for humidification (or spontaneous sharp change in particle size arises. Hygro-
dehumidification). NaCl and (NH2SO4 particles are usu-  scopicity data are useful in parameterizing thermodynamic
ally used to verify the equilibrium measurements during thismodels (Chan et al., 1997; Clegg et al., 1997, 2003; Ming
residence time, which is presumed to be sufficient for otherand Russell, 2003; Topping et al., 2004) and revealing the
particles. There have been observations that not all typestate of the mixing of atmospheric particles (Cocker et al.,
of submicrometer particles, including atmospheric particles,2001a). They are also needed for modeling the physico-
attain their equilibrium sizes within this time scale. We rec- chemical properties of atmospheric particles, including their
ommend that experimentation with different residence timesroles in global radiative forcing (Martin, 2000) and CCN ac-
be conducted and that the residence time should be explidivity (Rissler et al., 2004; Kreidenweis et al., 2005).
itly stated in future TDMA measurements. Mass transfer ef- Most hygroscopicity measurements of aerosols, especially
fects may also exist in the measurements of other properties field studies, are made with a tandem differential mobility
related to the water uptake of atmospheric particles such aanalyzer (TDMA), also called Hygroscopic TDMA by some
relative humidity dependent light scattering coefficients andresearchers (Liu et al., 1978; Rader and McMurry, 1986; Mc-
cloud condensation nuclei activity. Murry and Stolzenburg, 1989; Swietlicki et al., 1999; Cruz
and Pandis, 2000; Dick et al., 2000; Gysel et al., 2004). A
key issue in investigating the hygroscopicity of the particles
is if the particles have attained their equilibrium state in the
1 Introduction measurements. In this paper, we conduct a survey in the lit-
erature on TDMA measurements (see Tables 1 and 2) and
Atmospheric particles play an important role in the global present evidence that hygroscopicity measurements can be
climate change and in the chemistry of the troposphere. Depotentially compromised by mass transfer effects attributed
termining the phase (solid or liquid) and size of atmospherictg the insufficient time allowed for particle growth or evap-
particles at different relative humidities (RH) and tempera- oration. We recommend that the residence time for humid-
tures is important for elucidating the role of atmospheric par-ification or dehumidification in TDMA studies be explicitly

ticles in many atmospheric processes such as the absorptiggported and that equilibrium measurements be confirmed.
and scattering of solar radiation (Martin et al., 2004), hetero-

geneous reactions between gas molecules and particles (Hu 1Hartz, K. E. H., Tischuk, J. E., Chan, M. N., Chan, C. K., Don-

ahue, N. M., and Pandis, S. N.: Cloud condensation nuclei activa-
Correspondence taC. K. Chan tion of limited solubility organic aerosol, Atmos. Environ., submit-
(keckchan@ust.hk) ted, 2005.
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Table 1. Summary of Hygroscopic Measurement of Laboratory Generated Particles Utilizing the TDMA.

Study Chemical species studied Residence Initial particle size”(nn@rowth or evaporation

time (syf

(Range of RH studied)

Organic compounds or mixtures of an inorganic salt and an organic compound

Brooks et al. (2004) Fluka fulvic acid (FA), Pahokee peat reference humic acid (HA), 50, 100, 200 Growth (15-95%RH)
Leonardite standard HA, Suwannee river reference FA, Phthalic
acid, Polyacrylic acid, Their mixtures with (NphSOy
Gysel et al. (2004) Water soluble matters and humic-like substances isolated f8om 103 Growth and Evaporation (5—-90%RH)
PML1.5 aerosol samples, Nordic reference fulvic and humic acids
Johnson et al. (2004) Di-2-ethylhexyl-sebacate (DEHS), Methanesulphonic &dd 100 Growth (90%RH)
(MSA), (NHg)2SO4 — MSA, NaCl seeded DEHS
Mikhailov et al. (2004) Protein bovine serum albumin (BSA), NaCI-BSA, 7.5-18.5 100-201 Growth and Evaporatietb-95%RH)
(NH4)NO3-BSA
Mochida and Kawamura, (2004)  Levoglucosan, D-Glucose, Vanillic, Syringic, 100 Growth (5-95%RH)
4-hydroxybenozoic acids
Sjogren et al. (2004) Adipic acid, (NP SOy — adipic acid 1-120 Growth (10-90%RH)
Prenni et al. (2003) (Ni2SO;s — oxalic acid, (NH)2SO4 — malonic acid, 100 Growth (30-95%RH)
(NH4)2S0O4 — succinic acid, (NH)2SO4 — glutaric acid,
(NHg4)2S0y — adipic acid
Hameri et al. (2002) Adipic acid, Phthalic acid, (WHS0O4-adipic acid, 4.4 100 Growth (50-90%RH)
(NH4)2S0y-phthalic  acid, (NH)2S0Oy-succinic  acid,
(NH4)2S04-malonic acid
Prenni et al. (2001) Oxalic acid, Malonic acid, Succinic acid, Glutaric acid, 50, 100 Growth (45-95%RH)
Adipic acid
Cruz and Pandis (2000) Glutaric acid, Pinonic acid, 30 50, 80, 100 Growth (35-95%RH)
NaCl-glutaric acid, (NH)2S0Os-glutaric acid,
NaCl-pinonic acid, (NH)2S0y-pinonic acid
Chen and Lee (1999) Sodium oleate, Tween 80, Span80, 15 74 Growth (7-85%RH)
Sodium dedecyl sulfate (SDS),
CacCl- Sodium oleate, CaCl-Tween 80,
CaCl-Span80, CaCl -SDS
Inorganic Salt and Mixtures of Inorganic salts
Johnson et al. (2004) NaCl, (N\bbSO4, NaNO3, NHzHSOy, HaSO 13.4 100 Growth (90%RH)
Mikhailov et al. (2004) NaCl, (N)NO3 7.5-18.5 100-201 Growth and Evaporatietb-95%RH)
Sjogren et al. (2004) (NB2SOy 1-120 Growth (10-90%RH)
Pagels et al. (2003) 4S04, K2CO3 100 Growth (25-90%RH)
Gysel et al. (2002) NaCl, (NjH2SO4, NaNO3 60 100 Growth and Evaporation (5—95%RH)
Hameri et al. (2001a) NaCl 8-50 Growth and Evaporatior:6—90%RH)
Brechtel and Kreidenweis (2000)  NaCl, (WH3SO4, NH4HSO4, NaCl-(NH;)2SOy 25-102
Cruz and Pandis (2000) NaCl, (MpSOy 30 50, 80, 100 Growth (35-95%RH)
Hameri et al. (2000) (NE)2SOy 8-50 Growth and Evaporatior:6%—90 RH)
Hansson et al. (1998) NaCl 10-20 50, 100, 200 Growth and Evaporation (30—-90%RH)
Ristovski et al. (1998) NaCl 22-74 50 Growth (56t00%RH)
Xiong et al. (1998) HSOy 6-10 40-120 Growth (20-85%RH)
Soot Particles
Gysel et al. (2003) Source: Jet engine combustor 30, 50, 100 Growth (70-90%RH)
Pagels et al. (2003) Source: Moving gate boiler 35-350 Growth (25-90%RH)
Dua et al. (1999) Source: Resident wood stove 30-250 Grow@9%RH)
Weingartner et al. (1997) Source: Diesel engines 2.2-10 51.5, 73,108 Grodfh{RH)
Smokes particles
Dua and Hopke (1996) Source: different kind of oil during deep frying, sausages during 50-325 Growth £100%RH)
grilling, burning wood in a stoves
Organic Coating
Hansson et al. (1998) NaCl coated with tetracosane acid, octanoic acid, lauric acid 10-20 50, 100, 200 Growth and Evaporation (30—-85 RH)
Xiong et al. (1998) HSOy coated with lauric acid, stearic acid, oleic acid 6-10 40-120 Growth (20-85%RH)
Secondary Organic Aerosols (SOA)
Saathoff et al. (2003) SOA formed from ozonolysiswpinene 100, 200 Growth and Evaporation (15-90%RH)
(Diesel soot, (NH)2SO, as seed particles)
Cocker et al. (2001b) SOA formed from ozonolysiswpinene 10 136, 235 Growth (5-89%RH)
(CaCb, (NHy)2S0y, (NH4)HSO, as seed particles)
Cocker et al. (2001c) SOA formed from ozonolysis of m-xylene 10 136, 235 Growth (85%RH)
and 1,3,5-trimethylbenzene refer to
((NH4)HSOy as seed particles) Cocker et al. (2001b)
Virkkula et al. (1999) SOA formed from oxidation afpinene, 2.4 30-200 Growth (81-87%RH)

B—pinene, and limonene
((NH4)2S0Oy as seed particles)

@ The residence time of the submicrometer particles in a RH conditioner (humidifier or dehumi&fm)ticle size selected by the first DMA.
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Table 2. Summary of Hygroscopic Measurement of Atmospheric Particles Utilizing the TDMA.
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Study

Sampling Period and Location Residence Tinte (s) Chemical Specie’

Initial Particle Size (nnf)
(RH in the dryer)

Growth or Evaporation
(Range of RH Studied)

Carrico et al. (2005)

Ferron et al. (2005) Winter, summer and fall, 1998, Bavaria, NaCl 50, 100, 150, 250 Growth (85%RH)
Germany
Santarpia et al. (2005) August and September, 2002, Texas, U.S. NaCl 12-400 Growth and Evaporation (30-85%RH)
(drying RH: 20%RH)
Aklilu and Mozurkewich (2004) August, 2001, British Columbia, Canada ANBOy 50, 80, 114, 160 Growth (50-85%RH)
(drying RH: 15%RH)
Gasparini et al. (2004) June-October, 2001, Texas, U.S. NaCl 25-344 Growth (84%RH)
(drying RH: 20%RH)
Rissler et al. (2004) July, 2001, Balbina, Amazonia, Brazil YOy 20-265 Growth (90%RH)
(drying RH: RH<10%)
Santarpia et al. (2004) August, 2002, Texas, U.S. NaCl 160, 320 Growth and Evaporation (30-85%RH)
(drying RH: 20%RH)
Chen et al. (2003) October-December, 2001, Taipei, Taiwan 6 NaCl)@8d, 53, 82, 95, 202 Growth (60-90%RH)
(drying RH: <20%RH)
Massling et al. (2003) January—February, 1999, Atlantic Ocean and NaCl, 50, 150, 250 Growth (30, 55, 75, 90%RH)
February—March, 1999, Indian Ocean (NHg4)2S0y (drying RH: <5%RH)
KCI

Nessler et al. (2003)

Baltensperger et al. (2002)

Busch et al. (2002) July—August, Falkenberg, Berlin, Germany NaCl 50, 100, 150, 250 Growth (60 and 90%RH)
Buzorius et al. (2002) Cheju Island, Republic of South Korea ANBOy 250 Growth &90%RH)
Roberts et al. (2002) March—April, 1998, Amazonia, Brazil NaCl, p$0, 35-264 Growth (70 and 90%RH)
(drying RH: <10%RH)
Vakeva et al. (2002a) 1997-1999, Helsinki, Luukki, Hyytiala, (NHg)2S0y 10, 20 Growth (90%RH)
Finland and Western Ireland
Vakeva et al. (2002b) September, 1998, and June, 1999, (NHg)2S0Oy 8-20 Growth (90%RH)
west coast of Ireland
Weingartner et al. (2002) March, 2000, Jungfraujoch, Switzerland 60 4p8O, 50, 100, 250 Growth (10-85%RH)
(drying RH: <15%RH)
Zhou et al. (2002) March—April, 1998, Amazonia, Brazil NaCl, (NpBOy 35-264 Growth (90%RH)

Cocker et al. (2001a)

Hameri et al. (2001b)

Zhou et al. (2001)

Dick et al. (2000)

Swietlicki et al. (2000)

Swietlicki et al. (1999)

Berg et al. (1998)

Covert et al. (1998)

Svenningsson et al. (1997)

McMurry et al. (1996)

Saxena et al. (1995)

July—September, 2002, Yosemite National.5 (NHg)2SOy
Park, California, U.S.

February—March, 2000,
Jungfraujoch, Switzerland

60 refer to Weingart-
ner et al. (2002)
May-June, 1998, Bresso, Milan, Italy 60 refer to Weingart-
ner et al. (2002)

August-September, 1999,
Pasadena, California, U.S.

Hyytiala forest, Finland 0.1 (residence time {iNH4)2SOy

RH conditioner)
July—August, 1996, Arctic Ocean NaCl

July-August, 1995, Great Smoky Mountaifi.3-5.0
National Park, U.S.

June-July, 1997, 5 sites in the subtropical North-2
Eastern Atlantic

NaCl, (NH)2S0y

March—April, 1995, Great Dun Fell, England NacCl

October—November, 1995, Pacific Ocean
November—December, 1995, Southern Ocean

NaCl, (NH)2SOy
November and December, 1995, Cape Grim,
Tasmania
April and May, 1993, Great Dun Fell, England NaCh)gdsidy,

September, 1994, Minneapolis, U.S.

Grand Canyon and Los Angeles, U.S. 1.3-5.0 refer to Macl,

Murry and Stolzen- HpSOy,

100, 200
(drying RH: <5%RH)

50, 100, 250
(drying RH: ~10%RH)

50-200
(drying RH: <30%RH)

(drying RH: <5%RH)
50, 150
(drying RH<10%RH)

20-365
(drying RH: <5%RH)

15, 35, 50, 165
(drying RH: <10%RH)
50, 100, 200, 300, 400
(drying RH: ~5%RH)

35-440
(drying RH: <10%RH)

35-265
(drying RH: <10%RH)

35-165
(DMAL: <10%RH)

30, 50, 150, 250
(drying RH: ~25%RH)

50, 75, 110, 165, 265

(drying RH: <20%RH)
300-400

(drying RH: 48%RH)

16-500
(drying RH: ambient RH)

Growth (40-90%RH)

Growth (10-85%RH)

Growth (90%RH)

Growth (89%RH)

Growth (90%RH)

Growth (50, 70, 90%RH)

Growth (5-85%RH)

Growth (<10%-90%RH)

Growth (90%RH)

Growth (89 or 90%RH)

Evaporation (50, 60%RH)

Growth (90%RH)

Growth (90%RH)

Growth (87%RH)

Growth (80-93%RH)

burg (1989) (NH4)2S04

Pitchford and McMurry (1994) January—March, 1990, Grand Canyon National 15-400 Growth (3—-90%RH)
Park, Arizona, U.S.

Svenningsson et al. (1994) October and November, 1990, 50, 150, 300 Growth (<20-85%RH)

Kleiner Feldberg, Taunus, Germany

(DMAL: ~10-20% RH)

Covert and Heintzenberg (1993) March and April, 1989, Ny Alesund, Svalbard 208D, 110, 200, 310 Growth (90%RH)
(DMAL: 20% RH)
Zhang et al. (1993) 1987 and 1990, Claremont, Los Angeles ah@-5.0 refer to Mc- NaCl, H,SOy, 15-400 Growth (3-90%RH)

Grand Canyon, U.S. Murry and Stolzen- (NHg)2SO4

(drying RH: ambient RH)

burg (1989)
Svenningsson et al. (1992) November, 1989 Po Valley, Italy NaCl4d60, 30, 50, 100, 150, 200 Growth (85%RH)
McMurry and Stolzenburg (1989)  June and September, 1987, Claremont, 1.3-5.0 NaCl, HSOy, 50, 200, 500 Growth (7-90%RH)
Los Angeles, U.S. (NH4)2S0Oy (drying RH: ambient RH)

2705

@ The residence time of the submicrometer particles in a RH conditioner (humidifier or dehumi&fi@l‘)emical species used to check the performance of the TDMA syéteRarticle size selected by the first DMA. It is noted that atmospheric
aerosols are dried in the first DMA instead of diffusion dryer in some studies. The drying RH is the RH inside the dryer unless specified otherwise.
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2 Measurement techniques density for comparison with the TDMA measurements. In
contrast to the TDMA, the EDB measures the hygroscopic-
TDMA and the electrodynamic balance (EDB) (Richardsonity of the particles that are few to tens @fn in diameter and
and Spann, 1984; Cohen et al., 1987; Ray et al., 1989; Chah can only measure laboratory-generated particles.
et al., 1992; Tang and Munkelwitz, 1993, 1994; Chan and
Chan, 2003) are the most commonly used techniques for hy-
groscopicity measurements and their measurements are often Equilibrium measurement
compared. Comprehensive summaries of previous laboratory
studies have been presented by Martin (2000) and KanakiTheoretical analysis of the gas-particle equilibrium time
dou et al. (2005). A summary of laboratory TDMA stud- scales for the water uptake for a non-volatile particle is avail-
ies has been presented in Table 1. Other techniques includgble in the literature (Kerminen, 1997). In gas condensation,
single particle mass spectrometry (Ge et al., 1996, 1998)the flux of a species into a single particlg,can be described
ambient-dry aerosol size spectrometer (Stanier et al., 2004)y:
RH-controlled nephelometry (ten Brink et al., 2000), aerosol
cell-microscope system (Pant et al., 2004; Parsons et al. 2 D;[Ci — Ci g (dp)]
2004), aerosol flow tube—Fourier Transform Infrared (FTIR) i (dy) = 1+ 2x/a;d @)
system (Brooks et al., 2003; Braban and Abbatt, 2004), RH- P
controlled optical particle counter (Ames et al., 2000; Handwhered,, is the particle diameter); is the gas-phase diffu-
et al., 2000; Kreisberg et al., 2001), filter-based analysis bysion coefficient of the species,C; andC; ., are its concen-
beta attenuation (or gravitational method) (Hitzenberger etration in the gas phase and over the particle surface, respec-
al., 1997; Speer et al., 1997), and water activity measuretively, A is the air mean free path, aadis the accommoda-
ments of bulk agueous solutions (Brooks et al., 2002; Wisetion coefficient accounting for the imperfect accommodation
et al., 2003; Marcolli et al., 2004). of the species on the particle surface. Kerminen (1997) es-
We focus our discussions on TDMA measurements intimated the time required for the achievement of water equi-
this paper. A typical TDMA system consists of a diffu- librium to be between 810°°s and 0.1s for 100nm and
sion dryer, two differential mobility analyzers (DMA), an RH 500 nm particles at 90%RH and &® and 25C with dif-
conditioner (humidifier or dehumidifier) set between the two ferent accommodation coefficients (0.001 to 1). The typi-
DMA, and a condensation particle counter (CPC). Initially, cal residence time of a few seconds in the RH conditioner
atmospheric (or laboratory-generated) polydispersed partiin TDMA measurements is adequate for most equilibrium
cles are dried in a diffusion dryer. Monodispersed particles (ahygroscopic measurements. Significantly longer equilibrium
few to hundreds of nanometers in mobility diameter) selectedime may be required when the accommodation coefficient
by a DMA are then passed through the RH conditioner, inis much less than 0.001. Chuang (2003) found that some at-
which humidification of the particles takes place. The size ofmospheric particles exhibited equilibrium time scale in the
the particles leaving the RH conditioner is measured with theorder of seconds to tens of seconds in their TDMA measure-
other DMA and the CPC (Rader and McMurry, 1986; Mc- ments. He estimated that the accommodation coefficients of
Murry and Stolzenburg, 1989). Different configurations of these particles are in the range of o 1075, This falls
TDMA systems have been employed in atmospheric aerosainto the lower range of values reported in laboratory exper-
studies (Chuang, 2003; Santarpia et al., 2004). The TDMAIments using model aerosols with single component films.
reports the relative change in the particle mobility diameterAtmospheric particles containing organic films resulting in
or the growth factorG ¢, which is the ratio of the particle an accommodation coefficient in the range of4@ 10>
diameter at a high RH to a dry particle diameter at referencemay not achieve equilibrium in TDMA experiments.
RH, as a function of RH. Most researchers choose NaCl or (NFE5Oy particles to
An EDB utilizes a combination of an alternating current verify the time scale for equilibrium measurements with the
electric field and a direct current electric field to levitate sin- implicit assumption that the water vapor-particle equilibrium
gle particles (Davis, 1997). A charged particle can be levi-is also achieved for other particles, including atmospheric
tated and kept stationary when the electrostatic force it expepatrticles, in the same time scale (order of seconds). How-
riences balances its weight. Hence, relative mass measur@ver, in addition to possibility of having particles of a very
ments due to humidity changes can be made by adjusting theow accommodation coefficient, transport effects in very vis-
DC voltage required to make the particle stationary. In hy-cous particles can also hinder gas-particle equilibrium (Sein-
groscopicity measurements, the measurements of a particlield, 1986; Kerminen, 1997; Chan et al., 1998). Chan and
under multiple stepwise increases (or decreases) in RH andoworkers have experimentally shown that the achievement
the mass of the particle is determined as a function of RH.of equilibrium of some aqueous droplets can be hindered by
Data in terms of the mass ratio or the mass fraction of the sothe transport limitation inside the droplets in their EDB mea-
lute are reported at different RH. The data can be convertedurements. For example, Chan et al. (2000) found that there
to G (or vice versa) with the determination of the particle is a significant retardation of water evaporation (and growth)

Atmos. Chem. Phys., 5, 2703#12 2005 www.atmos-chem-phys.org/acp/5/2703/



M. N. Chan and C. K. Chan: Mass transfer effects in hygroscopic measurements of aerosol particles 2707

rate of magnesium sulfate (Mg3Jdroplets at high concen- bration time in EDB measurements is because of the time
trations (at low RH). Using Raman spectroscopy, Zhang andequired to change the RH inside the EDB). This observa-
Chan (2000) attributed this delay to the formation of contacttion suggested that glutaric acid particles exhibited a strong
ion pairs and chain structures in highly concentrated dropletkinetic effect during deliquescence and required a longer
of MgSOy. Moreover, Peng et al. (2001) observed that glu- equilibrium time than did inorganic salt and the other di-
taric acid particles took a significant longer time1(0 h) to carboxylic acid particles they studied. Although Cruz and
completely deliquesce, compared to other dicarboxylic aciddPandis (2000) reported that NaCl and (NbBO; particles
and multifunctional acids particles~@0 min). This mass attained their equilibrium sizes with residence times longer
transfer limitation in the growth process was also observed irthan 10s, the residence time of the glutaric acid particles
sodium pyruvate particles by Peng and Chan (2001). Theswas not tested. Peng et al. (2001) attributed the loGier
significant retardations in growth or evaporation rates wereof glutaric acid particles reported by Cruz and Pandis (2000)
not found for NaCl or (NH)2SOy particles in their EDB  after deliquescence to the mass transfer effects in the TDMA
measurements. Overall, mass transfer effects in hygroscopigrowth measurements. These observations suggest that the
measurements of ambient particles and laboratory generateime required for NaCl and (Ni2SO;, particles to achieve
particles are possible if the particles are not allowed to haveheir equilibrium sizes may not necessarily be sufficient for
sufficient time to achieve their equilibrium sizes in the RH particles of other chemical systems, including possibly atmo-
conditioner. Residence time of a few seconds may not bespheric particles.
adequate, depending on the nature of the particles. Various studies have reported the dependencé pfof

the particles on the residence time. Ristovski et al. (1998)

observed that th& ; of NaCl particles increased from ap-

4 Mass transfer effects in the TDMA measurements proximately 1.1 to 1.9 at 90%RH when the residence time
increased from 2.2s to 7.4s. Cruz and Pandis (2000) reported
4.1 Laboratory measurements that theG ; of NaCl and (NH)>SO particles after humid-

ification were independent of the residence time only when

A number of hygroscopicity measurements of inorganicthe residence time was longer than 10s but not shorter. Sjo-
salt particles (e.g., NaCl, (NhpSOs, and NHINO3) us-  gren et al. (2004) found that (NphSOs-adipic acid particles
ing TDMA and EDB have been reported. There is a gen-(50wt% and 76wt% adipic acid) exhibited a lower; at a
eral agreement on the hygroscopicity of typical inorganic residence time of less than 4s than the at more than 4 s
salt particles although some discrepancies between the datg 78-91%RH after deliquescence.
have been observed. For example, different crystalliza- xjong et al. (1998) found that submicrometer sulfuric acid
tion characteristics of some supersaturated droplets (e.g(H,S0y) particles attained their equilibrium size within 6 s.
NH4NO3) have been attributed to the presence of impuri-on the other hand, thé ; of H,SQy particles coated with
ties that may have heterogeneously seeded the crystallizatiofee monolayers of lauric acid further increased as the resi-
(Martin, 2000). dence time increased from 6 s to 10s, providing evidence that

The hygroscopicity of glutaric acid particles as a function the coated WSOy particles had not yet reached their equilib-
of RH has been measured by Cruz and Pandis (2000) anflum size within 6s. Organic films can act a physical bar-
Prenni et al. (2001) using TDMA and by Peng et al. (2001)rier to retard the water condensation (or evaporation) rate in
using EDB. Cruz and Pandis (2000) reportedia of ap-  planar solutions and on particle surfaces (Gill et al., 1983;
proximately 1.10 at 90%RH. On the other hand, Prenni etBarnes, 1986) and can lower the accommodation coefficient
al. (2001) reported & ; of 1.29, which is close to &  (Pandis et al., 1995). A summary of laboratory studies on
of 1.30 reported by Peng et al. (2001). Solute evaporationhe evaporation and condensation rates of water vapor from

loss in semi-volatile glutaric acid particles, the Kelvin effect, particles in the presence of organic films has been presented
and the shape factor in converting the mobility diameter topy Chuang (2003).

the geometric diameter do not account for the differences

in the G¢. The results of Peng et al. (2001) and Prenni et4.2 Field measurements

al. (2001) were consistent with those inferred from the water

activity measurements of aqueous glutaric acid solution aftetUnlike for laboratory-generated particles, the chemical com-

deliquescence, suggesting that the glutaric acid particles hagositions of atmospheric particles are generally unknown a

reached their equilibrium sizes. priori and comparison of measurements with literature data
Furthermore, Peng et al. (2001) observed that glutaric acian the identified chemical systems is not practical. Previous

particles continued to absorb water for several hours duringstudies on the hygroscopicity of atmosphere particles using

deliquescence at 83-85%RH, which was much longer tha@DMA have been summarized by Cocker et al. (2001a) and

the approximately 40 min required for other dicarboxylic Kanakidou et al. (2005). These studies and more recent field

acid particles (e.g., malonic acid) to reach their equilibrium studies are summarized in Table 2. The performance of the

sizes in their EDB measurements (the rather long equili-TDMA is usually checked by measuring the hygroscopicity

www.atmos-chem-phys.org/acp/5/2703/ Atmos. Chem. Phys., 5, 27032-2005
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of NaCl and (NH)>SOy particles, whose hygroscopic prop- adequate for equilibrium particle growth/evaporation in typ-
erties G , deliqguescence RH, crystallization RH) are well ical inorganic salt particles such as NaCl and @4$0,
known. As can be seen in Table 2, the residence time of subbut it may not be adequate for other particles such as those
micrometer atmospheric particles in the RH conditioner iscoated with organic layers. Chan and coworkers have found
usually not explicitly stated in the studies. The reported val-significant mass transfer effects in EDB hygroscopicity mea-
ues are usually on the order of a few secondg §), whichis  surements for some inorganic salt particles such as MgSO
often presumed to be sufficient to capture the hygroscopicityHa and Chan, 1999; Zhang and Chan, 2000) and organic
of atmospheric particles. particles such as sodium pyruvate, arginine, and asparagine
Chuang (2003) conducted an experiment in which atmo-(Peng and Chan, 2001; Chan et al., 2005). Although par-
spheric particles were humidified in two tandem humidifiersticles studied in the EDB are 2 orders of magnitude larger
(instead of one in conventional TDMA measurements) to de-and would take a longer equilibration time than those stud-
termine the equilibrium time scale of water uptake for at- ied in the TDMA, these results suggest the possibility that
mospheric particles. He reported that most atmospheric patonger equilibrium time scales may be required for TDMA
ticles reached their equilibrium sizes in less than 2s to 3 gneasurements of these single or multicomponent particles,
at ~90%RH during both the dry and wet seasons in Mex-as discussed for glutaric acid particles earlier. Equilibrium
ico City. On the other hand, a small number of atmosphericmeasurements of other chemical systems with the selected
particles (0 to 2% depending on particle size and season) exesidence time in TDMA measurement can be assessed by
hibited equilibrium time scales longer than 3s but less thancomparing the results from known studies or bulk water ac-
approximately 33s. He found that these atmospheric partivity data at high RH if available.
ticles with diameters of 50 nm and 100 nm leaving the first Mass transfer effects may also complicate measurements
humidifier further grew to 59-97.7 nm and 122-181 nm atin other types of aerosol flow-through systems that have resi-
~90%RH, respectively, after further humidification in the dence times on the order of seconds for humidification or de-
second humidifier. Such results suggest that the assumptioumidification (e.g., RH controlled nephelometry, ambient-
of reaching equilibrium within 2-3 s in the first humidifier dry aerosol size spectrometer, and aerosol flow tube—-FTIR
may substantially underestimate the water content and sizeystem) and for the activation of particles to form clouds un-
of some atmospheric particles. der supersaturated conditions. We recommend that, in addi-
Chuang (2003) also postulated that these atmospheric pation to reporting the particle size chosen for growth studies,
ticles exhibiting longer equilibrium times have an approxi- the residence time should also be explicitly reported and that
mate accommodation coefficient in the range &fl0—> to measurements in a range of residence times be tested.
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